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1.

11 Man i s t  was e r  i s s t ”

In  th e  e a r ly  d a y s , n u t r i t i o n a l  r e s e a r c h  was d i r e c t e d  

to w ard s o b ta in in g  in f o rm a tio n  a s  t o  v jh ich  com ponents o f  

m anfs d i e t  w ere v i t a l  t o  l i f e  and  h e a l t h .  The r e s u l t s  i n d i 

c a te d  t h a t  p r o t e in s  a r e  e s s e n t i a l  to  l i f e ,  t h a t  f a t s  a n d  

c a rb o h y d ra te s  p ro v id e  e n e rg y  and t h a t  m in u te  t r a c e s  o f  

a c c e s s o ry  s u b s ta n c e s  were n e ed e d  to  p r e v e n t  c e r t a i n  d i s e a s e s .  

I n  th e  y e a r s  t h a t  fo l lo w e d , s e v e r a l  new v ita m in s  a n d  m in e ra ls  

were ad d ed  to  th e  l i s t ,  and i t  was r e a l i s e d  t h a t  p r o t e in s  

w ere n o t  m ere ly  s o u rc e s  o f  n i t r o g e n ,  and t h a t  t h e r e  w ere 

im p o r ta n t  d i f f e r e n c e s  be tw een  p r o t e in s  from  d i f f e r e n t  

s o u r c e s . The im p o rta n c e  o f  a m in o -a c id s  i n  n u t r i t i o n  was 

th u s  e s t a b l i s h e d .

D uring  th e  l a s t  two d e c a d e s , many o f  th e  v i ta m in s  have 

b e en  i d e n t i f i e d  c h e m ic a lly  and s y n th e s i s e d .  S tu d ie s  i n  

enzym ology have l in k e d  th e s e  c a t a l y s t s  t o  th e  v i ta m in s ,  

th u s  e x p la in in g  t h e i r  mode o f  a c t i o n .  In  t h i s  way, s e v e r a l  

o f  th e  q u e s t io n s  a s  r e g a r d s  th e  11 w h a t” and  th e  ”why” o f  

n u t r i t i o n  have  b een  a n sw e re d , and  more and  more i n v e s t i 

g a to r s  tu rn e d  to  th e  more i n t e r e s t i n g  q u e s t io n  o f  "how” .

How do v a r io u s  d i e t a r y  c o n s t i t u e n t s  r e a c t  in s id e  th e  body 

to  s e rv e  t h e i r  v a r ie d  f u n c t io n s ?  How does one n u t r i e n t  

a f f e c t  th e  m e tab o lism  o f  o th e r s ?  How do c a rb o h y d ra te  and 

f a t  a c t  as s o u rc e s  o f  e n e rg y ?  And w hat a r e  th e  s t e p s  i n  

th e  in te rm e d ia ry  m e ta b o lism  o f  v a r io u s  d i e t a r y  com ponents?



The a d v e n t o f  r a d i o - a c t i v e  i s o to p e s  saw a  r a p i d  a d 

vance in  o u r  know ledge o f  in te r m e d ia r y  m e ta b o lism . By 

means o f  t h i s  new t o o l  i t  was d e m o n s tra te d  t h a t  t h e r e  e x i s t s  

a  dynamic e q u i l ib r iu m  b e tw een  body c o n s t i t u e n t s .  A dvances 

in  th e  s tu d y  o f  m e tab o lism  showed t h a t  c a rb o h y d ra te ,  f a t  

and  p r o t e i n  had  common p a th w a y s , and  i t  so o n  became c l e a r  

t h a t  th e  m e ta b o lism  o f  one in f lu e n c e d  t h a t  o f  th e  o th e r  tw o , 

and  t h a t  th e  p rob lem s c o n c e rn in g  one c o n s t i t u e n t  c an n o t be  

c o n s id e re d  in d e p e n d e n tly  o f  p rob lem s In v o lv in g  th e  o t h e r s .  

More r e c e n t  work i n d i c a t e s  t h a t  c a rb o h y d ra te  and f a t  i n 

f lu e n c e  p r o t e i n  m e ta b o lism  by a c t i n g  a s  s o u rc e s  o f  e n e rg y .

I n  a n sw e rin g  th e  “how” o f  p r o t e i n  s y n t h e s i s ,  one c o n s id e r a 

t i o n  i s  th e  p r o v is io n  o f  e n erg y  f o r  su c h  e n d e rg o n ic  r e a c t io n s  

a s  th e  s y n th e s i s  o f  p e p t id e  b o n d s , e n e rg y  w h ich  i s  e s s e n t i a l  

f o r  th e  b u i ld in g  up o f a p r o t e i n  m o le cu le  fro m  th e  com ponent 

amino a c i d s . T h is  en e rg y  m ust be draw n fro m  th e  p o o l o f  

e n e r g y - y ie ld in g  m e ta b o l i te s  to  w h ich  c a rb o h y d ra te  and  f a t  a re  

th e  m ain  c o n t r i b u t o r s .

Our p u rp o se  in  th e  s e r i e s  o f  e x p e r im e n ts  d e s c r ib e d  

below  h as  b een  t o  e x p lo re  th e  r e l a t i o n s h i p  o f  e n e rg y  m e ta 

b o lis m  to  p r o t e i n  m e ta b o lism , t a k in g  th e  in f lu e n c e  o f  e n e rg y  

in ta k e  on n i t r o g e n  b a la n c e  a s  a s t a r t i n g - p o i n t  and  th e n  

a n a ly s in g  m e ta b o lic  changes w h ich  m ig h t c o n c e iv a b ly  e x p la in  

t h i s  r e l a t i o n s h i p .  In  o u r  i n v e s t i g a t i o n s ,  th e  f i r s t  s t e p  

has b een  to  d e f in e  th e  c o n d i t io n s  u n d e r w hich  e n e rg y  in ta k e



i s  a  f a c t o r  i n  p r o t e i n  u t i l i s a t i o n ;  t h i s  has b e e n  a c h ie v e d  

p a r t l y  b y  a c o n s id e r a t i o n  o f th e  p u b l is h e d  l i t e r a t u r e  and 

p a r t l y  b y  means o f  new e x p e r im e n ts .  I n  s e e k in g  a n  e x p la n a 

t i o n  f o r  t h i s  r e l a t i o n s h i p  o f  e n e rg y  in ta k e  to  p r o t e i n  

u t i l i s a t i o n ,  we have i n v e s t i g a t e d  two f a c t o r s  w h ich  a re  

c u r r e n t ly  su p p o sed  to  p la y  a m a jo r r o l e  i n  p r o t e i n  s y n t h e s i s ,  

nam ely h ig h -e n e rg y  p h o sp h a te  (a d e n o s in e  t r i p h o s p h a t e )  and 

r i b o n u c le i c  a c id -  The in f lu e n c e  o f  e n e rg y  in ta k e  on th e  

m e tab o lism  o f  a d e n o s in e  t r ip h o s p h a te  and o f  r i b o n u c l e i c  a c id  

was exam ined and r e l a t e d  t o  c o n c u r re n t  ch an g es o c c u r r in g  in  

p r o t e i n  m e ta b o lism . S in c e  p h o s p h o l ip id s  have some m e ta 

b o l i c  p r o p e r t i e s  i n  common w ith  p r o t e i n  and  r i b o n u c l e i c  

a c id  ( th e  ^ l a b i l e  l i v e r  c y to p la sm 1' d e s c r ib e d  by K o s t e r l i t z ) ,  

we a l s o  e x te n d e d  o u r s t u d i e s  on th e  in f lu e n c e  o f e n e rg y  i n 

ta k e  to  t h e s e .  W h ils t  th e  r e s u l t s  o b ta in e d  i n  o u r  i n v e s t i 

g a t io n s  c a n n o t be s a i d  to  have e lu c id a t e d  th e  w hole r e l a t i o n 

s h ip  o f  e n e rg y  in ta k e  to  p r o t e i n  m e ta b o lism , th e y  do open 

up a  num ber o f i n t e r e s t i n g  p o s s i b i l i t i e s .



PART I*

THE RELATIONSHIP BETWEEN ENERGE 

INTAKE AND NITROGEN BALANCE.



INTRODUCTION

T h a t t h e r e  i s  a  r e l a t i o n s h i p  b e tw een  th e  n o n - p r o te in  

c o n s t i t u e n t s  o f  th e  fo o d  and  th e  u t i l i s a t i o n  o f  p r o t e i n  b y  

th e  a n im a l o rg an ism  has b een  r e c o g n is e d  f o r  o v e r  a  c e n tu ry *

A co m p reh en siv e  re v ie w  o f th e  l i t e r a t u r e  h a s  a p p e a re d  r e c e n t 

l y  (M unro, 1951) and shows t h a t ,  w hereas c a rb o h y d ra te  and  

f a t  a c t  in te r c h a n g e a b ly  a s  e n e rg y  s o u rc e s  a f f e c t i n g  p r o t e i n  

m e ta b o lism , c a rb o h y d ra te  h a s  in  a d d i t i o n  a  s p e c i a l  a c t i o n  on 

p r o t e i n  e a te n  in  th e  same m e a l. Only th e  a c t i o n  o f  c a r b o 

h y d ra te  an d  f a t  a c t i n g  p u re ly  a s  s o u rc e s  o f  e n e rg y  w i l l  be  

c o n s id e re d  h e r e .

E x p erim en ts  r e p o r t e d  in  th e  l i t e r a t u r e  on th e  e f f e c t  

o f  e n e rg y  in ta k e  on p r o t e i n  u t i l i s a t i o n  f a l l  i n t o  two m ain  

g roups : th o s e  i n  Tnhich c o n d i t io n s  o f  u n d e r n u t r i t i o n  w ere

p ro d u c e d , an d  th o s e  i n  w h ich  th e  c a rb o h y d ra te  o r  f a t  was 

su p e rim p o sed  on a d e q u a te  d i e t s .

a .  E f f e c t  o f  c a rb o h y d ra te  and  f a t  on p r o t e i n  m e ta b o lism  d u r in g  

u n d e r n u t r i t i o n : T hese s t u d i e s ,  d e a l in g  w i th  th e  p r o t e i n -

s p a r in g  e f f e c t  d u r in g  u n d e r n u t r i t i o n ,  a r e  o f  two ty p e s :  one

i n  w h ich  energy  i s  w ithd raw n  fro m  an a d e q u a te  d i e t  by rem ov

in g  c a rb o h y d ra te  o r  f a t ,  a n d  a n o th e r  i n  w hich e n e rg y  i s  

added  to  an  in a d e q u a te  d i e t .

W ithd raw al o f  c a rb o h y d ra te  from  a n  a d e q u a te  d i e t  

r e s u l t s  i n  a n  im m edia te  I n c r e a s e  i n  th e  n i t r o g e n  (N)



e x c r e te d  (L u sk , 1890 ; M iu ra , 18 9 2 ; Rosem ann, 1901)* Only 

one e x p e r im e n te r  (Neumann, 1899) a p p e a rs  t o  have  s t u d i e d  

th e  w ith d ra w a l o f  f a t  fro m  th e  d i e t  o f  a  human s u b j e c t ;  a  

s i m i l a r  e f f e c t  to  t h a t  o b ta in e d  by  rem o v in g  c a rb o h y d ra te  was 

n o te d .  R e c e n t ly ,  B o s s h a rd t  e t  a l*  (1948) fo u n d  t h a t  c a r b o 

h y d ra te  and  f a t  h ad  s i m i l a r  e f f e c t s  on th e  g a in  In  body N 

o f  g row ing  m ic e .

S e v e ra l  e a r l y  e x p e r im e n ts  on dogs ( B is c h o f f ,  1 8 5 3 ; 

B is c h o f f  & V o i t ,  1860 ; V o i t ,  1869) show t h a t  a d d i t i o n  o f  

c a rb o h y d ra te  o r  f a t  to  th e  d i e t s  o f  dogs c o n ta in in g  I n s u f f i c i 

e n t  m eat to  m a in ta in  body w e ig h t b r in g s  a b o u t a  r e d u c t io n  I n  

N l o s s ,  b u t  th e s e  c a n n o t  be  ta k e n  a s  e v id e n c e  s in c e  th e  

a n im a ls  w ere n o t  k e p t  f o r  an  a d e q u a te  l e n g th  o f tim e  on th e  

e x p e r im e n ta l  d i e t  to  accu sto m  them to  i t ,  an d  th e  r e s u l t s  

o b ta in e d  m ig h t have  b e e n  a f f e c t e d  by th e  d i e t  p r i o r  to  t h e  

e x p e r im e n t. However, more r e c e n t  e x p e r im e n ts  w i th  dogs 

c a r r i e d  o u t  u n d e r s t r i c t l y  c o n t r o l l e d  c o n d i t io n s  i n d i c a t e  

t h a t  a d d in g  f a t  o r  c a rb o h y d ra te  to  in c r e a s e  t h e i r  e n e rg y  i n 

ta k e  from  25 to  50$ o f  th e  n o rm al i n ta k e  r e s u l t e d  i n  an  im 

p ro v ed  N b a la n c e  ( A l l i s o n  e t  a l . ,  1 9 4 6 ). The am ount o f  N 

r e t a i n e d  a p p e a rs  to  be th e  same I r r e s p e c t i v e  o f  w he ther 

c a rb o h y d ra te  o r f a t  was th e  added  n u t r i e n t .  S im i la r  r e s u l t s  

have b een  r e p o r te d  in  th e  c a s e  o f  man ( J a n s e n , 1 9 1 7 ; Z un tz  

& Loewy, 1918) and  o f  th e  r a t  (B e n d i t t  e t  a l . , 1 9 4 8 ) .



In  sum m ary, i t  I s  c l e a r  t h a t  rem o v in g  c a rb o h y d ra te  

o r  f a t  fro m  a  d i e t  I n c r e a s e s  N l o s s ,  a n d  a d d in g  e n e rg y  i n  

th e  form  o f  c a rb o h y d ra te  o r  f a t  to  in a d e q u a te  d i e t s  im proves 

th e  N b a la n c e -  T h ere  i s  no a d e q u a te  e v id e n c e  to  i n d i c a t e  a  

s u p e r i o r i t y  o f  c a rb o h y d ra te  o v e r  f a t  in  t h i s  r e s p e c t*

b .  E f f e c t  o f  a d d i t i o n  o f  c a rb o h y d ra te  and  f a t  t o  a d e q u a te

d i e t s : A number o f  w o rk e rs  h ave  ad d ed  c a rb o h y d ra te  o r  f a t

to  d i e t s  a l r e a d y  a d e q u a te  in  en e rg y  c o n t e n t ;  th e  r e s u l t s

have  b e en  sum m arised  by Munro (1 9 5 1 ) . T here  I s  g e n e r a l

ag re em e n t t h a t  N r e t e n t i o n  o c c u rs  when e i t h e r  c a rb o h y d ra te
th e

o r  f a t  i s  ad d ed  to  d i e t s  a d e q u a te  f o r  m an ,/d o g  a n d  th e  r a t *  

Though th e  d a ta  do n o t  show d e f i n i t e l y  t h a t  N r e t e n t i o n  i s  

r e l a t e d  in  a  l i n e a r  f a s h io n  to  th e  am ount o f  e n e rg y  s u p e r 

im posed , th e  o b s e rv a t io n s  made by  C u th b e r ts o n  & Munro (1937) 

and by  B asu  & B asak (1 9 3 9 ) , who s tu d i e d  th e  same s u b je c t s  a t  

two l e v e l s  o f  su p e rim p o sed  c a rb o h y d ra te  i n t a k e ,  s u g g e s t  t h a t  

N r e t e n t i o n  cau sed  by  s u r f e i t  en erg y  i s  ro u g h ly  p r o p o r t i o n a l  

to  th e  am ount o f  e n e rg y  added .

The am ount o f  N r e t a i n e d  may v a ry  w i th  t im e -  I n  m an, 

th e  f i r s t  day o f  s u r f e i t  f e e d in g  u s u a l ly  has l i t t l e  e f f e c t  on  

N e x c r e t io n  (C u th b e r tso n  & Munro, 1 9 3 7 ; C u th b e r ts o n , M cGIrr 

& Munro, 1937 ; B asu  & B asak , 1939)* D i f f e r e n t  I n v e s t i g a t o r s  

d is a g r e e  on th e  l e n g t h  o f  tim e  d u r in g  w hich t h e  im provem ent 

in  N b a la n c e  c an  b e  m a in ta in e d . Krug (1893) f e d  h i n e e l f



w ith  e x t r a  c a rb o h y d ra te  a n d  f a t ,  an d  o b ta in e d  a s  h ig h  a n  N 

r e t e n t i o n  on th e  1 5 th  day  as d u r in g  th e  f i r s t  few  d ay s  o f  

s u r f e i t  f e e d in g .  I n  e x p e r im e n ts  w i th  d o g s , L a rso n  & C h a ik o f f  

(1937) o b ta in e d  a  c o n s id e r a b le  r e t e n t i o n  o f  N ev en  on th e  7 t h  

day  o f  s u r f e i t  f e e d in g .  On th e  o th e r  h a n d , V o i t ?s (1869) 

e x p e rim e n ts  on dogs show t h a t  th e  e f f e c t  o f  s u r f e i t  f a t  may 

be  q u i te  s h o r t - l i v e d .  The e f f e c t  o f  s u r f e i t  f e e d in g  on  r a t s  

h as b e en  shown to  b e  m ost m arked d u r in g  th e  f i r s t  few  days o f  

s u r f e i t  (L a th e  & P e t e r s ,  1 9 4 9 a ).

c .  E f f e c t  o f  th e  tim e  o f  f e e d in g  c a rb o h y d ra te  a n d  f a t : The

above s t u d i e s  on u n d e r n u t r i t i o n  an d  o v e r n u t r i t i o n  e s t a b l i s h  

t h a t  e n e rg y  in ta k e  a f f e c t s  N b a la n c e .  H ow ever, th e  q u e s t io n  

h as b e en  r a i s e d  i n  r e c e n t  y e a r s  o f w h e th e r th e  tim e  a t  w h ich  

e n e r g y - y ie ld in g  n u t r i e n t s  a r e  g iv e n  i n  r e l a t i o n  to  d i e t a r y  

p r o t e i n  i s  im p o r ta n t .  Two ty p e s  o f  e x p e r im e n ts  d e a l in g  w i th  

t h i s  q u e s t io n  have to  b e  d i s t i n g u i s h e d .  I n  o n e , t h e  t o t a l  

d a i l y  in ta k e  o f  n u t r i e n t s  rem a in s  th e  same b u t  th e  tim e  o f  

f e e d in g  them i s  v a r i e d .  R a ts  (C u th b e r ts o n , M cCutcheon &

M unro, 1940) and  human s u b je c t s  (C u th b e r ts o n  & M unro, 1939) 

w ere f e d  d i e t s  w h ich  c o u ld  be  s e p a r a te d  i n to  two p o r t i o n s ,  

one c o n ta in in g  a l l  th e  p r o t e i n  and  p a r t  o f  th e  f a t  o f  th e  d i e t ,  

and  th e  o th e r  c o n ta in in g  a l l  th e  c a rb o h y d ra te  and th e  r e s t  

o f  th e  f a t .  When th e s e  two p o r t io n s  w ere f e d  t o g e t h e r ,  th e  

d a i l y  N o u tp u t  was l e s s  th a n  when th e y  w ere g iv e n  s e p a r a t e l y .
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I n  a  l a t e r  e x p e r im e n t ,  Munro (1949) e s t a b l i s h e d  t h a t  th e s e  

changes were due s o l e l y  to  a l t e r a t i o n s  in  th e  t im e  o f  c a r b o 

h y d r a te  i n t a k e .  No change i n  N b a la n c e  was o b se rv e d  i n  

e x p e r im e n ts  in v o lv in g  s i m i l a r  a l t e r a t i o n s  i n  th e  t im e  o f  f e e d 

in g  f a t*  The N r e t e n t i o n  o b ta in e d  when c a rb o h y d ra te  was f e d  

w ith  p r o t e i n  was o n ly  t r a n s i t o r y ,  N b a la n c e  r e t u r n i n g  to  

b a s a l  v a lu e s  even th o u g h  th e  p r o t e i n  and  c a rb o h y d ra te  c o n 

t in u e d  to  be e a te n  to g e t h e r .  When th e  two n u t r i e n t s  w ere 

a g a in  g iv e n  s e p a r a t e l y ,  th e  N r e t a i n e d  e a r l i e r  was l o s t  i n  

th e  u r in e  ( P ig .  I ) .

The se co n d  ty p e  o f  e x p e r im e n t in v o lv e s  a  change  i n  

e n erg y  i n t a k e ,  th e  e x t r a  e n e rg y  b e in g  g iv e n  a t  a  d e f i n i t e  

tim e i n  r e l a t i o n  t o  th e  d i e t a r y  p ro te in *  T h is  h a s  l e d  to  

somewhat c o n f l i c t i n g  d a t a .  L a rso n  6c C h a ik o ff  (1937) f e d  

dogs a  s in g le  d a i l y  m eal s u f f i c i e n t  to  m a in ta in  them  i n  N 

e q u i l ib r iu m , an d  added  a  s i n g l e  d o se  o f  e x t r a  c a rb o h y d ra te  

g iv e n  a t  v a r io u s  tim e  i n t e r v a l s  a f t e r  th e  m e a l. T h e ir  d a ta  

have b een  p l o t t e d  g r a p h ic a l ly  i n  P i g . 2 . I t  I s  a p p a r e n t  

t h a t  th e r e  was a  lo w e rin g  o f  N o u tp u t  o n ly  when th e  s u r f e i t  

‘c a rb o h y d ra te  was g iv e n  w i th in  4 h o u rs  o f  th e  p r o t e i n  co n 

t a i n i n g  m e a l, no p r o t e i n - s p a r in g  a c t i o n  b e in g  o b se rv e d  when 

s in g l e  d o se s  o f  c a rb o h y d ra te  w ere g iv e n  o u t s id e  t h i s  p e r io d .

On th e  o th e r  h an d , C u th b e r ts o n  & Munro (1939) f®d a  human 

s u b j e c t  e x t r a  c a r b o h y d r a te ,  i n  one e x p e rim e n t w i th  th e



p r o t e i n - c o h t a i n i n g  m e a ls ,  a n d  on a n o th e r  o c c a s io n  4 j  h o u rs  

a f t e r  th e  l a s t  m eal f o r  th e  d a y . The d e g re e  o f  N r e t e n t i o n  

was e v e n tu a l ly  th e  same i n  b o th  e x p e r im e n ts .  I n  th e s e  

e x p e r im e n ts ,  s u r f e i t  f e e d in g  was c o n tin u e d  f o r  s e v e r a l  d a y s . 

I n  th e  c a se  o f  f e e d in g  e x t r a  c a rb o h y d ra te  a p a r t  fro m  th e  

r e s t  o f th e  d i e t ,  a n  e f f e c t  on N b a la n c e  was o n ly  a p p a r e n t  

a f t e r  th e  se co n d  day o f  o v e r f e e d in g .  I t  I s  p o s s ib l e  t h a t  

L a rso n  & C h ia k o f f !s o n e -d ay  s u p e r im p o s i t io n  e x p e r im e n ts  

w ould have  y i e l d e d  a  d i f f e r e n t  r e s u l t  i f  th e  e x t r a  s u g a r  had  

b e en  g iv e n  on  s e v e r a l  s u c c e s s iv e  d a y s .  L a th e  & P e te r s  

(1 9 4 9 b ) , s tu d y in g  th e  e f f e c t  o f  s u r f e i t  s u c ro s e  g iv e n  t o  4

r a t s ,  fo u n d  t h a t  e x t r a  s u g a r  g iv e n  some h o u rs  a f t e r  th e

p r o t e in - c o n ta in in g  m eal had  no p r o t e i n - s p a r in g  a c t i o n  even  

th o u g h  I t  was f e d  on s e v e r a l  s u c c e s s iv e  d a y s . I t  m ust be

p o in te d  o u t  t h a t  t h e i r  r a t s  w ere a llo w e d  o n ly  2 days t o

become accu sto m ed  to  th e  b a s a l  d i e t  -  a  p e r io d  f a r  to o  s h o r t  

f o r  them to  r e a c h  a  s te a d y  s t a t e  on  w h ich  to  b a s e  N b a la n c e  

d e te r m in a t io n s .

O p in ion  i s  th u s  d iv id e d  a s  to  w h e th e r th e  e x t r a  

en e rg y  m ust be g iv e n  w ith  th e  p r o t e i n  p o r t i o n  o f  th e  d i e t ,  

o r  w h e th e r th e  p r o t e i n - s p a r in g  e f f e c t  can  be d e m o n s tra te d  

even  when th e  s u r f e i t  n u t r i e n t  i s  g iv e n  s e v e r a l  h o u rs  a f t e r  

th e  p r o t e in - c o n ta in in g  m e a ls . A c c o rd in g ly , e x p e r im e n ts  

were c a r r i e d  o u t  on human s u b j e c t s ,  r a t s  an d  d o g s , in  w h ich  

a d d i t i o n a l  c a rb o h y d ra te  was g iv e n  a lo n g  w ith  o r  s e v e r a l



TABLE 1.
V itam in  M ix tu re .

P y ridox in©  B y d ro c h lo r id e  
R ib o f la v in
T hiam ine h y d ro c h lo r id e  
N ic o t in ic  A cid  
M enaphthene 
B io t in
C alc ium  P a n to th e n a te  
p-A m ino-B enzoic A cid  
I n o s i t o l
C h o lin e  C h lo r id e  
F o l i c  A c id  
P o ta to  S ta r c h

TABLE 2 .

S a l t  M ix tu re  ft446 ,f

Sodium  C h lo r id e 2 4 3 .2 g
P o ta ss iu m  C i t r a t e 5 3 3 .0 g
D i-P o ta ss iu m  P h o sp h a te 1 7 4 .0 S
D i-C a lc iu m  P h o sp h a te , EgO 8 0 0 .0 g
C alc ium  C a rb o n a te 3 6 8 .0 gF e r r i c  C i t r a t e ,  3 HgO 3 6 0 .0 g
Copper S u lp h a te ,  5 H£0 0 .4 g
P o ta ss iu m  A lum inium  S u lp h a te ,  24 HgO 
Magnesium C arb o n a te

0 .2 g
9 2 .0 g

M anganese S u lp h a te 2 .8 g
P o ta ss iu m  Io d id e 0 .1 g
Z inc C a rb o n a te 0*1 g
C o b a lt C h lo r id e ,  6 H q O 0 .2 g
Sodium  F lu o r id e 0 .0 0 2 g

25 mg* 
25  mg* 
25 mg* 

100  mg* 
5 mg* 
5 mg- 

200 mg* 
500 mg* 

1 g* 
10 g* 

T ra c e  
t o  500 g*



TABLE 3.
V itam in -M in era l-R o u g h ag e  M ix tu re .

Sodium C h lo r id e  3 2 .5  g
w446” S a l t  M ix tu re  130*0 g
V itam in  M ix tu re  2 5 0 .0  g
A gar Powder 6 2 .5 ' g
V ita m ise d  M arg arin e  7 7 .5  g

1 g . o c -to c o p h e ro l a c e t a t e  was m ixed  w i th  14 ml 
R a d io s to le u m  (B .D .H .)•

0 .8  m l. o f  t h i s  was m ixed w i th  th e  above  m ix tu re



h o u rs  a f t e r  th e  d i e t a r y  p r o t e i n -  I n  th e  e x p e r im e n t  w i th  

r a t s , an  a t te m p t  was a l s o  made to  com pare th e  e f f e c t  o f  

ad d ed  c a rb o h y d ra te  w ith  t h a t  o f  a d d ed  f a t -

E X P E R I M E N T A L .

EXPERIMENT WITH RATS. A d u lt a lb in o  r a t s  w ere u s e d .  They 

w ere f a s t e d  o v e r n ig h t ,  w e ig h ed , and  th o s e  w e ig h in g  a b o u t  

250 gm. s u b d iv id e d  b e tw een  th e  v a r io u s  e x p e r im e n ta l  g ro u p s ,  

a c c o rd in g  to  th e  ran d o m ise d  b lo c k  te c h n iq u e  (S n e d e c o r , 1 9 4 6 ) , 

w hich  re d u c e s  th e  e f f e c t  o f  s l i g h t  d i f f e r e n c e s  i n  body w e ig h t 

a s  a  f a c t o r  i n  th e  a n a ly s e s  o f  th e  r e s u l t s *

The d i e t  c o n s i s t e d  o f th e  f o l lo w in g  p u r i f i e d  i n 

g r e d ie n ts  : c a s e i n ,  g lu c o s e ,  m a rg a r in e , an d  a  v i ta m in -

m in e ra l- ro u g h a g e  (V-M .R-) m ix tu re  (M unro, 1 9 4 9 ) . The com

p o s i t i o n  o f  th e  v i ta m in  su p p lem en t a n d  o f  th e  m in e ra l  m ix tu re  

a r e  g iv e n  i n  T a b le s  1 and 2 . The p r o p o r t io n s  i n  w h ic h  th e s e  

two w ere m ixed w i th  a g a r  (as ro u g h ag e  m a t e r i a l )  a r e  fo u n d  i n  

T ab le  3 .  The d i e t  p ro v id e d  a b o u t  400 mg. o f  N, 5 .3  g . o f  

c a rb o h y d ra te ,  0 .8  g . o f  f a t  and  40 G a l. (1200 G a l. p e r  sq .m . 

o f  body s u r f a c e  a r e a )  p e r  r a t  p e r  d a y .

They were housed  i n  i n d iv i d u a l  m e ta b o lic  cag e s  u n d e r 

th e r m o s ta t i c  c o n d i t i o n s ,  and f e d  tw ic e  d a i l y ,  th e  fo o d  b e in g  

m o is te n e d  w ith  a l i t t l e  w a te r  to  p r e v e n t  s p i l l i n g .  The 

cag es  w ere p la c e d  on l a r g e  fu n n e ls  w h ich  l e d  th e  u r in e  an d



f a e c e s  i n t o  a  r e c e i v e r ,  th e  s e p a r a t i o n  o f  u r in e  and  f a e c e s  

b e in g  c a r r i e d  o u t by  th e  p ro c e d u re  d e s c r ib e d  by  C u th b e r t s o n ,  

McCxirr & R o b e r tso n  (1 9 3 9 ) . I r o n  o x id e  was u se d  a s  a  f a e c a l  

m ark er to  s e p a r a t e  th e  m e ta b o l ic  p e r i o d s .  A f t e r  e a c h  

c o l l e c t i o n  o f  u r in e  an d  f a e c e s , w h ich  was c a r r i e d  o u t  b e f o r e  

g iv in g  th e  m orn ing  f e e d ,  th e  fu n n e l  was w ashed w i th  a  l i t t l e  

d i l u t e  a c i d ,  w h ich  r a n  i n t o  and  re m a in e d  i n  th e  r e c e i v e r ,  

k e e p in g  th e  u r in e  a c i d  d u r in g  th e  n e x t  24 h o u r s .  The u r in e  

and  w ash in g s c o l l e c t e d  d a i l y  w ere s t r o n g l y  a c i d i f i e d  b e fo r e  

s to r a g e  in  W in c h e s te r  b o t t l e s .

EXPERIMENT WITH HUMAN SUBJECTS. The s u b je c t s  w ere 4 young 

a d u l t  m a le s . They w ere a llo w e d  to  s e l e c t  a d e q u a te  d i e t s  

fro m  a  l i m i t e d  num ber o f  s t a n d a r d i s e d  f o o d s t u f f s ,  an d  t h i s  

b a s a l  d i e t  k e p t  c o n s ta n t  th ro u g h o u t  th e  e x p e r im e n t. T h ree  

d a i l y  m ea ls  w ere t a k e n ,  b e tw een  8 .3 0  and  9 a .m . ,  1 2 .3 0  and  

1 .3 0  p .m . ,  and  5 a n d  6 p .m .,  th e  w e ig h t o f  e a c h  i n d iv i d u a l  

i te m  o f  d i e t  b e in g  th e  same th ro u g h o u t th e  e x p e r im e n ta l  p e r io d .  

The d a i l y  f l u i d  i n t a k e  and  e n e rg y  e x p e n d i tu re  w ere a l s o  k e p t  

a s  c o n s ta n t  a s  p o s s ib l e .  From th e  se c o n d  day o n w ard s ,

2 4 -h o u r u r in e  c o l l e c t i o n s  w ere m ade, and  th e  u r in e  a n a ly s e d  

f o r  N by th e  m ic ro -K je ld h a l  m ethod o f  Ma & ZuaZaga (1 9 4 2 ) .

EXPERIMENT WITH DOGS. The dogs u se d  w ere two m o n g ra l 

f e m a le s ,  one (Roy) w e ig h in g  8 kg* and  th e  o th e r  ( J in x )  

w e ig h in g  3 .6  k g . ,  b e lo n g in g  t o  D r. Mary L o c k e t t  an d  h o u sed



TABLE 4.

V ita m in  M ix tu re  f o r  Dogs 

b a se d  on A l l i s o n  and  A nderson  (1 9 4 5 ) .

The am ounts q u o te d  r e p r e s e n t  a  5 0 -d ay  s u p p ly  f o r  a  dog 

w e ig h in g  10 k g .

V i ta m in s :

T h ia m i n .................... ................................ mg

R ib o f la v in  ............................. .. mg

N ia c in  .......................................................... mg

Ca p a n to th e n a te  ...................................... mg

P y r id o x in e  ........................ ......................... mg

C h o lin e  ......................................................... mg

<x - to c o p h e r o l  ........................................... mg

I n o s i t o l ......................................... .. mg

P  -A m inobenzoic a c id  ........... .. mg

B i o t i n ................................. .. oto•••••••••••• mg

M enaphthone .................................... .. mg

V itam in  A ...................................     5 x  10 5 I.TJ

V itam in  D ............................................... ................................  l  x  105 I .U



TABLE 5.

S y n th e t ic  D ie t  f o r  Dogs 

b a se d  on  C o w g ill (1 9 2 3 ) .

C o n s t i tu e n t s  D a ily  Amounts p e r  10 Kg* body  w e ig h t

C a s e i n ................................................................................................  55 g .

S u c ro se  ........................................................................................   50 g .

L ard  ..........................................     20 g .

M a rg a r in e      10 g .

A gar .............................................................................................. . .  4 g .

S a l t  m ix tu re  (C o w g ill N o .2)    3 g .

C o w g il l !s S a l t  M ix tu re  N o .2 :

P o ta ss iu m  Io d id e  .................................... ...................................  0*75 g .

F e r r i c  c i t r a t e   ...................................................................... 2 .7  g .

Sodium  c h lo r id e  • . . .       57 g .

Magnesium c i t r a t e     49 g .

K K g P Q ^      1 8 .4  g .

CaHP04 .2H20       1 1 .7  g .

K C L    1 0 .5  g .

T o ta l  1 5 0 .0  g .



i n  h e r  la b o r a to r y *  They w ere p e r in e o to m is e d  p r i o r  to  th e  

e x p e r im e n t f o r  e a s e  o f  c a t h e t e r i z a t i o n .  The d i e t  was t h a t  

recom m ended by C o w g ill (1923) and  u se d  by L a rso n  & C h a ik o f f  

(1937) i n  t h e i r  e x p e r im e n t .  V itam in  s o u rc e s  w ere i n c o r 

p o r a te d  i n  am ounts s i m i l a r  to  th o s e  u se d  by  A l l i s o n  & A n d e r

so n  (1 9 4 5 ) . The d e t a i l s  a r e  g iv e n  i n  T a b le s  4 and  5 . The 

fo o d  was w eighed  a n d  g iv e n  a t  a b o u t 9 .3 0  a .m . d a i l y ,  th e  

m eal b e in g  c o m p le te d  in  an  h o u r . To a cc u s to m  them  to  th e  

p a s s in g  o f a  s to m ach  tu b e ,  c o n t r o l  s to m ach  tu b e s  w ere p a s s e d  

d u r in g  th e  f i r s t  10 days o f  th e  e x p e r im e n t ,  a t  v a ry in g  tim e s  

o f  th e  d a y , an d  t h e r e a f t e r ,  o n ly  when r e q u i r e d .  The b la d d e r  

was e m p tie d  by  c a t h e t e r  u n d e r  a s c e p t i c  c o n d i t io n s  e v e ry  

m orn ing  b e fo r e  f e e d in g ,  th e  u r in e  and  w ash ings o f  th e  f l o o r  

o f  th e  cage an d  o f  c a t h e t e r  b e in g  e s t im a te d  f o r  N d a i l y .

The f a e c e s  was n o t  e s t im a te d ,  b e in g  c a r e f u l l y  rem oved to  

p r e v e n t  c o n ta m in a tio n  w i th  cage  w a s h in g s . Roy had to  be 

c a t h e t e r i s e d  tw ic e  d a i l y  a s  sh e  c o u ld  n o t  h o ld  h e r  u r in e  

f o r  24 h o u r s .  T h ro ughou t th e  e x p e r im e n t ,  th e  a n im a ls  w ere 

u n d e r th e  c a r e  o f Dr* L o c k e t t ,  who v e ry  k in d ly  a t t e n d e d  to  

th e  c a t h e t e r i s i n g  and  f e e d in g  h e r s e l f .

ESTIMATION OP NITROGEN. The m ethod a d o p te d  was a  m o d if ic a 

t i o n  o f th e  m ic ro -K je ld h a l  p ro c e d u re  d e s c r ib e d  by  Ma & Z uazaga 

(1 9 4 2 ) . The volum e o f  e a c h  sam ple  was a d ju s te d  to  c o n ta in  

a b o u t 1 mg. o f  N* T h is  was d ig e s te d  w i th  1 m l. c o n c .



N -f re e  s u lp h u r ic  a c id  and  a k n i f e - p o i n t  o f  a  m ixed  c a t a l y s t  

(3 p a r t s  s e le n iu m , 2 .5  p a r t s  p o ta s s iu m  s u lp h a te  a n d  2 .5  

p a r t s  c o p p e r s u l p h a t e ) .  I n  th e  c a s e  o f  u r i n e ,  t h e  d i g e s t  

c l e a r e d  i n  7 o r  8 m in . ,  and  b o i l i n g  was c o n tin u e d  f o r  a n o th e r  

7 o r  8 m in . , th e  m ic ro -K je ld h a l  f l a s k  c o o le d  an d  th e  s id e s  

w ashed down w i th  2 m l. d i s t i l l e d  w a te r .  The d i s t i l l a t i o n  

was c a r r i e d  o u t  i n  th e  a p p a ra tu s  d e s c r ib e d  by  Markham (1 9 4 2 ) , 

th e  ammonia l i b e r a t e d  by a d d in g  10 m l. 4 0 $  (w /v) NaOH b e in g  

c a r r i e d  by s te a m  an d  t r a p p e d  i n  a  c o n ic a l  f l a s k  c o n ta in in g  

5 m l. 2$  (w /v) b o r i c  a c i d  a n d  6 d ro p s  o f  th e  m ixed i n d i c a t o r  

(5 p a r t s  o f  0 -1 $  b ro m o c re so l g re e n  i n  95$ e th a n o l  to  1 p a r t  

o f  0*1$ m e th y l r e d  i n  95$ e th a n o l ) .  U sing  t h i s  m ethod i t  

was fo u n d  t h a t  9 9 .3 $  o f  th e  N i n  a  s ta n d a r d  s o l u t i o n  o f  u r e a  

c o u ld  be r e c o v e re d  w i th  a  d i s t i l l a t i o n  p e r io d  o f  l j  -  2 m in . 

T h is  p e r io d  was t h e r e f o r e  u se d  i n  a l l  N d e te r m in a t io n s .  The 

N s t a r t s  c o l l e c t i n g  i n  th e  r e c e i v e r  when th e  f i r s t  d ro p  o f  

co n d en sed  s te am  c re e p s  down th e  c o n d e n s e r .  The t r a p p e d  

ammonia was t i t r a t e d  a g a i n s t  s t a n d a r d  0 .0 1  N s u lp h u r ic  a c i d .

The u r in e  was ta k e n  f o r  e s t im a t io n  a f t e r  s u i t a b l e  

d i l u t i o n -  The f a e c e s  c o l l e c t e d  d u r in g  th e  4 -d a y  p e r io d s  i n  

th e  r a t  e x p e r im e n ts  w ere d ig e s te d  i n  a  m a c ro -E £ e ld h a l f l a s k  

w ith  a b o u t 50 m l. c o n e , s u lp h u r i c  a c id  ( a n a l a r )  and  a  k n i f e 

p o in t  o f  c o p p e r  s u lp h a te .  The d i g e s t i o n  was c o n tin u e d  f o r  

1 h o u r a f t e r  th e  m ix tu re  c l e a r e d ,  th e  f l a s k  c o o le d ,  a n d  th e



d i g e s t  and  w ash in g s  o f  f l a s k  made up to  a  c o n v e n ie n t  volum e-

An a l i q u o t  o f  t h i s  was a g a in  d ig e s te d  w i th  1 ml* cone* s u l 

p h u r ic  a c i d  a n d  s e le n iu m  c a t a l y s t  f o r  15 m in . i n  a  m ic ro -  

K je ld h a l  f l a s k ,  a n d  e s t im a te d  a s  b e f o r e .  A s i m i l a r  p r o 

c e d u re  was u se d  f o r  th e  fo o d  m ix tu re s  f e d  to  th e  r a t s  and

d o g s , w i th  a  d ro p  o f  m ercu ry  a s  c a t a l y s t .  The d i g e s t i o n

i n  th e  m a c ro -K je ld h a l f l a s k  was c o n tin u e d  f o r  3 h o u rs  a f t e r  

th e  d i g e s t  c l e a r e d ,  and  d i g e s t i o n  c o n tin u e d  i n  a  m ic ro -  

K je ld h a l  f l a s k  f o r  -J- hou r w ith  a c id  an d  a  s m a ll  d ro p  o f  m er

c u ry -  S e len iu m  h as  b een  shown to  l i b e r a t e  f r e e  Ng when 

d i g e s t i o n  i s  c o n tin u e d  f o r  an h o u r o r  more ( P a t e l  & S re e n iv a s  

a n ,  1 9 4 8 ) , b u t  In  th e  s h o r t  tim e  o f  d i g e s t i o n  n e c e s s a r y  f o r  

u r in e  and  p r e - d ig e s t e d  f a e c e s ,  t h i s  i s  n o t  a p p r e c i a b le .  

C om parison  o f  se le n iu m  and m ercury  a s  c a t a l y s t  In  e s t im a t in g  

fo o d  N gave a  5,.; h ig h e r  r e c o v e ry  w ith  m erc u ry . As th e  N i n  

u r in e  an d  f a e c e s  was b e in g  com pared b e tw een  e x p e r im e n ta l  

p e r io d s ,  se le n iu m  was th e  c a t a l y s t  u se d  f o r  th e s e  e s t im a t io n s  

a  u n ifo rm  p ro c e d u re  b e in g  fo llo w e d  th ro u g h o u t e a c h  e x p e r im e n t 

When m ercu ry  was th e  c a t a l y s t  em ployed , th e  f i n a l  

d i g e s t  was m ixed w ith  1 m l. s a t u r a t e d  s o l u t i o n  o f  sod ium  

th io s u lp h a t e  i n  th e  Markham a p p a r a t u s , b e fo r e  a d d in g  th e  

s t r o n g  a l k a l i .  T h is  p r e c i p i t a t e s  th e  m ercu ry  w h ich  w ould 

o th e rw is e  i n t e r f e r e  w ith  th e  su b s e q u e n t d i s t i l l a t i o n .  When 

s team  i s  p a s s e d  th ro u g h  t h i s  m ix tu r e , th e  f i r s t  few  g u s t s  o f



h o t  a i r  c a r r y  a l l  th e  s u lp h u r  d io x id e  gas l i b e r a t e d  b y  th e  

a l k a l i ,  an d  th e  c o l l e c t i o n  o f  th e  ammonia was s t a r t e d  o n ly  

when th e  f i r s t  d ro p  o f  th e  d i s t i l l a t e  r e a c h e d  th e  b o tto m  o f  

th e  c o n d e n s e r .  T h is  p ro c e d u re  e l im in a te s  th e  p o s s i b i l i t y  

o f  any  SOg c o l l e c t i n g  i n  th e  r e c e i v e r .  A t r i a l  was made 

o f  u s in g  z in c  d u s t  to  p r e c i p i t a t e  th e  m e rc u ry , a s  recom m ended 

by  H i l l e r  e t  a l*  (1 9 4 8 ) , b u t  t h i s  was abandoned  i n  f a v o u r  o f  

th io s u lp h a t e  on a c c o u n t o f  th e  c lo g g in g  o f  th e  a p p a r a tu s  by 

b e ad s  o f  z in c .

R E S U L T S .

a .  E x p e rim e n ts  w ith  R a t s . T hese w ere c a r r i e d  o u t i n  2 

s e t s .  In  th e  f i r s t ,  40 a n im a ls  w ere d i s t r i b u t e d  i n to  5 

e q u a l  g ro u p s . The b a s a l  d i e t  c o n s i s t e d  o f  2 g . V.M.R. 

m ix tu re  and 2 .5  g . g lu c o s e ,  g iv e n  a t  9 a .m . ,  a n d  a  m ix tu re  

o f  3 g . c a s e i n ,  2 g . g lu c o s e  and  0 .5  g . f a t ,  f e d  a t  5 p .m . 

T h is  d i e t  was c o n tin u e d  f o r  a  p r e l im in a r y  p e r io d  o f  7 d ay s 

to  accu sto m  them  to  th e  d i e t ,  and to  th e  tim e  o f f e e d in g .

A t th e  end o f  t h i s  p e r io d ,  m ost o f  them had  l e a r n t  to  e a t  

t h e i r  fo o d  a s  soon  a s  i t  was g iv e n ,  th e  m eals b e in g  co m p le ted  

w i th in  1 h o u r .  The c o l l e c t i o n  o f  e x c r e ta  v/as th e n  s t a r t e d .  

D u rin g  th e  f i r s t  4 -d a y  p e r io d ,  a l l  g ro u p s c o n tin u e d  on th e  

b a s a l  d i e t .  T h e r e a f t e r ,  e a c h  g ro u p  was t r e a t e d  d i f f e r e n t l y .  

One r e c e iv e d  an  e x t r a  3 g . g lu c o s e  w i th  th e  even ing  m e a l, and
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th e  s e c o n d , th e  same am ount o f  g lu c o s e  w i th  th e  m o rn in g  

( p r o t e in - f r e e ) m e a l ,  . The 3 rd  and  4 t h  g ro u p s  w ere g iv e n

1 .3 4  m l- (1 .2  g . ) o f  o l i v e  o i l  w i th  th e  e v e n in g  an d  m o rn in g  

m e a ls ,  r e s p e c t i v e l y .  The 5 th  g roup  c o n tin u e d  on th e  b a s a l  

d i e t  w i th  no e x t r a  n u t r i e n t ,  a n d  was m a in ta in e d  a s  th e  c o n 

t r o l  g ro u p . T hree  r a t s  g iv e n  e x t r a  g lu c o s e  w ith  th e  p r o 

t e i n - f r e e  (m orn ing ) m eal d id  n o t  co m p le te  th e  su p p le m e n te d  

f e e d  by th e  end o f  th e  p e r io d ,  b u t  th e  am ount l e f t  u n e a te n  

was n o t  s u f f i c i e n t  to  r e j e c t  th e  d a ta  o b ta in e d  fro m  them .

The a d d i t i o n a l  c a rb o h y d ra te  o r  f a t  was g iv e n  d a i l y  f o r  2 

s u c c e s s iv e  4 -d a y  p e r io d s  (p e r io d s  2 & 3 ) ,  and  d u r in g  th e  

l a s t  p e r io d  (p e r io d  4 ) ,  a l l  th e  groups a t e  th e  b a s a l  d i e t  

o n ly .  The f e e d in g  d is h e s  w ere exam ined  r e g u l a r l y ,  and  any  

p o r t io n  o f  th e  m orn ing  m eal l e f t  u n f in i s h e d  by noon was r e 

moved fro m  th e  cage a n d  g iv e n  w ith  th e  d i e t  th e  f o l lo w in g  

m o rn in g . In  no in s ta n c e  was th e  m orn ing  m eal a llo w e d  to  

be  e a te n  w i th in  5 h o u rs  o f  th e  p r o t e i n - c o n t a i n i n g  e v e n in g  

m ea l. The e v e n in g  m eal was a lw ays co m p le ted  by  6 p .m .

T h is  e x p e r im e n t a llo w s  us to  com pare th e  e f f e c t  o f  

i s o c a l o r i c  am ounts o f  s u r f e i t  c a rb o h y d ra te  a n d  f a t  ta k e n  

a lo n g  w ith  d i e t a r y  p r o t e i n  w i th  t h e i r  e f f e c t  when ta k e n  5 t o  

8 h o u rs  b e f o r e  th e  p r o t e i n  c o n ta in in g  m e a l. I t  a l s o  e n a b le s  

us to  com pare th e  e f f e c t  o f  a d d ed  c a rb o h y d ra te  w i th  t h a t  o f  

added  f a t .  The r e s u l t s  a r e  g iv e n  i n  T a b le  6 . I t  w i l l  be



se e n  t h a t  d u r in g  th e  f i r s t  4 -d ay  p e r io d ,  when a l l  5 g ro u p s 

w ere on th e  h a s a l  d i e t ,  th e  mean N b a la n c e s  o f  th e  d i f f e r e n t  

g roups w ere e s s e n t i a l l y  th e  sam e. The mean v a lu e  o f  + 1 9 .9  

f o r  g roup  3 i s  m ain ly  c a u se d  by  a n  a b n o rm a lly  h ig h  r e s u l t  

o b ta in e d  w i th  one a n im a l ,  w h ich  i s  p ro b a b ly  due to  some 

t e c h n ic a l  e r r o r -  In  p e r io d s  2 & 3 ,  when e x t r a  n u t r i e n t  was 

g iv e n ,  th e r e  was a  m arked in c r e a s e  in  th e  N b a la n c e  in  a l l  

b u t  th e  c o n t r o l  g ro u p . S t a t i s t i c a l  a n a ly s i s  show ed t h a t  

t h i s  e f f e c t  o f  e x t r a  c a rb o h y d ra te  and  f a t  on N b a la n c e  was 

s i g n i f i c a n t .  The am ounts o f  N r e t e n t i o n  b ro u g h t  a b o u t  by  

s u r f e i t  c a rb o h y d ra te  and  s u r f e i t  f a t  d id  n o t  d i f f e r  s i g n i f i 

c a n t l y ;  n o r  d id  i t  m a t te r  w h e th e r  th e  s u r f e i t  e n e rg y  was 

g iv e n  w ith  th e  p r o t e i n - c o n t a i n i n g  m eal o r  5 to  8 h o u rs  b e fo r e  

th e  p r o t e i n  m e a l. D u rin g  th e  4 t h  p e r io d ,  when a l l  a n im a ls  

r e c e iv e d  th e  b a s a l  d i e t  o n ly ,  t h e r e  was a  d e c re a s e  i n  N 

b a la n c e  o f  a l l  th e  g ro u p s , b u t  s t a t i s t i c a l  a n a l y s i s  d id  n o t  

show a  g r e a t e r  l o s s  o f  N by th e  r a t s  t h a t  had  r e c e iv e d  s u p p le 

m ents when com pared w i th  th e  c o n t r o l  g ro u p . Wev th e r e f o r e , ,  

s e e  t h a t  s u r f e i t  c a rb o h y d ra te  and  s u r f e i t  f a t  a r e  e q u a l ly  

e f f e c t i v e  in  c a u s in g  N r e t e n t i o n ,  w h e th e r  g iv e n  w i th  p r o t e i n  

o r  5 o r  more ho u rs  b e fo r e  th e  p r o t e i n .

In  th e  se co n d  e x p e r im e n t ,  15 r a t s  w ere d i s t r i b u t e d  

in  3 e q u a l  g ro u p s . The b a s a l  d i e t  was th e  same a s  t h a t  

g iv e n  in  th e  p re v io u s  e x p e r im e n ts ,  b u t  th e  o r d e r  o f  f e e d in g



TABLE 7*

The e f f e c t  on N b a la n c e  when c a rb o h y d ra te  ( g lu c o s e )  

i s  su p e rim p o se d  on a  d i e t  a d e q u a te  f o r  r a t s ,  e i t h e r  a lo n g  

w i th  o r  12 h o u rs  a p a r t  fro m  th e  d i e t a r y  p r o t e i n .  D u rin g  

p e r io d  I ,  a l l  a n im a ls  r e c e iv e d  th e  u n su p p lem en ted  b a s a l  

d i e t ;  d u r in g  p e r io d  I I  e x t r a  c a rb o h y d ra te  was g iv e n  e x 

c e p t  to  th e  c o n t r o l  r a t s .

T re a tm e n t d u r in g  
p e r io d  I I

I n i t i a l
body
w e ig h t

Mean d a i l y  N B a la n c e s

P e r io d  I P e r io d  I I

g- mg. mg.
E x tr a  g lu c o s e  

w i th  p r o t e i n 239 - 0 .3 + 3 6 .4

E x tra  g lu c o s e  
a p a r t  from  
p r o t e i n 249 - 0 .8 +31*8

C o n tro l  g roup 220 + 3 .9 -1 5 .3

A f te r  a d ju s tm e n t  o f  th e  v a lu e s  in  p e r io d  I I  by  c o -  
v a r ia n c e  a n a l y s i s  f o r  d i f f e r e n c e s  i n  N b a la n c e  d u r in g  
p e r io d  I ,  th e  mean N b a la n c e s  d u r in g  p e r io d  I I  w ere  
shown to  b e  h ig h ly  s i g n i f i c a n t l y  d i f f e r e n t  (F <  0 .0 1 ) .  
T h is  i s  e n t i r e l y  due to  a  d i f f e r e n c e  b e tw ee n  th e  c o n t r o l  
a n im a ls  and  th e  o th e r  two g r o u p s ; th e  g ro u p s  r e c e i v i n g  
g lu c o s e  gave s t a t i s t i c a l l y  s i m i l a r  r e s u l t s .



was r e v e r s e d ,  th e  p r o t e i n - c o n t a i n i n g  p o r t io n  b e in g  f e d  in  th e  

m o rn in g , and th e  V-M-R* and g lu c o s e  a t  5 p .m . A f t e r  a  p r e 

l im in a ry  p e r io d  o f  7 d a y s , u r in e  a n d  f a e c e s  were c o l l e c t e d  

f o r  th e  f i r s t  4 -d ay  p e r io d  d u r in g  w hich  a l l  3 g roups c o n 

t in u e d  to  r e c e i v e  th e  b a s a l  d i e t .  D uring  th e  n e x t  4 -d a y  

p e r io d ,  one g roup  r e c e iv e d  a n  e x t r a  3 g . g lu c o s e  w i th  th e  

m orn ing  ( p r o t e in - c o n ta in in g )  m e a l, th e  se c o n d  was g iv e n  th e  

same am ount o f  g lu c o s e  a t  9 p .m . , w h ile  th e  t h i r d  g ro u p  co n 

t in u e d  on th e  u n su p p lem en ted  b a s a l  d i e t .  H ere we c an  com

p a re  th e  e f f e c t  o f e x t r a  c a rb o h y d ra te  g iv e n  w i th  p r o t e i n  

and  g iv e n  12 h o u rs  a f t e r  th e  p r o t e i n  m ea l. The r e s u l t s ,  shown 

in  T ab le  7 ,  c o n firm  t h a t  s u r f e i t  i s  e q u a l ly  e f f e c t i v e  when 

a d m in is te r e d  w ith  an d  a p a r t  from  th e  p r o t e i n ,  th e  N b a la n c e s  

in  P e r io d  2 o f  th e  f i r s t  two g ro u p s b e in g  s t a t i s t i c a l l y  

s i m i l a r .  B o th  th e s e  groups d i f f e r  v e ry  s i g n i f i c a n t l y  

(P <  0 .0 1 )  from  th e  c o n t r o l  g ro u p . I n  t h i s  e x p e r im e n t , 

t h e r e f o r e ,  g lu c o s e  c a u se d  th e  same amount o f  N r e t e n t i o n  when 

g iv e n  12 h o u rs  a f t e r  th e  p r o t e i n  a s  when g iv e n  a lo n g  w i th  th e  

p r o t e i n .

b .  E x p erim en t w i th  Dogs : The two d o g s , Roy (8  k g . body

w e ig h t)  and J i n x  (3 .6  k g . )  w ere g iv e n  115 g . a n d  60 g . r e 

s p e c t i v e l y ,  o f  a  d i e t  m ixed i n  th e  p r o p o r t io n s  g iv e n  i n  

T a b le s  4 & 5 . Prom th e  2nd day  o n w a rd s , th e  u r i n a r y  N was 

e s t im a te d .  D u rin g  th e  f i r s t  7 d a y s ,  th e  H v a lu e s  w ere v e ry
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e r r a t i c ,  due p ro b a b ly  t o  th e  f a c t  t h a t  th e  a n im a ls  w ere  

g e t t i n g  accu sto m ed  to  th e  d i e t .  Prom th e  8 th  to  th e  1 2 th  

d a y , th e  N e x c r e te d  re m a in e d  a t  a  s te a d y  l e v e l .  On th e  

1 3 th  d a y , g lu c o s e  d i s s o lv e d  i n  a  minimum am ount o f  w a te r  was 

g iv e n  by s to m ach  tu b e  im m e d ia te ly  a f t e r  th e  s i n g l e  ( p r o t e i n -  

c o n ta in in g )  m eal was e a t e n ,  Roy g e t t i n g  50 g . and  J i n x  30 g . 

g lu c o s e .  T h is  p ro d u ce d  a  s h a rp  an d  im m ed ia te  d ro p  I n  th e  

u r in a r y  N ( F i g .3 ) ,  show ing t h a t  g lu c o s e  was h ig h ly  e f f e c t i v e  

i n  s p a r in g  N. The N e x c r e t i o n  r e g a in e d  i t s  fo rm e r v a lu e  

th e  n e x t  day and re m a in e d  s te a d y  t h e r e a f t e r  t i l l  th e  1 7 th  

day  o f  th e  e x p e r im e n t , when th e  same am ounts o f  g lu c o s e  w ere 

a d m in is te r e d  as b e f o r e ,  b u t  7 h o u rs  a f t e r  th e  p r o t e i n - c o n t a i n 

in g  m ea l. T h is ,  a g a in ,  p ro d u ce d  a r e t e n t i o n  o f  N, b u t  th e  

amount r e t a i n e d  was a b o u t h a l f  t h a t  o b ta in e d  when g lu c o s e  was 

g iv e n  w ith  p r o t e i n .  Two more days on b a s a l  d i e t  a lo n e  

b ro u g h t  th e  N e x c re te d  to  th e  b a s e  l i n e .  On th e  2 0 th  d a y , 

th e  g lu c o se  was g iv e n  12 h o u rs  a f t e r  th e  p r o t e i n  m e a l,  b u t  

p ro d u ced  no e f f e c t  on th e  N e x c r e t i o n  on t h a t  day- G lucose  

was a g a in  g iv e n  a t  th e  same tim e  th e  n e x t  day and  c o n tin u e d  

f o r  a  f u r t h e r  3 d a y s . P i g . 3 shows t h a t  th e  c o n tin u e d  a d 

m i n i s t r a t i o n  o f  g lu c o se  p ro d u ce d  a  d e f i n i t e  a n d  s u s t a i n e d  

e f f e c t  on N b a la n c e ,  th e  d rop  i n  u r in a r y  N b e in g  o f  th e  same 

o r d e r  a s  t h a t  o b ta in e d  when g lu c o s e  was g iv e n  w ith  th e  p r o t e i n  

m e a l. U rin a ry  N re m a in e d  a t  t h i s  low l e v e l  a s  lo n g  a s  th e



TABLE 8.

The c o m p o s itio n  o f  th e  b a s a l  d i e t s  consum ed 

by  th e  s u b je c t s  in  th e  human e x p e r im e n t .  The co n 

s t i t u e n t s  have b e e n  c a l c u l a t e d  fro m  ta b l e s  o f  fo o d  

c o m p o s itio n  (McCance & W iddowson, 1 9 4 6 ) .

S u b je c t
No.

Body
W eight

D a ily  B a s a l  D ie t

P r o t e in P a t C a rb o h y d ra te E nergy

k g . g- g- g- c a l . / k g .

1 7 0 .8 112 144 454 50

2 7 7 .9 102 115 392 39

3 6 7 .7 102 141 394 48

4 6 5 .7 79 104 398 45
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s u g a r  was g iv e n ,  i . e . ,  t i l l  th e  2 5 th  d a y , and  b e g a n  t o  r i s e  

to  fo rm er l e v e l s  o n ly  on th e  2 7 th  d a y . T h u s , i t  i s  c l e a r  

t h a t  s u r f e i t  g lu c o s e  shows a n  N -s p a r in g  e f f e c t  w h e th e r  g iv e n  

w i th  th e  p r o t e i n  o r  a p a r t  fro m  i t .  The e f f e c t  on N b a la n c e  

i s  im m ed ia te  when c a rb o h y d ra te  i s  f e d  w i th  p r o t e i n ,  b u t  when 

g iv e n  12 h o u rs  a f t e r  th e  p r o t e i n  m e a l, th e  e f f e c t  i s  shown 

o n ly  fro m  th e  seco n d  day  o n w a rd s .

c .  E x p erim e n t w ith  human s u b j e c t s i  T h is  e x p e r im e n t  was 

c a r r i e d  o u t in  o rd e r  to  s e e  w h e th e r  th e  e f f e c t  o f  s u r f e i t  

e n e rg y  d e m o n s tra te d  in  th e  c a s e  o f  r a t s  and  dogs was th e  

same on hum ans. The c o m p o s it io n  o f th e  d i e t s  s e l e c t e d  b y  

th e  s u b je c t s  i s  g iv e n  in  T ab le  8 . The b a s a l  d i e t  was ta k e n  

f o r  5 d a y s ,  t i l l  th e  N in  th e  u r in e  re a c h e d  a  f a i r l y  c o n s t a n t  

l e v e l  ( F ig .4 ) .  A ssum ing th e  f a e c a l  N t o  be l e s s  th a n  1 .5  g .  

p e r  d a y , a l l  th e  s u b je c t s  w ere th e n  i n  p o s i t i v e  N b a la n c e  on  

th e  b a s a l  d i e t .  F o r th e  n e x t  5 d a y s ,  200 g .  o f  s u c r o s e  was 

g iv en  d a i l y ,  i n  a d d i t i o n  to  th e  b a s a l  d i e t ,  s u b j e c t s  1 & 2 

t a k in g  th e  s u c ro s e  w ith  th e  p r o t e i n - c o n t a i n i n g  m e a ls ,  a t  

9 a .m . ,  1 p .m .,  an d  6 p .m .,  w h ile  s u b j e c t s  3 &4 r e c e iv e d  i t  

a t  1 1 .3 0  p .m . ,  h o u rs  a f t e r  th e  l a s t  m e a l, in  w a te r  w i th  

th e  j u i c e  o f  one lem on . S u b je c ts  1 & 2 d ra n k  w a te r  o n ly  a t

1 1 .3 0  p .m . A f te r  t h i s  5 -day  p e r i o d ,  th e  s u b je c t s  a g a in  a t e  

th e  u n su p p lem en ted  d i e t  f o r  a  few  d a y s , u n t i l  t h e  N o u tp u t  

r e tu r n e d  to  th e  b a s a l  v a lu e s  o b ta in e d  a t  t h e  s t a r t  o f  th e  

e x p e r im e n t. T hen , a  se c o n d  p e r io d  o f  s u r f e i t  f e e d in g  was
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mg. N retained per Cat.
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Day of Surfeit
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b e g u n , th e  tim e  o f  g iv in g  th e  e x t r a  suer& s§  b e in g  r e v e r s e d ;

i . e . ,  s u b j e c t s  1 & 2 r e c e iv e d  th e  e x t r a  c a rb o h y d ra te  a t  

1130 p .m . ,  in  w a te r ,  and s u b je c t s  3 & 4 to o k  i t  w i th  th e  

o th e r  t h r e e  m e a ls , d r in k in g  w a te r w i th  th e  j u i c e  o f  one 

lem on a t  b e d tim e . S u b je c t  1 d e v e lo p e d  a  f e b r i l e  i l l n e s s  

d u r in g  t h i s  p e r io d  o f  s u r f e i t  f e e d in g  and  h i s  e x p e r im e n t had  

to  b e  ab an d o n ed .

T h is  e x t r a  c a rb o h y d ra te  c a u se d  a  f a l l  i n  N o u tp u t  

w h e th e r ta k e n  a lo n g  w ith  o r  5-J h o u rs  a f t e r  th e  p r o t e i n - c o n 

t a i n i n g  m e a ls . The p r o t e i n - s p a r in g  a c t i o n  o f  s u c ro s e  was 

e v id e n t  on th e  f i r s t  day  o f  s u r f e i t  f e e d in g  when i t  was 

g iv e n  a lo n g  w i th  th e  o th e r  m e a ls , w h e re a s , when th e  e x t r a  

s u g a r  was e a te n  5-J- h o u rs  a f t e r  th e  l a s t  m e a l, th e  r e d u c t io n  

i n  N o u tp u t  o n ly  o c c u r re d  fro m  th e  2nd d ay  onw ards ( P i g .4 ) .  

The changes i n  u r in a r y  N d u r in g  th e  two p e r io d s  a r e  a n a ly s e d  

in  T ab le  9 . The d i f f e r e n c e  in  b e h a v io u r  on th e  f i r s t  day  

o f  s u r f e i t  f e e d in g  was fo u n d  to  be  s t a t i s t i c a l l y  s i g n i f i c a n t  

The d a i l y  N r e t e n t i o n s  w ere t r a n s fo rm e d  i n t o  c u m u la tiv e  

c u rv e s  ( P i g .5 ) ,  and  th e  r e g r e s s io n  l i n e s  ex am in ed . A f t e r  

th e  i n i t i a l  d e la y  i n  s t a r t i n g ,  th e  in c re m e n ts  i n  N r e t a i n e d  

fo l lo w  a  l i n e a r  s l o p e ,  w h ich , i n  th e  c a s e  o f  c a rb o h y d ra te  

f e d  w ith  p r o t e i n ,  a v e ra g e d  2 .9  mg. N p e r  e x t r a  C a l .  p e r  d a y ,  

and  in  th e  c a s e  o f  c a rb o h y d ra te  g iv e n  a p a r t  fro m  th e  p r o t e i n  

a v e ra g e d  2 .1  mg. N. To s e e  w h e th er th e r e  i s  a  r e a l  d i f f e r 

ence betw een  th e s e  s lo p e s  th e  r e g r e s s i o n  e q u a t io n s  f o r



in d iv id u a l  s u b je c t s  w ere  a n a ly s e d  s t a t i s t i c a l l y .  The s lo p e s  

w ere a p p ro x im a te ly  l i n e a r  f o r  a l l  th r e e  s u b j e c t s ,  b u t  d id  

n o t  d i f f e r  d u r in g  th e  two s u r f e i t  f e e d in g  p e r io d s  f o r  s u b j e c t

2 . In  th e  c a se  o f  s u b j e c t s  3 & 4 ,  th e  r a t e  o f  i n c r e a s e  i n  

N r e t e n t i o n  was s i g n i f i c a n t l y  l e s s  when th e  e x t r a  c a r b o 

h y d ra te  was ta k e n  a p a r t  fro m  th e  d i e t a r y  p r o t e i n .  T h is  may 

be  r e l a t e d  to  th e  o rd e r  in  w h ich  th e s e  e x p e r im e n ts  w ere 

c a r r i e d  o u t .  I t  sh o u ld  a l s o  be rem em bered t h a t  o n ly  th e  

u r in a r y  N was e s t im a te d ,  t  he f a e c a l  N b e in g  assum ed to  be  

c o n s t a n t .  I t  i s  p o s s ib l e  t h a t  th e  i n g e s t i o n  o f  a  l a r g e  

am ount o f  s u g a r  w i th  th e  o th e r  m eals p ro d u ce d  an  i r r i t a t i o n  

o f  th e  bow el and an  in c r e a s e  in  f a e c a l  N- T ak in g  th e  r e 

s u l t s  a s  th e y  s t a n d ,  h o w ev er, t h e r e  seem s to  be a  s m a ll  

a d v a n ta g e  i n  g iv in g  th e  s u r f e i t  c a rb o h y d ra te  a lo n g  w i th  th e  

p r o t e i n - c o n t a i n i n g  m e a ls .

D I S C U S S I O U .

a .  The tim e  f a c t o r  i n  p r o t e i n - s p a r in g  by  ad d ed  e n e r g y :  T hese

e x p e rim e n ts  p ro v e  c o n c lu s iv e ly  t h a t  e n e rg y  added  t o  a n  a l 

r e a d y  a d e q u a te  d i e t  s p a re s  p r o t e i n ,  w h e th e r  i t  b e  g iv e n  w i th  

o r  s e p a r a te  fro m  th e  p r o t e i n - c o n t a i n i n g  m e a ls .  B o th  i n  th e  

human e x p e rim e n ts  and  i n  th e  ones on d o g s , i t  i s  c l e a r  t h a t ,  

when e x t r a  e n e rg y  i s  g iv en  a p a r t  from  th e  p r o t e i n  m e a l,



l i t t l e  o r  no e f f e c t  i s  o b se rv e d  on th e  n e x c r e t e d  on  th e  f i r s t  

d a y , th e  s p a r in g  o f  p r o t e i n  becom ing  e v id e n t  o n ly  on  th e  

seco n d  o r  t h i r d  day  o f  su c h  a d d i t i o n  (P ig s*  3 & 4 )*  T h is  

a g re e s  w ith  th e  f in d in g s  o f  C u th b e r ts o n  & Munro (1939)*  I n  

th e  e x p e r im e n t o f  L a rso n  & C h a ik o ff  (1937) i l l u s t r a t e d  i n  

P ig * 2 , s u r f e i t  e n e rg y  g iv e n  on s i n g l e  o c c a s io n s  4 h o u rs  a f t e r  

th e  p r o t e i n  m eal h ad  no e f f e c t  on N e x c re t io n *  R e p e t i t i o n  

o f  t h e i r  e x p e r im e n ta l  c o n d i t io n s  shows t h a t  t h i s  phenomenon 

i s  r e p r o d u c ib le  ( P i g .3 ) ,  b u t  t h a t ,  w i th  c o n t in u e d  a d m i n i s t r a 

t i o n  o f  e x t r a  c a rb o h y d ra te  s e p a r a t e l y  fro m  th e  d i e t a r y ,  p r o 

t e i n ,  t h e r e  i s  a  b e n e f i c i a l  e f f e c t  on N b a la n c e .  The r e a s o n  

f o r  th e  tim e e f f e c t  o b se rv e d  by  L a rso n  & C h a ik o f f  may b e  r e 

l a t e d  to  th e  b a s a l  d i e t  th e y  u s e d ,  in  w h ich  o n ly  a  s m a ll  p r o 

p o r t io n  o f  th e  t o t a l  e n erg y  i s  i n  th e  fo rm  o f  c a r b o h y d r a te .

I t  may th u s  be t h a t  t h e i r  r e s u l t s  were due to  a n  I n t e r 

a c t io n  e f f e c t  b e tw een  th e  d i e t a r y  p r o t e i n  a n d  th e  e x t r a  c a r b o 

h y d ra te  f e d  a t  th e  same m eal ( P i g . l ) ; t h i s  m ig h t b e  e x p e c te d  

to  come in to  p la y  i f  th e  b a s a l  d i e t  w ere d e f i c i e n t  i n  c a r b o 

h y d r a te .

I n  th e  e x p e r im e n ts  w i th  r a t s , th e  am ount o f  N r e t a i n e d  

p e r  C a l .  o f  s u r f e i t  n u t r i e n t  was th e  sam e, w h a te v e r  th e  t im e  

i n t e r v a l  be tw een  th e  s u r f e i t  fo o d  a n d  th e  p r o t e i n —c o n ta in in g  

m ea l. In  th e  human e x p e r im e n t ,  h o w ev er, s u b j e c t  2 show ed 

no d i f f e r e n c e  i n  h i s  r e a c t i o n  to  th e  tim e  o f  t a k in g  e x t r a



TABLE 10.
C om parison  o f  th e  p r o t e i n - s p a r i n g  a c t i o n  o f  e x t r a  c a r b o -  |
h y d ra te  and  e x t r a  f a t  added  to  a d e q u a te  d i e t s  u n d e r  com- |
p a r a b le  c o n d i t i o n s . }
(C a lc u la te d  fro m  e x p e r im e n ts  r e c o r d e d  i n  th e  l i t e r a t u r e ) .  |

E x p t . 
No.*

S u r f e i t  Ped N R e ta in e d -** 
p e r  C a l .  e x 
t r a  e n e rg y  
p e r  day

S p e c ie s A u th o rs N a tu re E x tr a
d a i l y
e n erg j

D ura
t i o n

Growing
R at

P o r b e s ,B r a t z l e r ,  
T h ack er & Marcy 

(1939)

E x p t.
1

C arb o 
h y d ra te
P a t

C a l .

1 1 .3
1 1 .5

Days

7
7

mg.

5 .3
5 .0

E x p t . 
2

C arb o 
h y d ra te
P a t

1 0 .8
1 1 .1

7
7

4 .4
4 .8

P o r b e s ,B r a t z l e r , 
T hacker & Marcy 

(1939)

E x p t . 
1

C arb o 
h y d ra te
P a t

1 0 .6
1 0 .7

7
7

3 .9
4 .5

E x p t.
2

C arb o 
h y d ra te
P a t

1 0 .4
1 0 .4

7
7

4 .3
3 .3

A d u lt
P o rb e s  & S w if t  

(1944) -
C arb o 
h y d ra te
P a t

1 3 .4
1 3 .6

8
8

3 .6
7 .4

R at

P r e s e n t E x p t.

C arbo 
h y d ra te
P a t

1 1 .3
1 0 .7

8
8

2 .9 * * *  
2 • 5 “**

E x p erim en ts 1 C arbo
h y d r a te
P a t

1 1 .3
1 0 .7

8
8

2 .4 *
2 .8 +

A d u lt

C u th b e r ts o n  
& Munro 

(1937)

E xp t • 
2

C arbo
h y d ra te
P a t

780
700

3
3

0 .9 ++
0 .7

Man E x p t.
3

C arbo 
h y d ra te
P a t

780
700

5
6

1 .8 ++
1 .2

P le a s e  s e e  n e x t  page f o r  n o t e s .



As r e f e r r e d  to  i n  th e  o r i g i n a l  p u b l i c a t i o n  

E s t im a te d  f o r  th e  human s u b j e c t s  by com paring  th e  N 

b a la n c e  o f  e a c h  s u b j e c t  on th e  b a s a l  d i e t  a lo n e  and  

on th e  b a s a l  d i e t  w i th  su p p le m e n t;  e s t im a te d  f o r  

th e  r a t s  by  co m p ariso n  w i th  a  c o n t r o l  g roup  ru n  i n  

p a r a l l e l  and  n o t  r e c e i v i n g  e x t r a  e n e rg y .

E x tr a  c a r b o h y d ra te  o r  f a t  g iv e n  w i th  p r o t e i n  o f  d i e t .  

E x tr a  c a rb o h y d ra te  o r  f a t  g iv e n  s e p a r a t e l y  fro m  p r o t e i n  

o f  d i e t .

As m easu red  from  th e  f i r s t  p e r io d  on th e  b a s a l  d i e t .



s u g a r ,  w hereas s u b je c t s  3 & 4 showed a  g r e a t e r  r e t e n t i o n  o f  

u r in a r y  N when s u c ro s e  was ta k e n  w i th  th e  o th e r  m e a ls .

S in c e  th e  f a e c a l  N was n o t  e s t im a te d  i n  t h i s  e x p e r im e n t ,  th e  

d a ta  o b ta in e d  from  th e  r a t  e x p e r im e n t a r e  p ro b a b ly  th e  m ore 

r e l i a b l e .

In  th e  e x p e r im e n ts  on human s u b je c t s  and  on d o g s , th e  

am ount o f  N r e t a i n e d  d a i l y  was m a in ta in e d  c o n s t a n t  a f t e r  th e  

seco n d  day o f  s u r f e i t  f e e d in g  (com pare P i g s .  3 & 4 w i th  P ig .  

1 ) .  These s h o r t - t e r m  e x p e r im e n ts  th u s  a g re e  w ith  th e  lo n g 

te rm  ones r e p o r t e d  by  K rug (1893) and  L a rso n  & C h a ik o f f  

(1 9 3 7 ) , who fo u n d  t h a t  th e  s u r f e i t  e n e rg y  was e f f e c t i v e  up 

to  th e  1 5 th  day i n  th e  c a se  o f  man and  th e  7 t h  day o f  a d d in g  

s u r f e i t  to  th e  d i e t  o f  d o g s . I n  th e  e x p e r im e n ts  w i th  r a t s ,  

how ever, N r e t a i n e d  i n  P e r io d  3 (T ab le  6) i s  s l i g h t l y  l e s s  

th a n  t h a t  in  P e r io d  2 ,  i n  ag reem en t w ith  th e  f i n d in g  o f  

L a th e  8c P e te r s  (1949a) t h a t  th e  e f f e c t  on r a t s  was m ost 

m arked d u r in g  th e  f i r s t  few  d ays o f  s u r f e i t  f e e d in g .

b .  C om parison o f th e  r e l a t i v e  e f f e c t  o f  c a rb o h y d ra te  an d  f a t  

a s  e n erg y  s o u rc e s  : The e x p e r im e n t on r a t s  e n a b le s  us t o  com

p a re  th e  e f f e c t  o f  e x t r a  c a rb o h y d ra te  and  o f  e x t r a  f a t .

T ab le  I D  c o n ta in s  d a ta  w h ich  a r e  c a l c u l a t i o n s  b a se d  on r e s u l t s  

p u b l is h e d  by  o th e r  w o rk e rs . I t  w i l l  b e  se e n  t h a t  t h e r e  i s  

a  g r e a t  d e a l  o f  v a r i a t i o n  i n  th e  v a lu e s  r e p o r t e d .  C u th b e r t -  

son  & Munro (1937) fo u n d  t h a t  s u r f e i t  c a rb o h y d ra te  had  a



s l i g h t l y  g r e a t e r  b e n e f i c i a l  e f f e c t  on N r e t e n t i o n  p e r  Cal* 

th a n  s u r f e i t  f a t ,  when o n ly  u r in a r y  N was c o n s id e re d *

When th e  f a e c a l  N i s  a l s o  ta k e n  i n to  a c c o u n t ,  th e  r e t e n t i o n  

o f  N p e r  C a l.  i s  s e e n  to  be th e  same w ith  c a rb o h y d ra te  and  

w ith  f a t ,  f o r  one s u b j e c t ,  w h ile  i t  rem a in s  s l i g h t l y  

b e t t e r  w i th  c a rb o h y d ra te  f o r  th e  se co n d  s u b j e c t .  In  

s t u d i e s  on th e  a d u l t  r a t ,  P o rb e s  e t  a l .  (1939) o b ta in e d  

d a ta  w h ich  in d ic a t e  a  s l i g h t l y  g r e a t e r  e f f e c t  due to  s u r 

f e i t  f a t  in  one e x p e r im e n t ,  and a  g r e a t e r  e f f e c t  due to  

c a rb o h y d ra te  on a n o th e r  o c c a s io n .  I n  th e  c a se  o f  g row ing  

r a t s ,  t h e i r  d a ta  r e v e a l  no  d i f f e r e n c e  b e tw een  th e  s p a r in g  

e f f e c t  o f  e x t r a  c a rb o h y d ra te  and  e x t r a  f a t .  H ow ever,

P o rb e s  & S w if t  (1944) fo u n d  t h a t  l a r d  c a u se d  a  N r e t e n t i o n  

o f  7*4 mg. N p e r  e x t r a  C a l.  p e r  d a y , w hereas th e  e f f e c t  o f  

g lu c o s e  was o n ly  a  r e t e n t i o n  o f  3 .6  mg. N. L a te r  e x p e r i 

m ents r e p o r t e d  from  th e  same l a b o r a to r y  em p h asise  th e  

d i f f i c u l t y  o f  o b ta in in g  c o n s i s t e n t  e v id e n c e  t h a t  c a r b o 

h y d ra te  i s  s u p e r io r  to  f a t ,  o r  v ic e  v e r s a .  (B ecause  o f  

t h e i r  d i f f e r e n t  e x p e r im e n ta l  n a t u r e ,  th e y  a r e  n o t  in c lu d e d  

i n  T ab le  10) A nim als w ere k e p t  f o r  15 days on a  s o -  

c a l l e d  11 su p e rm a in te n a n c e n  ( i . e . ,  s u r f e i t )  d i e t  a n d  H b a la n c e  

was m easu red  d u r in g  th e  l a s t  8 days o f  t h a t  p e r io d .  The 

p r o p o r t io n  o f e n e rg y  coming fro m  c a rb o h y d ra te  a n d  fro m  f a t  

was v a r i e d .  In  th e  f i r s t  s e r i e s  o f  e x p e r im e n ts  (P o rb e s  

e t  a l * , 1 9 4 6 a ), N r e t e n t i o n  was s l i g h t l y ,  th o u g h  n o t



s i g n i f i c a n t l y ,  b e t t o r  when m ost o f th e  e n e rg y  came fro m  f a t*

In  th e  second  s e r i e s ,  th e  am ounts o f  c e r t a i n  v i ta m in s  w ere 

i n c r e a s e d ,  and  th e  d i e t  c o n ta in in g  more c a rb o h y d ra te  now 

c a u se d  a  s i g n i f i c a n t l y  h ig h e r  N r e t e n t i o n  th a n  th e  d i e t  

r i c h  in  f a t  (P o rb es  e t  a l f  1 9 4 6 b ).

In  o u r e x p e r im e n ts ,  c a rb o h y d ra te  seem s to  be  more 

e f f e c t i v e  th a n  f a t  when th e  s u r f e i t  i s  g iv e n  a lo n g  w ith  

p r o t e i n ,  w h ile  th e  p o s i t i o n  i s  r e v e r s e d  when th e  s u r f e i t  i s  

s e p a r a te d  fro m  th e  p r o t e i n .  T hese d i f f e r e n c e s  a r e ,  h o w ev er, 

n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  T ak in g  i n to  a c c o u n t  a l l  th e  

d a ta  i n  T ab le  10, i t  seem s j u s t i f i a b l e  to  conclude t h a t ,  f o r  

e q u a l  a d d i t i o n s  o f  e n e rg y , c a rb o h y d ra te  and  f a t  c a u se  

a p p ro x im a te ly  th e  same d e g re e  o f  N r e t e n t i o n  when s u p e r 

im posed on a  d i e t  a l r e a d y  p r o v id in g  a d e q u a te  am ounts o f  

e n e rg y .

e .  S ig n i f ic a n c e  o f  C a rb o h y d ra te  and  P a t  i n  P r o t e in  U t i l i s a t i o n :  

In  view  o f  ou r f in d in g s  on s u r f e i t  f e e d in g ,  i t  i s  now 

p o s s ib le  to  c o n s t r u c t  a  p i c t u r e  o f  th e  p a r t  p la y e d  by  c a r b o 

h y d ra te  and  f a t  i n  p r o t e-in  u t i l i s a t i o n  o f  d i e t a r y  p r o t e i n .  

F i r s t ,  t h e r e  i s  th e  i n t e r a c t i o n  o f  d i e t a r y  p r o t e i n  w i th  

c a rb o h y d ra te  g iv e n  in  th e  same m eal ( F i g . l ) .  T h is  d o e s  

n o t o ccu r w ith  f a t*  S e c o n d ly , t h e r e  I s  th e  r e l a t i o n s h i p  

be tw een  p r o t e i n  m e tab o lism  a n d  th e  e n e rg y  s u p p l i e d  I n  th e  

d i e t .  T h is i s  in d e p e n d e n t o f  th e  tim e  o f  f e e d in g  th e



e n e r g y - y ie ld in g  n u t r i e n t s ,  and  i s  s h a r e d  by b o t h  c a r b o 

h y d ra te  and  f a t ,  p ro b a b ly  s t r i c t l y  i n  p r o p o r t io n  to  th e  

e n e rg y  th e y  y ie ld *  Some tim e  e la p s e s  (24 -  48  h o u r s )  b e 

f o r e  an  in c r e a s e  in  e n e rg y  in ta k e  i s  f u l l y  e f f e c t i v e  (F ig s*

3 & 4 ) .  I n  a d d i t i o n  to  th e s e  two c l e a r - c u t  phenom ena, we 

p ro b a b ly  g e t  a  m ixed p i c t u r e ,  a s  in  th e  e x p e r im e n ts  o f  

L a rso n  & C h a ik o f f . T hese do n o t ,  h o w ev er, i n v a l i d a t e  th o s e  

o th e r  e x p e r im e n ts  i n  w hich th e  d i s t i n c t i o n  o f  one e f f e c t  

from  th e  o th e r  c a n  be  m ade.

d . Mechanism o f  A c tio n  o f  s u r f e i t  C a rb o h y d ra te  and  F a t ;

I f  s u r f e i t  c a rb o h y d ra te  and f a t  c a u s e  a  r e t e n t i o n  

o f  H, how i s  t h i s  b ro u g h t a b o u t?  I n t e r f e r e n c e  w i th  d i g e s t i o n  

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

s u r f e i t  e n e rg y  i s  e f f e c t i v e  e v en  when th e  p r o t e i n  o f th e  

d i e t  i s  f e d  5 to  12 h o u rs  b e fo re  o r a f t e r  th e  e x t r a  n u t r i e n t .  

I t  i s  p o s s ib le  t h a t  b reakdow n p ro d u c ts  o f  c a rb o h y d ra te  and 

f a t  m igh t h e lp  i n  th e  p r o d u c t io n  o f  n o n - e s s e n t i a l  a m in o - 

a c i d s , b u t  i t  seems l i k e l y  t h a t  th e  b a s a l  d i e t  h a s  a l r e a d y  

s u f f i c i e n t  c a rb o h y d ra te  f o r  t h i s  p u rp o s e .

The m ost p l a u s ib l e  e x p la n a t io n  i s  t h a t  c a r b o h y d ra te  

and  f a t  e x e r c i s e  t h e i r  e f f e c t  on N b a la n c e  by p r o v id in g  

e x t r a  e n e rg y  f o r  p r o t e i n  f o r m a t io n .  C u th b e r t s o n ,  M cG irr & 

Munro (1937) showed t h a t  when a  s u b j e c t Ts e n e rg y  r e q u ir e m e n ts  

were r a i s e d  by e x e r c i s e ,  s u r f e i t  f e e d in g  d id  n o t  im prove  N



b a la n c e .  N r e t e n t i o n  can  th u s  be p re v e n te d  by  u s in g  th e  

a d d i t i o n a l  fo o d  f o r  s u p p ly in g  e n e rg y  f o r  e x e r c i s e -  T h e re 

f o r e ,  th e  e s s e n t i a l  f a c t o r  f o r  N r e t e n t i o n  i s  n o t  th e  i n 

ta k e  o f  e x t r a  f o o d ,  n o r  th e  r e l e a s e  o f  s u r f e i t  e n e rg y , b u t  

th e  p re s e n c e  o f  e n e r g y - y ie ld in g  m e ta b o l i te s  i n  th e  t i s s u e s ,  

o v e r  and  above th e  d a i l y  r e q u i r e m e n ts .  The N l o s t  when 

e n e rg y  i s  w ithd raw n  fro m  th e  d i e t  w ould  p resu m ab ly  be  due 

to  a  subno rm al l e v e l  o f  th e s e  m e ta b o l i te s  i n  th e  t i s s u e s .

I t  seems p o s s ib le  t h a t  g iv in g  a d d i t i o n a l  e n e rg y  

r e s u l t s  in  th e  l a y in g  down o f  p r o t e i n s  i n  th e  b o d y , th e  

e n e r g y - y ie ld in g  m e ta b o l i te s  t a k in g  p a r t  in  some p h ase  o f  

a m in o -a c id  m e tab o lism  o r by p r o v id in g  en e rg y  f o r  p r o t e i n  

s y n t h e s i s .  T h a t p e p tid e -b o n d  s y n th e s i s  can  b e  s t im u la te d  

by members o f  th e  t r i c a r b o x y l i c  a c i d  c y c le  h a s  b e en  shown 

by in  v i t r o  s t u d i e s  o f  p-am ino  h ip p u r ic  a c id  fo r m a t io n  by 

r a t  l i v e r  hom ogenates (Cohen & M cG ilv ery , 1 9 4 7 ) ,  an d  b y  th e  

fo rm a t io n  o f  o r n i t h u r i c  a c id  by  c h ic k e n  k id n e y  r e s i d u e s  

(M cG ilvery  & Cohen, 1 9 5 0 ) . The r a t e  o f  s y n th e s i s  o f  

p e p tid e -b o n d s  i n  body p r o t e i n s  c o u ld  s i m i l a r l y  be  a f f e c t e d  

by changes in  th e  su p p ly  o f  t r i c a r b o x y l i c  a c id  c y c le  i n t e r 

m e d ia te s .  A c o n s id e r a b le  I n c r e a s e  i n  th e  s y n t h e s i s  o f  ATP 

has b e en  o b se rv e d  s h o r t l y  a f t e r  th e  a d m i n i s t r a t i o n  o f  

g lu c o s e  (K ap lan  & G re en b e rg , 1 9 4 4 ) , and  i t  seem s p o s s i b l e  

t h a t  s u r f e i t  c a rb o h y d ra te  and  f a t  may s t i m u l a t e  p r o t e i n



s y n th e s i s  in  th e  t i s s u e s  by p r o v id in g  e n e rg y  i n  th e  fo rm  o f  

ATP. T h is  w i l l  be  d e v e lo p e d  a t  g r e a t e r  l e n g t h  i n  th e  

n e x t  s e c t i o n .



PART II.

THE EFFECT OF ENERCBf INTAKE ON THE METABOLISM 

OP ADENOSINE TRIPHOSPHATE IN  THE LIVER.



INTRODUCTION.

I n  th e  p re v io u s  s e c t i o n ,  i t  was c o n c lu d e d  t h a t  th e  

p la n e  o f  e n e rg y  in ta k e  in f lu e n c e s  p r o t e i n  m e ta b o lism  by 

y i e l d i n g  e n e r g y - r ic h  m e ta b o l i te s  w h ich  h e lp  in  th e  fo rm a 

t i o n  o f  body p r o t e i n ,  p ro b a b ly  th ro u g h  th e  i n t e r m e d ia t i o n  o f  

a d e n o s in e  t r ip h o s p h a te  (ATP). The p a r t  p la y e d  by  o rg a n ic  

p h o sp h a te s  i n  in te r m e d ia r y  m e ta b o lism  was unknown t i l l  H arden  

(1905) d is c o v e re d  th e  p h o s p h o ry la t io n  o f  h e x o ses  in  a l c o h o l i c  

f e r m e n ta t io n .  Not much im p o rta n c e  was a t t a c h e d  to  t h i s  o b 

s e r v a t i o n  u n t i l  s i m i l a r  hexose  p h o sp h a te s  were fo u n d  i n  

m uscle  (Embden, 1 9 1 5 ) , and H a rd en ’s d ia ly z a b le  o rg a n ic  d e 

fe rm e n t o f  f e r m e n ta t io n ” was d is c o v e r e d  i n  m u sc le  an d  o th e r  

a n im a l t i s s u e s  (M eyerhof, 1 9 1 7 ) . A bout 10 y e a r s  l a t e r ,  i t  

was d is c o v e re d  t h a t  th e  fo rm a t io n  o f th e  su g a r  e s t e r  was 

fo llo w e d  by a  lo n g  s e r i e s  o f  p h o sp h a te  compounds by  s u c c e s s 

iv e  m e ta b o lic  s t e p s  (E g g le to n  3k E g g le to n ,  1 9 2 7 ; P is k e  & 

Subbarow , 1929 ; W arburg & C h r i s t i a n ,  19 3 9 ; L ipm ann, 1 9 4 0 ) . 

The t r a n s f e r  o f  p h o sp h a te  fro m  one compound to  a n o tn e r  to o k  

p la c e  by  t r a n s p h o s p h o r y la t io n ,  w i th o u t  p a s s in g  th ro u g h  th e  

s ta g e ,  o f  in o rg a n ic  p h o s p h a te ,  and  some o f  th e  in te r m e d ia te  

p h o sp h a te  compounds a s  w e ll  a s  th e  co-enzym es in v o lv e d  i n  

th e s e  r e a c t i o n s  w ere shown to  c o n ta in  p h o sp h a te  bonds o f  

much h ig h e r  energy  c o n te n t  th a n  ’’o r d in a r y ” e s t e r s ,  r e l e a s i n g  

up to  10 tim es  a s  much e n e rg y  on d i s s o c i a t i o n  a s  o r d in a r y  

p h o sp h a te  e s t e r  bonds (M eyerhof & S u r a n y i ,  1 9 2 7 ) . The



h y d r o ly s is  o f  a  h ig h -e n e rg y  bond  y i e l d s  a b o u t 12000 C a l-  p e r  

g . m ol- o f  p h o sp h a te  l i b e r a t e d ,  a s  com pared w i th  th e  2000 

to  3000 C a l-  w hich  a r e  l i b e r a t e d  by th e  h y d r o l y t i c  f i s s i o n  

o f  e n e rg y -p o o r  p h o sp h a te  e s t e r s -  The 1 2 ,0 0 0  C a l-  co n d en se d  

in  th e  e n e r g y - r ic h  p h o sp h a te  b ond , u ph” , r e p r e s e n t s  a  

b i o l o g i c a l  e n e r g y - - a n i t • M ig ra tin g  c o n t in u o u s ly  from  com

pound to  com pound, th e  q u a n t i t y  o f  ~ p h  i n  many r e s p e c t s  c a n  

be  r e g a rd e d  a s  b e in g  l a r g e l y  in d e p e n d e n t o f  th e  compound to  

w hich  i t  i s  a t t a c h e d  (L ipm ann, 1 9 4 3 ) . The d i s t r i b u t i o n  o f  

t h i s  u n i t  i s  h a n d le d  by a  s p e c i a l  p o o l in g  an d  t r a n s f e r  s y s te m , 

th e  a d e n y l ic  a c id  s y s te m , c o n s i s t in g  o f  a d e n y l ic  a c id , o r  

a d e n o s in e  m onophosphate (AMP), a d e n o s in e  d ip h o s p h a te  (ADP) 

and ATP- The f i r s t  p h o sp h a te  i n  ATP i s  a n  o r d in a r y  e s t e r
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p h o sp h a te . The two end p h o sp h a te s  a re  bound i n  an  e n e rg y -  

r i c h  p y ro p h o sp h a te  l in k a g e  (Lohman, 1 9 3 5 ) ;  th e  s p e c i a l  

im p o rtan ce  o f  ATP a r i s e s  from  th e  f a c t  t h a t ,  u n d e r  th e  i n 

f lu e n c e  o f th e  a p p r o p r i a te  enzym es, i t s  t e r m in a l  p h o sp h a te  

r a d i c a l ,  to g e th e r  w i th  the  e n e rg y  o f  th e  e n e r g y - r ic h  b o n d , 

can  be t r a n s f e r r e d  i n t a c t  i n to  o th e r  s u b s ta n c e s ,  so  t h a t  th e  

en erg y  i s ,  a s  i t  w e re , f o r c e d  i n t o  th e  p h o sp h a te  a c c e p to r -



I t  i s  p ro b a b le  t h a t  o n ly  th e  t e r m in a l  ~*ph i s  u se d  d i r e c t l y ,  

and th e  s h u t t l i n g  o f  ~ p h  i s  f a c i l i t a t e d  th ro u g h  a l t e r n a t 

in g  p h o s p h o ry la t io n  o f  ADP and  d e p h o s p h o ry la t io n  o f  ATP 

(K a lc k a r , 1 9 4 1 ; 1 9 4 2 ) . B ecause  th e s e  r e a c t i o n s  w ere a l l

p a r t  o f  th e  e n e rg y  m e ta b o lism  o f  th e  c e l l s  and  t i s s u e s ,  i t  

became c l e a r  t h a t  th e  b i o l o g i c a l  m eaning o f  p h o s p h o r y la t io n  

c o n s i s t s  in  th e  g e n e r a t io n  o f  h ig h -e n e rg y  p h o s p h a te ,  whose 

e n e rg y  i s  e i t h e r  t r a n s fo rm e d  i n to  o th e r  c h e m ic a l b o n d s , o r  

even  i n to  o th e r  fo rm s o f  e n e rg y . The a d e n in e  n u c le o t id e s  

have th e  a b i l i t y  to  ta k e  p a r t ,  a s  s u b s t r a t e ,  i n  a  w ide v a r i e t y  

o f  e n z y m e -s u b s tra te  c o m b in a tio n s , so  t h a t  AMP o r  ADP c a n  

a c c e p t  p h o sp h a te  from  a  l a r g e  number o f  e n e r g y - r i c h  p h o sp h a te  

compounds su c h  a s  p h o sp h o p y ru v a te , d ip h o s p h o g ly c e r a te ,  an d  

a c e t y l  p h o sp h a te  (G reen 8c C o low ick , 1944) fo rm ed  a t  th e  

d i r e c t  ex p en se  o f  m e ta b o lism . The e n e r g y - r i c h  p h o sp h a te  

bond o f  ATP so  fo rm ed  can  e i t h e r  be s t o r e d  a s  p h o s p h o c r e a t in e , 

o r  be  u t i l i s e d  by  h y d r o ly s i s  o f  ATP.

U t i l i s a t i o n  o f P hosphate-B ond  E n e rg y : When th e  m e ta b o l i c a l l y

g e n e ra te d  ~ p h  r e a c h e s  th e  a d e n y l ic  a c id  p o o l ,  i t  becom es 

a v a i l a b l e  f o r  u t i l i s a t i o n *  The fo l lo w in g  exam ples illustrate 
how g e n e r a l  a r e  th e  u se s  o f  p h o sp h a te  bond  e n e rg y :

a .  P h o sp h a te  bond e n e rg y  p la y s  an  a c t i v e  p a r t  in 
c a rb o h y d ra te  m e ta b o lism , t a k in g  p a r t  i n  su c h  r e a c t i o n s  as the 
c o n v e rs io n  o f f r u c to s e  t o  g lu c o s e  (C o r i & S h in e ,  1936) and 
th e  fo rm a tio n  o f  g ly c o g e n  (C o r i ,  1 9 3 9 ; C o low ick  & Sutherland,



1 9 4 2 ).

b .  The work o f  V e rz a r  & L a s z t  on th e  i n t e s t i n e ,  and  

o f  L u n d sg aard  & K a lc k a r  on th e  k id n e y  i n d i c a t e  a  c o n n e c tio n  

b e tw een  g lu c o s e  t r a n s f e r  th ro u g h  a  c e l l  a n d  i t s  p h o s p h o ry la 

t i o n .  E n e r g y - r ic h  p h o sp h a te  bonds have b een  shown to  

d o n a te  th e  p h o sp h a te  g roup  r e q u i r e d  f o r  th e  p h o s p h o ry la t io n  

(L ipm ann, 1 9 4 1 ).

c .  I n  m u sc le  a c t i v i t y ,  a s p l i t t i n g  o f  ATP i n i t i a t e s  

th e  s u c c e s s io n  o f  e v e n ts  t h a t  r e s u l t s  i n  c o n t r a c t io n  (M eyer

h o f ,  1 9 4 4 ) , th e  e n e rg y  o f  th e  ATP s p l i t t i n g  g o in g  more o r

l e s s  d i r e c t l y  in to  th e  m e c h a n ic a l p ro c e s s  (S z e n t-G y o rg i ,  1 9 4 7 ) .

d . P h o sp h a te  bond e n e rg y  c a n  be t r a n s fo rm e d  i n t o  

l i g h t  e n e rg y . ATP can  p h o s p h o ry la te  l u c i f e r i n ,  and  w i th  th e  

breakdow n o f  l u c i f e r i n  p h o sp h a te  ,  l i g h t  i s  e m it te d  i n  a n  

e x t r a c t  o f  f i r e f l i e s ,  th e  l i g h t  i n t e n s i t y  b e in g  p r o p o r t io n a l  

to  th e  amount o f  ATP s p l i t  (M cElroy & S t r e h l e r ,  1949 ;

M cE lroy, 1 9 5 1 ).

e .  ATP i s  o f  g r e a t  im p o rtan c e  i n  th e  g e n e r a t io n  o f  

b i o e l e c t r i c i t y .  F o r th e  r a p i d  movement o f  io n s  d u r in g  th e  

p a ssa g e  o f  a  n e rv e  im p u lse , t h e r e  m ust be  r a p i d  changes i n  

th e  r e s i s t a n c e  o f  th e  membrane o f  th e  nerve*  The r e l e a s e  

and breakdow n o f  a c e t y l  c h o l in e  h ive b e e n  shown to  be 

e s s e n t i a l  e v e n ts  in  th e  a l t e r a t i o n s  o f  th e  membrane d u r in g  

a c t i v i t y ,  a n d  ATP p ro v id e s  th e  e n e rg y  f o r  a c e t y l  c h o l in e  

fo rm a t io n ,  th e  r e l e a s e  and re rao v e l o f  a c e t y l  c h o l in e



p re c e d in g  th e  breakdow n o f  ATP (N achm ansohn, 1 9 5 1 ) .

f .  ATP has b een  shown t o  ta k e  p a r t  i n  t r a n s m e th y la 

t i o n .  In  th e  b io s y n th e s i s  o f  N -m e th y ln ic o tin a m id e  fro m  

1 -m e th io n in e  an d  n ic o t in a m id e ,  ATP has b e en  shown to  

a c t i v a t e  th e  m eth y l d o n o r , 1 -m e th io n in e  (C a n to n i ,  1 9 5 1 a ) .

I t  h a s  b een  s u g g e s te d  t h a t  t h i s  a c t i v a t i o n  o f  m e th io n in e  by  

ATP m ig h t be th e  f i r s t  s t e p  i n  a l l  t r a n s m e th y la t io n  r e a c t i o n s  

i n  w hich  m e th io n in e  I s  th e  m e th y l donor (C a n to n i , 1 9 5 1 b ) .

g . I n  th e  m echanism  p ro p o se d  by K rebs to  e x p la in  th e  

fo rm a t io n  o f  u r e a ,  ammonia an d  c a rb o n  d io x id e  w ere added  to  

o r n i th i n e  to  fo rm  c i t r u l l i n e  (S te p  I ) ,  and  a  seco n d  m o le c u le  

o f  ammonia was added  to  c i t r u l l i n e  to  g iv e  a r g i n i n e .  I n  

th e  f i n a l  s t e p ,  a r g in a s e  s p l i t s  o f f  u r e a ,  and  th e  o r n i th i n e  

l i b e r a t e d  i s  r e tu r n e d  to  th e  c y c le  (K re b s , 1 9 4 2 ) . B o th  

S te p  I  and  S te p  I I  have  b een  shown to  r e q u i r e  c a t a l y t i c  

am ounts o f  ATP (Cohen 8c B ayano, 1 9 46 , 1948 ; G r i s o l i a ,  1 9 5 1 ) . 

S te p  I I  has b e e n  f u r t h e r  s u b d iv id e d  in to  two s t a g e s ,  

c i t r u l l i n e  and  a s p a r t i c  a c id  ( th e  s p e c i f i c  N d o n o r) co n d en 

s in g  to  g iv e  an  in te r m e d ia te  com pound, w h ich  i s  th e n  h y d ro 

ly s e d  to  a r g i n i n e  and  m a lic  a c i d .  The c o n d e n s a t io n  i s  

d ep en d en t on th e  h ig h -e n e rg y  p h o sp h a te  p r e s e n t ,  th e  c o n d e n s in g  

a c t i v i t y  in c r e a s in g  to  a  maximum w ith  i n c r e a s in g  am ounts o f  

ATP (R a tn e r  8c P a p p a s , 1949 ; R a tn e r  8c P e t r a c k ,  1951 ;

R a tn e r ,  1 9 5 1 ).



h . The S y n th e s is  o f  P e p t id e  B onds. Though th e  

m echanism  o f  th e  b i o s y n th e s i s  o f  p e p t id e  bonds i s  n o t  c l e a r 

l y  u n d e rs to o d , th e  p rob lem  i s  now r e c o g n is e d  to  be one o f  

f in d in g  b i o l o g i c a l  sy s tem s c a p a b le  o f p r o v id in g  th e  e n e rg y  

n e c e s s a ry  f o r  th e s e  e n d e rg o n ic  r e a c t i o n s  (C ohen, 1 9 5 1 ) . 

B orsook & D ubnoff (1940) show ed t h a t  th e  p o s i t i o n  o f  e q u i 

l ib r iu m  o f  a  sy s te m  su c h  a s

a la n in e  + g ly c in e  > a la n y lg ly c in e  + w a te r

was so  f a r  in  th e  d i r e c t i o n  o f  h y d r o ly s i s  t h a t  no am ount o f  

in c r e a s e  i n  c o n c e n t r a t i o n  o f  s u b s t r a t e s  c o u ld  l e a d  to  a  

s i g n i f i c a n t  am ount o f  p e p t id e  bond s y n t h e s i s .  T hese c o n 

s i d e r a t i o n s  p ro v id e d  a n  im p e tu s  f o r  th e  s e a r c h  f o r  sy s tem s 

t h a t  would r e l e a s e  th e  e n e rg y  to  s a t i s f y  th e  r e q u ire m e n ts  

f o r  p e p t id e  s y n t h e s i s .  Model sy s te m s have b e en  s tu d ie d  in  

w hich  one o r b o th  o f  th e  s u b s t r a t e s  have b e e n  a m in o -a c id  

a n a lo g u e s  o r  d e r i v a t i v e s .  Those s t u d i e d  in  g r e a t e s t  d e t a i l  

have b e en  ( i )  a c e t y l  s u lp h a n ila m id e  o r  o th e r  a ro m a tic  

am ines (L ipm ann, 1 9 4 5 ) ; ( i i )  h ip p u r ic  a c i d  o r  p -am ino  

h ip p u r ic  a c id  (Cohen & M cG-ilvery, 1 9 4 7 ) ;  ( i i i )  g lu ta m in e  

( F re i  & L e u th a r d t ,  1 9 4 9 ) ;  ( iv )  g lu ta th io n e  (J o h n s to n  &

B lo ck , 1 9 5 1 ) ; (v ) o r n i t h u r i c  a c i d  (McG-ilvery & C ohen, 1 9 5 0 ) .

In  sy s te m  ( i i i ) ,  no p h o s p h o ry la te d  in te r m e d ia te  c o u ld  be 

fo u n d , b u t  th e  c lo s e  r e l a t i o n s h i p  be tw een  th e  am ount o f  

g lu ta m in e  fo rm ed  and th e  am ount o f In o rg a n ic  P l i b e r a t e d  

i n d ic a t e s  t h a t  ~ P  from  ATP i s  u t i l i s e d .  The s y n th e s i s  o f



TABLE 11

The c o m p o s it io n  o f  th e  r a t  d i e t s  a n d  th e  tim es o f  fee d in g *

Croup 10 a .m . 
P .C .F .

5 p .m . 
V.M.R.

10 p .m . 
o l iv e  o i l

E nergy
L ev e l

g- g- m l. C a l . / r a t / d a y
1 5 .3 2 - 28

2 5 .3 2 1 .7 42

3 5 .3 2 3 .4 56

P .C .F . » P ro te in -C a rb o h y d ra te -F a t  M ix tu re  

c o n ta in in g  c a s e in  2*8 g .

f a t  0 -5  g .

g lu c o s e  1 .0  g .

s t a r c h  1*0 g .

V*M*R* = V itam in -M in era l-R o u g h ag e  m ix tu re  

( se e  T ab le  3 ) .



g lu ta th io n e  comes c l o s e s t  to  p r o te in  s y n th e s i s ,  and r e q u i r e s  

ATP, I n o rg a n ic  P , Mg++ and K+ .

As t h i s  l a s t  s e c t io n  i n d i c a t e s ,  th e r e  a re  some grounds 

f o r  su p p o s in g  t h a t  ATP may p la y  a  p a r t  in  p r o t e in  s y n th e s i s ,  

and t h i s  i s  s t r e n g th e n e d  by W in n ick 's  (1950) e x p e r im e n ts .

He fo u n d  t h a t  a  hom ogenate o f  r a t  l i v e r  l o s t  i t s  a b i l i t y  to  

i n c o r p o r a t e d - g l y c i n e  o r  a la n in e  when d ia ly s e d ,  b u t  t h a t  

t h i s  was r e s t o r e d  by a d d in g  ATP a lo n g  w ith  Mg io n s  and  a  

m ix tu re  o f n o n - l a b e l l e d  1-am ino a c id s .  S in ce  ou r n u t r i t i o n 

a l  s t u d i e s  c a n  b e s t  be  e x p la in e d  by th e  s u p p o s i t io n  t h a t  the  

l e v e l  o f  some e n e rg y  donor a f f e c t s  p r o t e in  s y n th e s i s ,  we 

c a r r i e d  o u t  e x p e r im e n ts  to  d e te rm in e  w he ther changes in  th e  

ATP c o n c e n t r a t io n  i n  th e  l i v e r  were c o m p a tib le  w ith  i t s  

b e in g  th e  in te rm e d ia ry  s u b s ta n c e .

EXPERIMENTAL.

A n im als , D ie t  and  M anagem ent: These were th e  same as in  th e

r a t  e x p e r im e n ts  d e a l t  w i th  in  P a r t  I .  T able 11 g iv es  th e  

d e t a i l s  o f  th e  d i e t s  g iv e n  in  th e s e  e x p e rim e n ts .

E s tim a tio n  o f  ATP: T here  a r e  th r e e  methods a v a i la b le  f o r  

e s t im a t in g  ATP in  th e  t i s s u e s :  by a c id  h y d r o ly s is ,  by

chrom atography  and by th e  u se  o f enzymes •

In  th e  a c i d  h y d r o ly s is  m ethod, th e  s o lu t io n  o f  ATP i s  

h e a ted  w ith  N-HCl f o r  7 m in . (K aplan & G reenberg , 1944) o r



f o r  10 m in . ( B a i le y ,  1 9 4 9 ) , when th e  two l a b i l e  p h o sp h a te  

groups a r e  s p l i t  o f f .  The v a lu e  o b ta in e d  by e s t im a t in g  

t h i s  P m u l t i p l i e d  by 3 /2  g iv e s  th e  t o t a l  ATP P. But th e  

p ro c e d u re  a l s o  s p l i t s  o f f  th e  te r m in a l  P from  ADP, and  a ls o  

from  o th e r  p h o sp h a te  e s t e r s  t h a t  m igh t be p r e s e n t ,  and cannot 

t h e r e f o r e  be u se d  when th e  p r e p a r a t io n  o f ATP i s  co n ta m in a te d  

by th e s e  l a b i l e  P -c o n ta in in g  compounds.

I n  th e  p a p e r  ch rom atography  m ethod (Turba & T u rb a , 

1 9 5 1 ), i t  i s  p o s s ib le  to  s e p a r a te  ATP from  ADP, AMP and i n 

o rg a n ic  p h o s p h a te . But i t  i s  n o t  known w hether any ATP i s  

b ro k en  down d u r in g  th e  p ro c e s s  o f  s e p a r a t io n ,  and  t h i s  i s  

q u i te  l i k e l y .  Any P so  l i b e r a t e d  m ight co n tam in a te  th e  ADP 

e lu te d  fro m  th e  paper*  The m ethod does n o t a p p ea r to  be 

q u a n t i t a t i v e .

The enzyme m ethod , d ev e lo p ed  by K alckar (1947) and 

B a ile y  (1 9 4 9 ) , h as th e  a d v an tag e  o f b e in g  s p e c i f i c ,  p ro v id ed  

th e  enzyme p r e p a r a t i o n  I s  p u r e . By a s u i t a b l e  ch o ic e  o f  

enzym es, i t  i s  p o s s ib l e  to  d i f f e r e n t i a t e  betw een th e  two 

l a b i l e  p h o sp h a te  g roups o f  ATP. T hus, m yosin s p l i t s  o f f  

th e  end p h o sp h a te  g r o u p : 

m yosin
ATP ------------ > ADP + i%P04   (1)

and th e  P s e t  f r e e  can  be e s tim a te d *  I f  th e  s o lu t io n  i s  i n 

cubated  w ith  a  m ix tu re  o f  m yosin and m yokinase, b o th  th e  

l a b i l e  p h o sp h a te  g ro u p s a re  s e t  f r e e  by a com bination  o f the



f o l lo w in g  r e a c t i o n s : 

m yokinase
2 A D P  -------- — » ATP + AMP ---------------------  -  (2)

m yosin
A T P ------------   * ADP + H3 P04 .........   (3 )

A t th e  end o f  th e  r e a c t i o n ,  AMP and in o rg a n ic  P re m a in , and 

th e  P e s t im a te d  l e s s  th e  P s p l i t  o f f  by m yosin a lo n e  g iv e s  

an  e s t im a te  o f  th e  amount o f  ADP o r i g i n a l l y  p r e s e n t .

A n o th e r enzym e, p o ta to  a p y ra s e ,  has been  u se d  f o r  th e  

e s t im a t io n  o f  ADP* I t  s p l i t s  o f f  b o th  l a b i l e  p h o sp h a te  

g roups o f  ATP (C olow ick Sc K a lc k a r , 1 9 4 3 ). I t s  a c t io n  i s  n o t  

s p e c i f i c ,  how ever, and shows a  f e e b le  In o rg a n ic  p y ro p h o s

p h a ta s e  a c t i v i t y  and a  s t i l l  f e e b l e r  a c t io n  upon a d e n y lic  

a c id  ( B a i le y ,  1 9 4 9 ) , b u t ,  e x c e p t f o r  very  p r e c i s e  a n a l y s i s ,  

th e s e  d is a d v a n ta g e s  a r e  n o t  s e r i o u s .  K a lck a r (1944)

s u c c e s s f u l l y  a p p l i e d  t h i s  enzyme in  d i f f e r e n t i a t i n g  the  two
32

l a b i l e  p h o sp h a te  groups o f  ATP in  w h ich  P had been  in c o r 

p o r a te d .  K rish n a n  (1949) a l s o  commented on th e  n o n - s p e c i f ic  

n a tu r e  o f  th e  a  e t i o n  o f  a p y ra s e ,  and u sed  v a rio u s  d i lu t io n s  

o f  h i s  enzyme p r e p a r a t i o n  to  e s t im a te  a known amount o f ATP, 

and o b ta in e d  a  d i l u t i o n  w hich s p l i t  o f f  66;^ o f  the P a t  i n 

f i n i t e  t im e . T h is  d i l u t i o n  was th e n  u sed  f o r  a s sa y  o f  un

known ATP s o l u t i o n s .

The a s s a y  o f  m ix tu re s  o f  ATP and  ADP can  a lso  be 

a c h ie v e d  by  th e  u se  o f  h e x o k in a se  a c t in g  s in g ly  and in  con

ju n c t io n  w ith  m yokinase (K a lc k a r , 1 9 4 3 ). U n fo r tu n a te ly ,



th e  p r e p a r a t i o n  o f  p u re  y e a s t  h ex o k in ase  i s  a  fo rm id a b le  

t a s k  (B a ile y  & Webb, 1 9 4 8 ) , and l e s s  p u re  p r e p a r a t io n s  may 

be c o n ta m in a te d  w ith  ATP-ase ( K e i l ly  & M eyerhof, 1 9 4 8 ).

The u se  o f m yosin and  ATP-ase a lo n e  and in  c o n ju n c t io n  

w ith  m yokinase th u s  a p p e a rs  to  be th e  i d e a l ,  a t  any r a t e ,  in  

th e o r y ,  f o r  th e  d e te rm in a t io n  o f  m ix tu re s  o f  ATP and ADP 

(B a i le y ,  1 9 4 9 ) . We, t h e r e f o r e ,  d e c id e d  -to use  th e s e  enzym es, 

and  a l s o  ch eck ed  th e  ADP c o n te n t  by u s in g  th e  p o ta to  enzyme. 

The P r e p a r a t io n  o f  Enzymes : M yosin: The m ethod u sed  was t h a t

o f  B a ile y  (1 9 4 2 ) . The enzyme was e x t r a c te d  from  m inced r a t  

m uscle  w ith  0*5 M KC1 c o n ta in in g  0*03 N NaHCO  ̂ as  b u f f e r ,  th e  

s tro m a  f i l t e r e d  o f f  and th e  m yosin p r e c i p i t a t e d  by d i l u t i n g  

th e  e x t r a c t  w i th  20 v o l .  o f  i c e - c o l i  d i s t i l l e d  w a te r  and a d 

j u s t i n g  th e  pH to  6 .8 .  The p r e c i p i t a t e  was c e n t r i f u g e d ,  and 

p u r i f i e d  by r e p e a te d ly  d i s s o lv in g  in  0 .5  M KC1 and r e p r e -  

c i p i t a t i n g  by d i l u t i o n .  The enzyme o b ta in e d  a f t e r  4 p r e 

c i p i t a t i o n s  was d i s s o lv e d  i n  a  minimum o f 0 .5  KG1 and s to r e d  

a t  0°C . I t s  a c t i v i t y  was t e s t e d  w ith  a  s ta n d a rd  s o lu t io n  o f 

ATP, th e  in c u b a t io n  p ro c e d u re  o f  B a ile y  (1949) b e in g  fo llo w e d . 

W ith low c o n c e n tr a t io n s  o f  ATP i t  was found th a t  lo n g  In c u b a 

t i o n  p e r io d s  w ere r e q u i r e d  to  h y d ro ly se  a l l  th e  a v a i la b le  P 

o f  th e  te rm in a l  group* T h is was a l s o  r e p o r t e d  by B a ile y  

(1 9 4 9 ), who fo u n d  t h a t  th e  m ain d isa d v a n ta g e  in  th e  u se  o f 

n y o s in  was th e  slow  h y d r o ly s is  o f  ATP i n  th e  l a t e r  s ta g e s  o f



Preparation of Potato Apyrase.

KCN e x t r a c t  o f  p o ta to e s  
(NH^JgSO^ added  to  0 -6  s a t u r a t i o n

I----------------- L -------------------1
S u p e rn a ta n t  P r e c i p i t a t e

Suspended In  w a te r ,  d ia ly s e d  
f o r  24 hours a g a in s t  d i s t i l l e d  
w a te r

S u p e rn a ta n t  R esid u e
(NH )gS0A added to  0 .6  s a t u r a t i o n  d is c a rd e d

I---------  ------ I
S u p e rn a ta n t  P r e c i p i t a t e

Suspended, in  w a te r ,  d ia ly s e d  
f o r  24 hours

I  --------------1
S u p e rn a ta n t  R esidue

(NIL )oS0 added to  0 .6  s a t u r a t i o n  
* « 4 .

I I
S u p e rn a ta n t  P r e c i p i t a t e  in  w a te r .

(NILJoSOa to  0 .6  s a t u r a t i o n  D ia ly se d . S o lu t io n
i s  F r a c t io n  I

P r e c i p i t a t e  
Suspended  i n  HgO and d ia ly s e d

F r a c t io n  I I .

SCHEME 1 .



th e  r e a c t i o n ,  when th e  s u b s t r a t e  i s  a lm o s t e x h a u s te d  and 

in o rg a n ic  p h o sp h a te  has a cc u m u la te d . We fo und  t h a t ,  th e  

lo w er th e  c o n c e n t r a t io n  o f  ATP, th e  l e s s  P was s p l i t  by 

th e  m yosin . A c c o rd in g ly , c a re  was ta k e n  to  keep  th e  

volume o f  th e  s o l u t io n  o f ATP e x t r a c te d  from  th e  l i v e r s  as 

s m a ll  a s  c o n v e n ie n t ,  and th e  volum es o f  enzyme and su b 

s t r a t e  u se d  f o r  in c u b a tio n  w ere so  a d ju s te d  t h a t  30 to  33^  

o f  th e  a v a i l a b l e  P o f  th e  s ta n d a r d  s o lu t io n  o f ATP was 

s p l i t  o f f  by m y o sin , d u r in g  an  in c u b a tio n  p e r io d  o f  1 hour 

a t  37°C .

M y o k in ase : The m ethod o f  p r e p a r a t io n  was t h a t  d e s c r ib e d

by K a lc k a r  (1 9 4 7 ). R a b b it  m uscle was g ro u n d  w ith  sand  and 

e x t r a c t e d  w ith  i c e - c o ld  d i s t i l l e d  w a te r . The e x t r a c t  was 

h e a te d  t o  90°G , c o o le d  and pH a d ju s te d  to  6 .5 .  A f te r  r e 

m oval o f  th e  p r e c i p i t a t e ,  more p r o te in s  w ere s e p a ra te d  by 

h a l f - s a t u r a t i n g  w ith  (NH^^SO^, and th e  enzyme p r e c i p i t a t e d  

by f u l l  s a t u r a t i o n  w ith  th e  s a l t .  I t  was p u r i f i e d  by 

d i a ly s in g  a g a i n s t  d i l u t e  (NH^JgSO^, and i t s  a c t i v i t y  

a s sa y e d  u s in g  a  s o l u t io n  o f CaATP.

A pyrase  : T h is  enzyme was p re p a re d  fro m  f r e s h  p o ta to e s  acc o rd

in g  to  th e  p ro c e d u re  fo llo w e d  by K rish n an  (1 9 4 9 ). The method 

i s  shown in  Scheme I .  Most o f  the a c t i v i t y  was found  to  

r e s id e  i n  F r a c t io n  I I ,  w hich was u sed  In  su b seq u e n t a s s a y s .

On a c c o u n t o f th e  n o n - s p e c i f i c i t y  o f  t h i s  enzyme, a n  e x p e r i 

ment was c a r r i e d  o u t to  d e te rm in e  th e  c o n c e n tr a t io n  o f enzyme



Isolation of ATP and ADP from liver.

7 fo  TCA e x t r a c t  o f  l i v e r  
c e n t r i f u g e d

  I_______________
I

S u p e rn a ta n t  R esid u e  d is c a rd e d
m ixed w i th  e q u a l  v o l .  
o f  95^ e th a n o l .  C e n tr ifu g e d

i—   1
P r e c i p i t a t e  S u p e rn a ta n t

m ixed w ith  20%  
m e rc u ric  a c e t a t e

i______________

I
P r e c i p i t a t e  S u p e rn a ta n t

S uspended  in  w a te r ,  
p a s s e d  HgS gas f o r  1 hour

i— — i
P r e c i p i t a t e  S u p e rn a ta n t

a e r a te d  f o r  2 hours 
c o n ta in s  ATP and ADP<

SCHEME 2 .



and th e  p e r io d  o f  in c u b a t io n  r e q u i r e d  to  s p l i t  2 /3  o f  th e  

t o t a l  P in  a  s ta n d a rd  s o l u t io n  o f  ATP. V arious d i l u t i o n s  

o f  f r a c t i o n  I I  were in c u b a te d  fo l lo w in g  th e  p ro c e d u re  a d o p te d  

by  K r is h n a n . I t  was fo u n d  t h a t  a 1 i n  25 d i l u t i o n  l i b e r a t e d  

2 /3  o f  th e  P i n  p u re  ATP s o lu t io n s  in  15 m in .,  and  t h a t  th e  

am ount h y d ro ly s e d  d id  n o t  s p l i t  o f f  any more P d u r in g  th e  

n e x t  15 m in . T h e re fo re ,  i n  su b se q u e n t a s s a y s ,  t h i s  d i l u 

t i o n  o f  enzyme was u s e d , and  th e  in c u b a tio n  c a r r i e d  o u t f o r  

15 m in . a t  37°C . In  s p i t e  o f t h i s  p r e c a u t io n ,  i t  was found

t h a t  th e  amount o f  P s p l i t  o f f  by t h i s  enzyme from  ATP i s o 

l a t e d  from  l i v e r  was a lw ays d i f f e r e n t  from  t h a t  g iv en  by a  

c o m b in a tio n  o f  m yosin and  m yokinase (se e  T able  1 5 ) ,  p ro b ab ly  

due to  th e  p re s e n c e  o f  o th e r  o rg a n ic  p h o sp h a te  compounds in  

th e  l i v e r  ATP p r e p a r a t io n s  w h ich  were n o t p r e s e n t . in  pure  

ATP s o l u t i o n s .  Ennor ( p r iv a te  com m unication) has a ls o  

fo und  t h i s .

I s o l a t i o n  o f  ATP from  th e  L i v e r : The m ethod was b ased  on t h a t

o f  V entakarem an e t  a l .  (1 9 5 0 ), and i s  g iv en  in  Scheme I I .  The 

an im als  were a n a e s th e t i s e d  w ith  n em b u ta l, th e  l i v e r s  rem oved, 

d ropped  i n to  40 m l. i c e - c o ld  TGA (7$ w /v) in  a  w eighed con

t a i n e r  f o r  a N elco  b le n d o r ,  and  q u ic k ly  w eighed. They 

were hom ogenised  f o r  2 m in. a t  medium sp e e d , c e n t r if u g e d  and 

th e  r e s id u e  w ashed once w ith  10 m l. TGA* The s u p e rn a ta n t  

and w ash ings w ere c o l l e c t e d  i n  a m easu ring  c y l in d e r ,  mixed



w ith, a n  e q u a l volume o f  95 fo  e th a n o l  and a llo w e d  to  s ta n d  f o r  

2 h o u r3 . T h is  rem oved th e  g ly co g en  from  th e  s o l u t i o n ,  an  

e s s e n t i a l  p r e c a u t io n  to  he ta k e n  b e fo re  i s o l a t i n g  a c id -  

s o lu b le  o rg a n ic  p h o sp h a te s , w hich a re  o th e rw is e  a d so rb e d  on 

to  th e  g ly c o g e n  (S a ck s , 1 9 4 9 ). The g lycogen  was rem oved by 

c e n t r i f u g a t i o n ,  th e  pH a d ju s te d  to  5 .1  and th e  n u c le o t id e s  

p r e c i p i t a t e d  by th e  a d d i t i o n  o f  2 0 /  (w /v) m erc u ric  a c e ta te  

in  2 fo  a c e t i c  a c id  (0 -5  m l. r e a g e n t  f o r  ev ery  10 m l . ) .  The 

p r e c i p i t a t e  was w ashed w ith  1 /4 0  d i l u t i o n  o f  th e  m e rc u ric  

a c e t a t e  s o l u t i o n ,  su spended  in  a  s m a ll  volume o f  d i s t i l l e d  

w a te r  and  th e  e x c e s s  o f  m ercury  rem oved by p a s s in g  HgS gas 

f o r  1 h o u r-  I t  was c e n t r i f u g e d ,  th e  HgS p r e c i p i t a t e  w ashed, 

and  th e  s u p e rn a ta n t  and w ashings a e r a te d  f o r  2 h o u r s . The 

pH o f  t h i s  s o l u t i o n ,  c o n ta in in g  ATP and ADP, was a d ju s te d  to  

7*1 b e fo r e  c a r r y in g  o u t e s t im a t io n s .  A l l  th e  s te p s  in  th e  

p r e p a r a t i o n  w ere c a r r i e d  o u t  i n  th e  c o ld .

E s t im a tio n  o f  i n c o r p o r a t i o n : In  th e  ex p erim en t where

th e  i n c o r p o r a t io n  o f  ®^p in to  ATP and ADP was m easu red , th e  

a n im a ls  w ere i n j e c t e d  w ith  in o rg a n ic  p h o sp h a te  l a b e l l e d  w ith  

®^P in t r a m u s c u la r ly  (10 p c . p e r  100 g . body w t .)  2 hours 

b e fo re  th e y  w ere k i l l e d .  A v e ry  sm a ll  volume o f  th e  TCA 

s u p e r n a ta n t  (0*5 to  1 m l.)  was ta k e n  f o r  e s t im a t io n  o f  th e  

a c t i v i t y  o f  th e  In o rg a n ic  P o f  th e  l i v e r  b e fo re  p ro c e e d in g  

w ith  th e  i s o l a t i o n  o f  ATP. The in o rg a n ic  P l i b e r a t e d  by 

th e  v a r io u s  enzymes was e s t im a te d  by th e  method o f  Ennor
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& S to ck en  (1 9 5 0 ) , and th e  r e s u l t i n g  b lu e -c o lo u re d  i s o - b u ta n o l  

was c o u n te d  f o r  r a d i o a c t i v i t y  in  a l i q u i d  c o u n te r  (Type M6 

m a n u fa c tu red  by  2 0 th  C en tu ry  E le c t r o n ic s  L td . ) -  The m ethod 

o f  c a l c u l a t i n g  th e  a c t i v i t y  o f  th e  d i f f e r e n t  p h ospha te  g roups 

l i b e r a t e d  by th e  v a r io u s  enzymes i s  shown in  T ab le  12 . The 

s p e c i f i c  a c t i v i t y  o f  a  f r a c t i o n  i s  th e  number o f  c o u n ts  r e 

co rded  p e r  m in u te  p e r  100 ^ig. o f P in  t h a t  f r a c t i o n .  The 

s p e c i f i c  a c t i v i t y  o f  th e  P l i b e r a t e d  b y , s a y , m yosin i s  

o b ta in e d  by  s u b t r a c t in g  th e  s p e c i f i c  a c t i v i t y  o f th e  in o rg a n 

ic  P p r e s e n t  as a c o n ta m in a n t a lo n g  w ith  th e  H g -p re c ip i ta te d  

n u c le o t id e s  a t  th e  s t a r t  o f  th e  in c u b a tio n  from  t h a t  o f  th e  

P found  a f t e r  in c u b a t in g  w ith  m yosin . The s p e c i f i c  a c t i v i t y  

o f th e  seco n d  p h o sp h a te  g ro u p  i n  ATP and  o f  th e  f i r s t  p h o s

p h a te  g ro u p  o f  any ADP t h a t  i s  a ls o  p r e s e n t  in  th e  s o lu t io n  

i s  o b ta in e d  by s u b t r a c t in g  th e  s p e c i f i c  a c t i v i t y  o f  th e  P 

l i b e r a t e d  by  m yosin  from  t h a t  o f  th e  P s e t  f r e e  by m yokinase 

o r a p y ra s e .

E s t im a tio n  o f  P hosphorus * The m ethod o f  c h o ic e  f o r  e s t im a t in g  

in o rg a n ic  P i n  th e  p re s e n c e  o f o rg a n ic  ph o sp h a tes  i s  th a t  

d e s c r ib e d  by B erenblum  & C hain (1 9 3 8 ), i n  w hich th e  phospho- 

m olybdic a c id  i s  s e l e c t i v e l y  a b so rb e d  by i s o b u ta n o l* I t  

s u f f e r s  from  th e  d isa d v a n ta g e  t h a t  th e  tim e ta k e n  f o r  th e  

e x t r a c t io n  i s  a p p r e c ia b ly  lo n g , and t h i s  m ight r e s u l t  in  

h y d ro ly s is  o f  any  l a b i l e  o rg a n ic  p h o sp h a tes  t h a t  may be p r e s 

e n t .  ‘P h is  h y d r o ly s i s  has been  shown to  be c a t a l y s e d  by



phoflphem olybd ic  a c id  (W eil-M alh erb e , 1 9 5 1 ). The m o d if ic a 

t io n  o f  th e  m ethod , a s  d e s c r ib e d  by Ennor & S to ck en  (1 9 5 0 ), 

l i m i t s  th e  tim e  ta k e n  f o r  th e  e x t r a c t i o n  to  a minimum. I t  

c o n s i s t s  i n  m ix in g  5 to  8 m l. o f  th e  s o lu t io n  to  be e s t im a te d  

w ith  2 m l. 5fo  (w /v) NaCI, 0 .5  m l. ION HgS04 , 10 m l. r e 

d i s t i l l e d  i s o - b u ta n o l  and 2 -5  m l. 5$ (w/v) ammonium m o ly b d a te . 

The m o ly b d a te  i s  added  l a s t ,  and th e  s e p a r a t in g  fu n n e l  i s  

shaken  v ig o r o u s ly  f o r  15 s e c .  and  th e  aqueous la y e r  ru n  o f f  

q u ic k ly .  The i s o b u ta n o l  i s  washed tw ic e  w ith  10 m l. N H^SO^ 

and th e n  sh ak en  w ith  a  1 i n  200 d i l u t i o n  o f a  s to c k  s ta n n o u s  

c h lo r id e  s o l u t i o n  (10 g . in  25 m l. co n c . HC1). The b lu e  

c o lo u re d  i s o b u ta n o l  is  t r a n s f e r r e d  q u a n t i t a t iv e ly  in to  a  

g ra d u a te d  f l a s k  and th e  volume made up to  25 m l. w ith  th e  

w ash ings o f  th e  f u n n e l .  I t  i s  th e n  f i l t e r e d  and th e  i n te n 

s i t y  o f  th e  c o lo u r  e s t im a te d  w ith  a  Spekker a b s o rp tio m e te r  

u s in g  I l f o r d  608 f i l t e r s .

RESULTS.

In  th e  s in g le  g ro u p  o f  ex p erim en ts  c a r r i e d  o u t ,  a l l  

th e  a n im a ls  w ere f e d  a  p ro te in n c o n ta in in g  d i e t  f o r  a p r e 

l im in a ry  p e r i o d ,  and t h e i r  en erg y  in ta k e  was th e n  a l t e r e d  by 

ad d in g  o l iv e  o i l  to  th e  d i e t ,  as shown i n  T able  11. They 

were k i l l e d  a f t e r  3 days on t h i s  d i e t ,  and  t h e i r  l i v e r s  

a n a ly se d . G re a t d i f f i c u l t y  was e x p e r ie n c e d  in  g e t t i n g  a l l  

th re e  enzymes to  work a t  th e  same time* Each a s sa y  was
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TABLE 14 .

S t a t i s t i c a l  A n a ly s is  o f  th e  e f f e c t  o f  a d d in g  f a t  to  a 

h ig h  p r o t e i n  d i e t ,  on th e  ATP/ADP r a t i o  in  r a t  l i v e r .

E nergy  L e v e l 28 G a l. 42 G al. 56 G a l./d a y

53 86 80
ATP/ADP x  100 44 80 89

24 41 47
50 71 111

T o ta ls 171 278 327

Means 43 70 82

S ource  o f D egrees o f Sums o f Mean V ariance
V a r ia t io n Freedom S quares Square R a tio  (F)

Energy
L e v e ls 2 3183 1592 1 2 .3

L in e a r
R e g re s s io n 1 3042 3042 2 4 .2

D e v ia tio n s
from
L in e a r i t y 1 3141 141 1 .1

R e p l ic a te s 3 3052 1017 7 .8

Res id u a l
E r ro r 6 774 129 •

For n-, = 2 , n? = 6 , F » 5 .14  a t  d fo  l e v e l
and F = 1 0 .92  a t  1 fo  l e v e l .

The s t a t i s t i c a l  a n a ly s i s  in d ic a te s  th a t  th e  a d d i t io n  

o f f a t  to  th e  d i e t  p ro d u ces a  h ig h ly  s i g n i f i c a n t  in c re a s e  

in  th e  ATP/ADP r a t i o -  T here  i s  no d e v ia t io n  from  

l i n e a r i t y  o f  r e g r e s s io n .



45

checked  hy  e s t im a t in g  a  s ta n d a rd  s o lu t io n  o f  ATP w ith  ther 

enzyme p r e p a r a t io n s  u se d . In  th e  f i r s t  two e x p erim en ts  

th e  m yokinase  p r e p a r a t i o n  was in a c t iv e  and th e  a p y ra se  d a ta  

had to  be u se d  I n s t e a d ;  i n  th e  o th e r  two n y o k in ase  f ig u r e #  

were a v a i l a b l e  and were u sed  a s  more a c c u ra te  e s t im a te s .

The r e s u l t s  a r e  shown i n  T ab le  13 . The ATP and ADP con-- 

t e n t s  have b een  e x p re s s e d  as " t o t a l  amount p e r  l i v e r 1' and 

"amount p e r  gnu o f  w et l i v e r . "  The l a t t e r  would be i n 

f lu e n c e d  by  changes in  th e  w e ig h t o f  th e  l i v e r  caused  by 

v a r i a t i o n s  i n  th e  am ount o f  g ly co g en  o r p r o t e in ,  and would 

n o t t h e r e f o r e  g iv e  a  t r u e  m easure o f th e  changes b ro u g h t ab o u t 

by i n c r e a s in g  th e  en e rg y  in ta k e .  Only the  "amount p e r  l iv e r *  

has t h e r e f o r e  b e e n  ta k e n  i n to  c o n s id e r a t io n .  A more a c c u r 

a te  mode o f  e x p re s s io n  would be i n  term s o f th e  DNA c o n te n t  

o f  th e  l i v e r ,  th u s  e x p re s s in g  th e  ATP a s  amount p e r  l i v e r  

c e l l  (D av idson  & L e s l i e ,  1 9 5 0 ). The ATP c o n te n t  p e r  l i v e r  

rem ains c o n s ta n t  a s  th e  energy  in ta k e  i s  in c re a s e d  from  28 

to  56 C a l. p e r  d a y . T h is  a g re e s  w ith  th e  f in d in g s  o f 

Albaum e t  al* (1951) who r e p o r te d  t h a t  th e  ATP c o n te n t  o f  th e  

l i v e r  was n o t  a f f e c t e d  by a  p e r io d  o f  f a s t i n g .  However, th e  

to ta l -  ADP i n  th e  l i v e r  d e c re a s e s  w ith  in c r e a s in g  energy  i n 

ta k e s ,  r e s u l t i n g  i n  an  in c r e a s in g  ATP/ADP r a t io *  A n a ly s is  

o f v a r ia n c e  (T ab le  14) shows t h a t  th e  in c re a s e  o f  th e  r a t i o  

Is  h ig h ly  s i g n i f i c a n t ,  and t h a t  the  change ta k e s  p la c e  i n  a



TABLE 15.

E f f e c t  o f  changes i n  e n erg y  in ta k e  ( f a t )  on th e  in c o r 
p o r a t io n  o f  3 2 P in to  ATP and  ADP o f  r a t  l i v e r .  The 
r a t s  w ere k i l l e d  2 h o u rs  a f t e r  i n j e c t i o n  o f  32p .

(1 r a t  i n  e a c h  g ro u p ) .

r '
Energy
L ev e l F r a c t io n

S p e c if ic
A c t iv i t y

S p e c if ic  
A c t iv i ty  
o f i n 
o rg a n ic  P

R e la t iv e
S p e c if ic
A c t iv i ty

R a tioATp32/4Dp32

c a l . / r a t /  day 

28

ATP t e r 
m in a l P 
A T P -sec- 
ond P 
A T P -sec- 
ond P

c .p .m . /  
100 jig P

8 ,347

38 ,3 6 5 *

11 ,1 6 9 +

c .p .m . /  
100 jig P

1 19 ,688

4 2 .3

1 9 4 .8

56 .7

0 .2 1 *

0 .7 4 +

42

A T P -te r-  
m in a l P 
A T P -sec- 
ond P 
A T P -sec- 
ond P

27 ,120

17 ,243*

19 ,7 2 4 +

1 24 ,716

109.7

6 9 .7

7 9 .8

1 .5 *

1 .5 +

56

A T P -te r-  
m in a l P 
A T P -sec- 
ond P 
A T P -sec- 
ond P

l o s t

15 ,743*

1 6 ,7 0 3 +

\  19 ,487 80 .7

85 .7

* m yokinase u sed  
+ a p y ra se  u se d .

The P e s t im a te d  a s  ATP -  second  P in c lu d e s  th e  
te rm in a l  P o f  any ADP a lr e a d y  p r e s e n t  a s  su ch  
in  th e  s o l u t i o n .



l i n e a r  f a s h i o n ,  th e  r e g r e s s io n  c o e f f i c i e n t  b e in g  0 .0 1  pear 

C a l.

The r a d i o a c t i v e  d a ta  a r e  shown in  T ab le  15. 0nJ#y 

one e x p e r im e n t was p e rfo rm e d , and even t h i s  is  n o t  c o m p le te ly  

r e p r e s e n te d  due to  th e  a c c id e n ta l  lo s s  o f  one o f th e  s p e b i -  

m ens. I t  i s  i n t e r e s t i n g  to  n o te ,  how ever, t h a t  th e  r a t l d '  

AT^P/AD32?  in c r e a s e d  as th e  energy  in ta k e  was increased^*  

show ing t h a t  th e  r e l a t i v e  r a t e s  o f tu rn o v e r  o f  th e s e  two- 

p h o sp h a te  g ro u p s  w ere a f f e c t e d  by changes in  en erg y  intafeee 

in  th e  same m anner a s  th e  t o t a l  am ounts.

DISC IBS ION.

Our e x p e r im e n ts  were c o n f in e d  to  th e  l i v e r ,  even

th o u g h  m ost o f  th e  body p r o t e i n  i s  found  in  m u sc le , f o r  two-
15r e a s o n s :  th e  d e m o n s tr a t io n ,  by th e  use o f  th e  l a b e l  N,

t h a t  th e  l i v e r  i s  more a c t iv e  in  s y n th e s i s in g  p r o te in  thaiir 

m uscle (S p r in s o n  & R i t t e n b e r g ,  1 9 4 9 ), and t h a t ,  when energy  

I s  added  to  a p r o t e in - c o n ta in in g  d i e t ,  th e  p e rc e n ta g e  i n 

c re a s e  i n  th e  p r o t e i n  N i s  g r e a t e r  in  th e  l i v e r  th a n  in  

o th e r  o rg an s  (Munro & N a ism ith , 1952).

S tu d ie s  on th e  e n e r g y - r ic h  compounds in  th e  l i v e r  

c a r r i e d  o u t  by i n v e s t i g a t o r s  l i k e  K aplan & G reenberg (1944) 

and Albaum (Albaum e t  a l « ,  1951) have been  r e s t r i c t e d  to  

th e  e s t im a t io n  o f  th e  c o n te n t  o f  ATP, ta k in g  no a cc o u n t o f  

th e  r a t i o  ATP/ADP- L e t  us f i r s t  c o n s id e r  th e  r 6 l e  o f  t h i s
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f a c t o r  i n  m e ta b o lism .

a .  The c o n c e p t o f  a  t,P h o sp h a te  P o t e n t i a l 11. D uring  r e c e n t  

y e a r s ,  a  number o f  i n v e s t i g a t o r s  have come to  re c o g n is e  t h a t ,  

in  r e a c t i o n s  c o n t r o l l e d  by  e n e rg y - r ic h  p h o sp h a te  compounds, 

th e  p re s e n c e  o f  a  p h o sp h a te  a c c e p to r  i s  a s  im p o rta n t as th e  

amount o f  th e  p h o s p h a te -d o n o r , su c h  a s  ATP, w hich i s  p r e s e n t .  

The r e s u l t s  o f  s e v e r a l  ty p e s  o f  e x p e rim en ts  a p p ea r  to  su p p o r t  

t h i s  c o n c e p t.

F i r s t ,  c e r t a i n  a g e n ts  su c h  a s  th e  d in i t r o p h e n o ls  have 

b een  fo u n d  to  s t im u la te  r e s p i r a t i o n  and g ly c o ly s is  o f  t i s s u e  

s l i c e s  in  v i t r o  (E h re n fe s t  & M onzoni, 1933; Dodds & G r e v i l l e ,  

1934; M eyerhof, 1 9 4 9 ) . These a g e n ts  a c c e le r a te  th e  b re a k 

down o f  e n e r g y - r i c h  p h o sp h a te  compounds, and in c re a s e  the  

amount o f  a c c e p to r  ( e . g . ,  ADP). The e f f e c t  o f  ad d in g  

a c c e p to r  sy s te m s has a l s o  been  s tu d ie d .  L e n n e rs tra n d  (1936) 

o b se rv ed  a  s t i m u l a t i o n  o f  r e s p i r a t i o n  by AMP, and th e  a d d i t io n  

o f c r e a t i n e  was shown to  in c re a s e  th e  r e s p i r a t i o n  o f  m uscle 

e x t r a c t s  ( B e l i t z e r ,  1 9 3 9 ). By c o n t r a s t ,  th e  o m issio n  o f  

a d e n y lic  a c id  from  th e  medium d im in ish e s  th e  o x id a t io n  o f  

* - k e t o g l u t a r a t e  (G reen , 1 9 4 9 ). L a te r ,  ADP was shown to  be 

more e f f e c t i v e  a s  a  p h o sp h a te  a c c e p to r  th an  AMP ( S l a t e r ,  1 9 5 0 ), 

w hile  B a rk u lis  & L eb n in g er (1951) and K e i l ly  & K e i l ly  (1951). 

p roduced  more d e f i n i t e  ev id en ce  t h a t  th e  a c tu a l  a c c e p to r  i s  

ADP. A l l  t h i s  e v id en ce  p o in ts  to  the  im portance  o f  phosphate
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a c c e p to r  s y s te m s , su c h  a s  ADP and  AMP i n  th e s e  r e a c t io n s .-  

I f  th e  r e a c t i o n

ATP  ---- * ADP + I%P04

is  r e g a rd e d  a s  b e in g  an a lo g o u s  to

A Eg -̂--- * A + Hg

th e n ,  j u s t  a s  we have a  hydrogen  p re s s u re  i n  th e  t i s s u e s ,  

g iv en  by AHg/A, we may a l s o  co n ce iv e  o f a  "p h o sp h a te  p ressu re* 1 

o r a "p h o sp h a te  p o t e n t i a l ” (D ixon, 1 9 4 8 ), r e p r e s e n te d  by th e  

r a t i o  ATP/ADP. S in c e  th e  r e a c t i o n  i s  r e v e r s i b l e ,  t h i s  

r a t i o  w i l l  i n d ic a t e  w h e th er th e r e  i s  a  ten d en cy  f o r  ATP 

breakdow n o r  s y n t h e s i s -  T hus, th e  t o t a l  amount o f ATP means 

l i t t l e  i f  we do n o t  know th e  amount o f  ADP p r e s e n t  a t  th e  

same tim e - In  th e  e x p e rim e n ts  l i s t e d  above , w hat governed 

th e  r a t e  o f  r e a c t i o n  was n o t th e  amount o f ATP o r  o f  ADP, b u t  

th e  p r o p o r t io n  o f  the  one to  th e  o th e r ,  i . e . ,  th e  ATP/ADP 

r a t i o ;  th e  r a t e s  o f  r e a c t i o n  a r e  a p p a re n t ly  l im i te d  by th e  

r a t e  o f  t r a n s f e r  o r  h y d ro ly s is  o f  e n e r g y - r ic h  compounds.

T h is r a t i o  th u s  assum es a c e n t r a l  p o s i t io n  in  P m etabo lism , 

and has b e en  s u g g e s te d  a s  a  p o s s ib le  c o n t r o l  mechanism in  

th e  economy o f  th e  c e l l  (Lardy & W ellman, 1 9 5 2 ). Johnson  

(1949) showed t h a t  th e  ATP/ADP r a t i o  c o n tro ls  th e  mechanism 

o f g lu c o se  o x id a t io n ,  and  co n c lu d es  t h a t  " th e  p rim ary  r a t e -  

g o v e rn in g  f a c t o r  i s  th e  c o n c e n tr a t io n  o f  in o rg a n ic  P and  ADP, 

r e s p i r a t i o n  becom ing v e ry  slow  when th e  v a lu e  o f th e  e x -



p re a s io n  (ADP) ( PO^) / ATP ap p ro ach es t h a t  c o rre sp o n d in g  tfc 

e q u i l ib r iu m ” • I t  i s  c o n c e iv a b le  t h a t  in  a  s im i la r  m an n e r 

t h i s  r a t i o  c o n t r o l s  o th e r  mechanisms dependent- on ^pfef, 

in c lu d in g  th e  e q u i l ib r iu m  b e tw een  amino a c id s  and p e p t i d e s  

o r p r o t e in s  s y n th e s iz e d  from  them .

b . E f f e c t  o f  E nergy  In ta k e  on th e  Phosphate  P o t e n t i a l : OUT-

e x p e rim e n ts  p ro v e  c o n c lu s iv e ly  th a t  in c r e a s in g  th e  energyr 

in ta k e  by a d d in g  f a t  to  a  w e l l  b a la n c e d  d i e t  r e s u l t s  in  a&t 

in c re a s e  i n  th e  ATP/ADP r a t i o ,  in  s p i t e  o f th e  f a c t  t h a t  ti»=  

to ta l -  ATP p e r  l i v e r  d e c re a s e d .  T h is i s  in  ag reem ent w ith  

th e  f i n d in g  t h a t  g lu c o se  s t im u la te s  ATP s y n th e s is  (K ap lan -& 

G reen b erg , 1944}. Under th e  same c irc u m s ta n c e s , N b a la n c e  

im proves and p r o t e i n  i s  d e p o s i te d  in  th e  l i v e r  (Munro & 

H a is ra ith , 1 9 5 2 ) . I t  seems j u s t i f i a b l e  to  assume t h a t  th e  

o f f  ec t  o f  s u r f e i t  e n e rg y  on p r o te in  m etabolism  i s  e x e r te d  

th ro u g h  th e  in c r e a s e d  p h o sp h a te  p o t e n t i a l .  S u p p o rt o f shCh; 

a  c o n c e p t comes from  th e  ev id en ce  o f  th e  p a r t i c i p a t i o n  o f  iUEf 

in  p e p tid e -b o n d  s y n th e s is  (Lipm ann, 1 9 4 9 ), and from  th e  ob

s e r v a t io n  t h a t  th e  u p ta k e  o f l a b e l l e d  am in o -ac id s  in to  

p r o te in s  r e q u i r e s  th e  p re se n c e  o f  ATP (W innick, 1950 ). 

S i e k O v I - t z  (1952) showed t h a t  th e  up tak e  o f  r a d io a c t iv e  a la n in e  

in to  p r o t e in s  i s  a s s o c i a t e d  w ith  o x id a t iv e  p h o s p h o ry la tio n .

Be found t h a t ,  when l i v e r  m ito c h o n d ria  a r e  in c u b a te d  w ith  

^ - k e t o g l u t a r a t e , o r  s u c c in a te ,  a lo n g  w ith  v a r io u s  c o - f a c to r s



such  a s  AMP, Mg++ and p h o sp h a te , a  s o lu b le  c o - f a c to r  i s  

form ed w h ich  e n a b le s  th e  m icrosom e f r a c t i o n  o f  th e  l i v e r  to  

in c o rp o ra te  a la n in e  in to  i t s  p r o t e in s .  As t h i s  f a c to r  i s  

s t a b le  when h e a te d  a t  100°C f o r  7 m in .,  i t  i s  u n l ik e ly  to  

be ATP, b u t  S i e k e v i t z  th in k s  i t  may be a compound d e riv e d  

from  ATP.

Our s t u d i e s  on th e  in c o r p o ra t io n  o f  32P in to  ATP and 

ADP, th o u g h  few , c o r r o b o r a te  th e  e v id e n ce  p ro v id ed  by th e  

q u a n t i t a t i v e  m easu rem en ts . These r e s u l t s  a r e ,  how ever, f a r  

from  a c c u r a t e .  The s p e c i f i c  a c t i v i t y  o f  e ac h  compound i s  

a r r i v e d  a t  b y  s u b t r a c t i o n  o f one s e t  o f c o u n ts  from  a n o th e r .  

T ab le  12 shows t h a t  th e  y£age d i f f e r e n c e  betw een  th e  c o u n ts  

i s  s m a l l ,  and  so a re  th e  d i f f e r e n c e s  betw een th e  amounts o f  

P l i b e r a t e d  by  m yosin  and  th e  P l i b e r a t e d  by m yokinase 

p r e s e n t  in  th e  sa m p le . T aking  in to  c o n s id e r a t io n  th e  e r r o r s  

in v o lv e d  i n  th e  a c t u a l  c o u n tin g , th e s e  d i f f e r e n c e s  In  the  

a c t i v i t i e s  become n e g l i g i b l e .  T h e re fo re , though the  enzyme 

m ethod o f  e s t im a t io n  o f  ATP and ADP i s  s a t i s f a c t o r y  f o r  

q u a n t i t a t iv e  w ork, f o r  r a d io a c t iv e  s tu d ie s  a s e p a r a t io n  o f  th e  

v a rio u s  com pounds by a  p ro c e d u re  su ch  as  chrom atography seems 

to  be th e  more d e s i r a b l e .

In  summary, we se e  t h a t  t h i s  u n iv e r s a l  medium o f energy  

exchange, th e  a d e n y l ic  a c id  sy s te m , p la y s  an  im p o rta n t p a r t  in  

a l l  r e a c t io n s  in v o lv in g  t r a n s p h o s p h o ry la t io n  and t h a t  i t  i s



e s s e n t i a l  f o r  many s y n th e t i c  r e a c t i o n s ,  p ro b ab ly  in c lu d in g  

th e  fo rm a tio n  o f  p e p t id e -b o n d s . Our experim en ts have 

e s t a b l i s h e d  t h a t  a  r i s e  in  en erg y  in ta k e  in c re a s e s  th e  

p h o sp h a te  p o t e n t i a l .  How i s  t h i s  made u se  o f  in  p r o te in  

s y n th e s i s ?  A c o n s id e r a b le  body o f  ev idence  su g g e s ts  t h a t  

r i b o n u c le i c  a c id  i s  in v o lv e d  in  s y n th e s is  o f  p r o t e i n s ,  and 

i t  has b e en  c la im e d  t h a t  t h i s  a c id  or i t s  d e r iv a t iv e s  a re  

n e c e s s a ry  f o r  th e  t r a n s f e r  o f  energy  w ith  r e s u l t i n g  s y n th e s is  

(M u lle r , 1 9 4 7 ) . S p iegelm an  & Kamen (1946a) th in k  t h a t  

n u c le ic  a c id s  a c t  a s  p h o sp h a te  donors and ’’fu n n e l  energy i n t o  

th e  p r o t e i n  s y n th e s i s in g  mechanism ” . Does r ib o n u c le ic  a c id  

show any change w i th  en erg y  in ta k e ?  The e x p e rim en ts  d e a l t  

w ith  In  th e  n e x t  s e c t i o n  w ere d e s ig n e d  to  answ er t h i s  

q u e s t io n .



PART III.

THE INFLUENCE OF ENERGY INTAKE ON THE 

METABOLISM OP RIBONUCLEOPROTEINS*
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IlflTRODUCTION.

The q u e s t io n  has "been r a i s e d  in  th e  p re v io u s  s e c t io n  

w hether n u c le o p r o te in s  p la y  any r o l e  i n  m e d ia tin g  th e  i n 

f lu e n c e  o f  e n e rg y  in ta k e  on p r o t e i n  m etab o lism . T hat th ey  “ ay  

do so  i s  c o n c e iv a b le ,  s in c e  th e r e  i s  an  a l le g e d  r e l a t i o n s h i p  

betw een  r ib o n u c l e i c  a c id  (SNA) and p r o te in  s y n th e s i s .  We 

s h a l l  t h e r e f o r e  f i r s t  c o n s id e r  th e  ev id en ce  r e l a t i n g  RNA to  

p r o t e i n  s y n t h e s i s ,  b e fo re  p ro c e e d in g  to  d e s c r ib e  o u r own 

e x p e rim e n ts  on th e  m e tab o lism  o f  R E  under v a rio u s  n u t r i t i o n 

a l  c ir c u m s ta n c e s .

a .  E v id en ce  r e l a t i n g  R ib o n u c le ic  A cid  to  P r o te in  S y n th e s is .

F or th e  p a s t  d ecad e  th e r e  has been  c o n s id e ra b le  i n t e r e s t  in  

th e  a l l e g e d  r e l a t i o n s h i p  o f  RNA to  p r o te in  s y n th e s i s .  The 

s u g g e s t io n  t h a t  t h i s  m igh t be so was in d e p e n d e n tly  propounded 

in  1941 by B rae he t  w ork ing  in  B ru s s e ls  and G aspers son  in  

S tockho lm . B o th  o f  th e s e  i n v e s t i g a to r s  u sed  h is to c h e m ic a l 

p ro c e d u re s .  H i s t o l o g i s t s  had lo n g  b een  aware t h a t  t i s s u e s  

v a r ie d  i n  t h e i r  a f f i n i t y  f o r  b a s ic  d y e s , and B ra ch e t (1941) 

i d e n t i f i e d  th e  p r i n c i p a l  b o s o p h i l ic  su b s ta n c e  i n  cy to p lasm  

w ith  RNA. T h is  p e rm it te d  an a sse ssm e n t o f th e  amount o f RNA 

in  th e  c e l l ,  and g r e a t e r  p r e c i s io n  was o b ta in e d  when th e  

r ib o n u c le a s e  became a v a i l a b l e  (B ra c h e t, 1941; D avidson & 

Waymouth, 1 9 4 6 ) , so t h a t  b a s o p h i l i a  due to  RRA c o u ld  be 

d i s t in g u i s h e d  from  b a s o p h i l i a  o f  o th e r  o r ig in -  A d i f f e r e n t



a p p ro a ch  was em ployed by C a sp e rsso n  (1939; 1 9 4 1 ), who u sed

a te c h n iq u e  f o r  th e  m ic ro s p e c tro g ra p h ic  d e te rm in a t io n  o f  

c e l l u l a r  n u c le i c  a c id s  b ased  on th e  h ig h ly  s e l e c t i v e  l i g h t  

a b s o rp t io n  o f  th e s e  a c id s  i n  th e  c e n t r a l  u l t r a v i o l e t  (UV) 

ra n g e . A lth o u g h  t h i s  a p p ro a c h  has l im i t a t i o n s  ( e . g . ,  a 

p r o t e in  h a v in g  as p a r t  o f  i t s  m o lecu le  p u r in e s  o r  p y r im id in e s  

would have a  UV a b s o r p t io n  in d is t in g u is h a b le  from  t h a t  o f 

n u c le ic  a c i d ) ,  th e  r e s u l t s  o b ta in e d  a g re e  in  g e n e ra l  w ith  

B r a c h e t 's .  The v a l i d i t y  o f  many o f  th e  f in d in g s  has been  

f i n a l l y  e s t a b l i s h e d  by  D avidson (1947 a & b ) u s in g  chem ical 

p ro c e d u re s .

The r e s u l t s  o b ta in e d  by th e s e  h i s t o l o g i c a l  and ch em ica l 

te c h n iq u e s  show a s t r i k i n g  c o r r e l a t i o n  betw een  th e  amount o f  

RNA i n  th e  c e l l  and  th e  i n t e n s i t y  o f p r o te in  s y n th e s is  by th e  

c e l l .  The q u e s t io n  o f  w h e th e r RNA r e a l l y  p la y s  an e s s e n t i a l  

p a r t  in  p r o t e i n  s y n th e s i s  can be c o n s id e re d  under th re e  

h ead in g s  :

i .  The c o r r e l a t i o n  o f  th e  amount o f  RNA p e r  c e l l  w ith  

th e  i n t e n s i t y  o f  p r o t e i n  s y n th e s i s .

i i .  Changes o c c u r r in g  i n  th e  amount o f RNA w ith  a  demand 

f o r  in c r e a s e d  p r o t e i n  s y n th e s i s .

i i i .  E v id en ce  on th e  m etab o lism  o f  RNA under v a r io u s  co n 

d i t io n s  a f f e c t i n g  p r o t e i n  s y n th e s i s .

i .  The amount o f  RNA p e r  c e l l  and i n t e n s i t y  o f  p r o te in  

s y n th e s i s .  T here  i s  a  s t r i k i n g  c o in c id e n c e  betw een th e  amount



m .

o f  H E  c o n ta in e d  in  a  c e l l  and  th e  im portance  o f  th a t .  ceiED. in i 

p r o t e i n  s y n t h e s i s -  R E  has been  fo und  in  abundance in  

(1) s e c r e t o r y  t i s s u e s  l i k e  th e  p a n c re a s , and p e p t ic  g la n d s  o f  

th e  s to m ach  (C a sp e ra so n , 1 9 4 7 ), s a l i v a r y  g lan d s (G asperason^  

1939) and  in  th e  p i t u i t a r y  g la n d  d u rin g  hormone s e c r e t io n  

(H a r la n t , 1943 ; A b o l in s , 1952)* (2) C e lls  known to  sy n —

t h e s i s e  p r o t e i n  a c t i v e l y ,  su c h  a s  l i v e r  c e l l s  (D avidson & 

Waymouth, 1 9 4 6 ; D av id son , 1 9 4 7 a ), d e v e lo p in g  re d  and w h ite  

b lo o d  c e l l s  ( T h o r e l l ,  1944 ; D avidson e t  a l . ,  1 9 4 8 ), nerve; 

c e l l s  a f t e r  s t i m u l a t i o n  o f  th e  c o rre sp o n d in g  n e rv e  (Byden., 

1 9 4 3 ), and th e  s i l k  g la n d s  o f  th e  s i l k  worm (B ra c h e t, 19t50). 

(3) R a p id ly  d iv id in g  c e l l s  su c h  a s  grow ing S ocy tes (B rachet-,. 

I 9 6 0 ) ,  b a c t e r i a  d u r in g  th e  lo g a r i th m ic  phase o f  grow th  

(Malmgren & H eden, 1947; B o iv in , 1 9 4 7 ), and th e  f e a t h e r -  

fo rm in g  c e l l s  o f  b i r d s  (G renson , 19 5 2 ).

The m ost w id e ly  in v e s t ig a te d  organ  I s  th e  l i v e r ,  gee 

a cco u n t o f i t s  h ig h  n u c le ic  a c id  c o n te n t .  In  th e  f a s t i n g  

an im al t h e r e  i s  a  f a l l  In  i t s  p r o te in  c o n te n t  accom panied 

by a d e c re a s e  in  RHA* The same i s  se e n  when th e  an im al i s  

p la c e d  on a  p r o t e i n - f r e e  d ie t*  On r e - f e e d in g  w ith  p r o t e in ,  

b o th  th e  RNA and th e  p r o t e in  i n  th e  l i v e r  r a p id ly  in c re a s e  

(D avidson & Waymouth, 1944 ; Cam pbell & K o s t e r l i t z ,  1947; 

L a g e r s te d t ,  1 9 4 9 ) . In  th e  f a s t e d  o r p r o te in - s ta r v e d  a n im a l, 

th e  n u c le o lu s  I s  s m a l l ,  b u t  when p r o t e in  fe e d in g  i s  s t a r t e d ,  

th e re  i s  a  r a p id  in c r e a s e  in  th e  n u c le o la r  mass and  i t s  RNA



c o n te n t ,  accom pan ied  by a  c o n c e n tr a t io n  o f  RNA n e a r  th e  

n u c le a r  membrane ( L a g e r s te d t ,  1 9 4 9 ).

On th e  o th e r  h a n d , o rg an s  h av in g  a  h ig h  p h y s io lo g ic a l  

a c t i v i t y  b u t  n o t  s y n th e s i s in g  l a r g e  am ounts o f  p r o t e i n ,  have 

on ly  sm a ll  am ounts o f  RNA, f o r  exam ple , h e a r t  and  s k e l e t a l  

muscle (D av id so n , 1950) and o x y n tic  c e l l s  o f th e  stom ach 

(C a sp e rs so n , 1 9 4 7 ) .

i i .  Changes i n  RNA c o n te n t  accom panying a  demand f o r  

p r o te in  s y n t h e s i s .  In  t i s s u e s  su c h  a s  a c t i v e l y  s e c r e t in g  

c e l l s ,  r e g e n e r a t in g  l i v e r ,  r a p id ly  grow ing c e l l s  and m ic ro 

o rgan ism s , t h e r e  i s  a  g r e a t  demand f o r  a r a p id  in c re a s e  in  

p r o te in  s y n t h e s i s .  T h is  has been  found to  be accom panied by 

changes In  th e  RNA c o n c e n t r a t io n  in  th e s e  t i s s u e s .

I n  th e  im m ature r e d  b lo o d  c e l l ,  th e  amount o f  RNA and 

th e  s i z e  o f  th e  n u c le o lu s  in c r e a s e s  t i l l  th e  e r y th r o b la s t  s t a g e ,  

when th e  g ro w th  o f  th e  c e l l  c e a s e s ,  accom panied by a  d e c rea se  

i n  s i z e  o f  th e  c e l l  and  n u c le o la r  m ass. The r a t e  o f  form a

t io n  o f  h a em o g lo b in , w h ich  i s  a t  f i r s t  slow , i s  g r e a t ly  speeded  

up when th e  RNA d is a p p e a r s  ( T h o re l l ,  1944, 1947).

The e x o c r in e  g la n d  c e l l s  o f  th e  p a n c rea s  have c o n sp i

cuous n u c l e o l i  and la r g e  q u a n t i t i e s  o f RNA* When th e  g land  

i s  em ptied  o f  i t s  c o n te n t s ,  by th e  i n j e c t i o n  o f p i lo c o r p in e ,  

th e  r a p id  s y n th e s i s  o f  new p r o t e i n  i s  p reced ed  by a n  in c re a s e  

in  3 iz e  o f  n u c le o lu s  and  in  th e  c o n c e n tr a t io n  o f  RNA round  th e



n u c le a r  membrane (C a sp e rs so n , 1 9 4 7 ).

In  th e  com pensa to ry  h y p e rp la s ia  fo l lo w in g  rem oval o f  

p a r t  o f  th e  l i v e r ,  th e  w e ig h t o f th e  o rgan  in c r e a s e s  r a p id ly  

d u r in g  th e  f i r s t  24 h o u r s ,  due to  an in c r e a s e  in  s i z e  o f  each  

c e l l  w i th o u t  c e l l  d i v i s i o n .  The RNA. c o n te n t  o f the  l i v e r  

in c r e a s e s  c o n s id e r a b ly ,  re a c h in g  a  maximum in  1-| to  3 days 

a f t e r  th e  o p e r a t io n .  C e l l  d i v i s i o n ,  w hich i s  accom panied by 

in c r e a s e  in  l i v e r  p r o t e i n ,  i s  a l s o  m ost a c t iv e  a t  t h i s  p e r io d  

(N o v ik o ff & P o t t e r ,  1948 ; S to w e l l ,  1948; L a g e r s te d t ,  1 9 4 9 ). 

The tim e  r e l a t i o n s h i p s  show t h a t  p r o t e in  s y n th e s is  i s  p r e 

ceded  by th e  r a p i d  in c r e a s e  in  RNA.

When c u l t u r e s  o f  c h ic k  h e a r t  f i b r o b l a s t s  a re  m a in ta in e d  

in  a  p h y s io lo g ic a l  s a l t  s o l u t io n ,  th e  c e l l s  s to p  grow ing and  

th e  RNA c o n te n t  f a l l s .  When a  g row th -p ro m o tin g  medium is  

a d d ed , th e  RNA c o n te n t  b e g in s  to  r i s e  im m ed ia te ly . A c tu a l 

c e l l  d i v i s i o n ,  a s  e v id e n c e d  by an in c re a s e  in  th e  d eo x y rib o 

n u c le ic  a c id  (DNA), o n ly  o c c u rs  48 hours l a t e r  (D avidson,

L e s l i e  & Waymouth, 1 9 4 9 ) . S y n th e s is  o f  RNA b e g in s  s e v e r a l  

hours b e fo re  th e  maximum s y n th e s is  o f  p r o te in .

S tu d ie s  on  b a c t e r i a l  grow th  have shown g r e a t  changes in  

th e  n u c le o t id e  c o n te n t  d u r in g  th e  e a r ly  phase  o f  grow th , 

re a c h in g  a  maximum d u r in g  th e  end o f th e  la g  phase o r  b e g in n in g  

o f th e  lo g a r i th m ic  phase* T h is I n c r e a s e ,  w hich  c o rre sp o n d s  

to  5 to  10 t im e s  th e  o r i g i n a l  c o n te n t ,  im m edia te ly  p rec ed e s  

c e l l  d i v i s io n  (M almgren & Heden, 1 9 4 7 ).



B in g , F a g ra e u s  & T h o re l l  (1945) found  t h a t  th e  fo rm a

t i o n  o f  a n t ib o d y  p r o t e i n  p ro ce ed s  in  th e  same m anner, nam ely , 

i s  p re c e d e d  by  a n  in c r e a s e  o f n u c le ic  a c id s .

I n  a l l  th e s e  i n s t a n c e s ,  t h e r e f o r e ,  th e  demand f o r  i n 

c re a s e d  s y n th e s i s  o f  p r o t e i n  r e s u l t s  in  a n  im m ediate in c re a s e  

in  th e  RNA c o n te n t  o f th e  t i s s u e ,  w hich i s  fo llo w e d  by th e  

fo rm a tio n  o f  th e  p r o t e i n  r e q u i r e d .  T h is tim e r e l a t i o n s h i p  

fa v o u rs  th e  view  t h a t  RNA. i s  a  f a c t o r  in  th e  su b seq u en t sy n 

th e s i s  o f  p r o te in *

i i i .  The m etab o lism  o f  RNA under v a r io u s  c o n d it io n s  

a f f e c t i n g  p r o t e i n  s y n t h e s i s .

The e x p e r im e n ts  d e a l t  w ith  so  f a r  a re  concerned  w ith  

changes in  th e  t o t a l  amount o f  RNA o r  p r o te in  in  th e  t i s s u e s .  

The m e ta b o lic  a c t i v i t y  o f a  compound i s  n o t ,  how ever, m easur

ed by th e  a b s o lu te  amount p r e s e n t .  I t  i s  n e c e ssa ry  to  

d e te rm in e  th e  tu r n o v e r  a s  w e l l  a s  g ro ss  c o n te n t ,  and t h i s  has 

been  a c h ie v e d  by th e  u se  o f  I s o to p ic  t r a c e r s .  Hahn & Hevesy 

(1940) w ere th e  f i r s t  t o  u se  ^ p  to  e s t im a te  th e  tu rn o v e r  o f 

n u c le ic  a c i d s ,  and  s in c e  th e n ,  s e v e ra l  o th e r s  have used  

compounds l a b e l l e d  w ith  32P , 15N and 14C, to  s tu d y  t h e i r  

b i o lo g i c a l  a c t i v i t y  (v id e  D av id son , 1 9 5 0 ). The tu rn o v e r  o f  

RNAP i s  5 t o  7 t im e s  t h a t  o f  DNAP, th e  f ig u r e s  f o r  hepatoma 

and r e g e n e r a t in g  l i v e r  b e in g  a p p re c ia b ly  g r e a t e r  th a n  th o se  

f o r  r e s t i n g  l i v e r  (B ru e s , T racy  & Cohn, 1944; D avidson &



Raymond, 1 9 4 7 ) . The h ig h  r a t e s  o f  ren ew a l o f  RNA i n  i n 

t e s t i n e ,  s p le e n  and l i v e r  I s  In  k e ep in g  w ith  th e  im portance  

o f th e s e  o rg a n s  in  p r o t e i n  m etabo lism  (D avidson , 1950 ).

I s o to p ic  e v id e n c e  fa v o u r in g  a  r e l a t i o n s h i p  betw een RNA 

and p r o t e i n  s y n th e s i s  has been  o b ta in e d  by Spiegelm an & Kamen 

(1946) i n  y e a s t .  They m easured  th e  flow  of phospha te  from  

th e  Mn u c le o p r o te in  f r a c t i o n 11 under v a r io u s  c o n d it io n s .  The
rzQ

y e a s t  was grown i n  a  medium c o n ta in in g  P and  th e n  a llo w e d  

to  fe rm e n t g lu c o s e  i n  a  medium c o n ta in in g  u n la b e l le d  p h o s

phate*  The a c i d - s o l u b le  P was low ered  in  a c t i v i t y ,  w hereas 

th e  n u c le o p r o te in  P rem a in ed  c o n s ta n t  a s  lo n g  as  the  c e l l s  

were m a in ta in e d  a m a e r o b ic a l ly . A d d it io n  o f  ammonium s u lp h a te

to  evoke s y n th e s i s  o f  new p r o t e in  p roduced  a  marked d rop  in  

a c t i v i t y  o f  th e  n u c le o p r o te in  f r a c t i o n .  R eagen ts p re v e n tin g  

th e  a s s i m i l a t i o n  o f  N o r th e  fo rm a tio n  o f  new p r o te in  I n 

h i b i t e d  th e  t r a n s f e r  o f  p h o sp h a te  from  the  n u c le o p ro te in  

f r a c t i o n .  The v a l i d i t y  o f  th e s e  r e s u l t s  depended on th e  com

p o s i t io n  o f  t h i s  n u c le o p ro te in  f r a c t i o n .  On p u r i f y in g  t h i s  

and e s t im a t in g  th e  t o t a l  q u a n t i ty  and  tu rn o v e r  o f  each  

f r a c t i o n  o b ta in e d  from  i t ,  th e y  found  th a t  N a s s im i la t io n  by 

y e a s t  was accom panied  by a  d ro p  in  th e  amount o f RNA* O ther 

th an  th e  um e tap h o sp h a te  f r a c t i o n 11, RNA was the  o n ly  one th u s  

a f f e c t e d .  The tu r n o v e r  r a t e s  on th e  o th e r  hand showed a 
n in e fo ld  in c r e a s e  f o r  RNAP* The im portance  o f  t h i s  was



m in im ised  b y  th e  f a c t  t h a t  o th e r  f r a c t i o n s ,  in c lu d in g  p h o s- 

pho lip in , re s p o n d e d  i n  a  s i m i l a r  f a s h io n  (Spiegelraan & Kamen, 

1947). They c o n c lu d e d  t h a t  e q u a lly  good c o r r e l a t io n s  can  

be e s t a b l i s h e d  be tw een  p r o t e i n  s y n th e s is  and  th e  m e tab o lic  

a c t i v i t y  o f  th e  o th e r  p h o s p h a te -c o n ta in in g  f r a c t i o n s .

On th e  o th e r  h a n d , d a ta  w hich su g g e s t a  d i s s o c i a t i o n  

betw een  RNA m e ta b o lism  and p r o t e in  s y n th e s is  have been  o b ta in 

ed w ith  b a c t e r i a .  When c o b a lto u s  ions were added to  a  medium 

in  w hich  P ro te u s  v u lg a r i s  were g row ing , g row th  c e a s e d , b u t  an  

in c r e a s e  i d e n t i c a l  w ith  t h a t  s e e n  in  grow ing c e l l s  was found  

in  th e  RNA c o n te n t  o f  th e s e  c e l l s  (Levy, S k a tch  & S chade,

1 9 4 9 ). When P ro te u s  v u lg a r i s  was grown in  a  medium c o n ta in 

in g  ^2P and a l i q u o t s  w ere in n o c u la te d  in to  m edia c o n ta in in g  

no ^ 2P , i t  was fo u n d  t h a t  th e  tu rn o v e r  r a t e  o f RNAP was g r e a t 

e r  in  th e  c e l l s  p re v e n te d  from  grow ing by c o b a l t ,  when com

p a re d  w ith  c o n t r o l s ,  show ing th a t  RNA i s  a c t u a l l y  m e ta b o lise d  

f a s t e r  in  the  a b se n c e  o f  p r o t e in  s y n th e s i s .  These experim en ts 

a t  f i r s t  s i g h t  seem  f a t a l  to  th e  a s s o c ia t io n  betw een RNA and 

p r o te in  s y n t h e s i s .  However, i t  has a lr e a d y  been  p o in te d  o u t 

t h a t  RNA fo rm a tio n  p re c e d e s  p r o t e in  s y n th e s is  and th e s e  

ex p erim en ts  may m ere ly  show t h a t  p r o te in  s y n th e s is  does n o t 

in e v i ta b ly  fo l lo w  i f  th e  c o n d it io n s  f o r  la y in g  down p r o te in  

a re  u n fa v o u ra b le .

The a c t i o n  o f  b a c te r io p h a g e  on E . C o ll  p ro v id e s



60.

another example o f  th e  la c k  o f  r e l a t i o n  between RNA metabolism 

and p r o te in  s y n th e s i s .  Cohen (1951) found th a t  p r o te in  con

tinues  to  be s y n th e s is e d  in  in f e c te d  b a c te r i a ,  even though 

production o f  RNA has been s topped , as evidenced by no uptake 

of This o cc u rs  b e fo re  th e  DNA of th e  phage has begun

to form. I t  i s  p o s s ib le  t h a t  p r o te in  sy n th e s is  i s  maintained 

by p r e - e x i s t e n t  RNA.

S tu d ie s  o f  p r o t e in  and RNA sy n th e s is  a f t e r  i r r a d i a t i o n
32with X-rays have a l s o  been made. Holmes (1951) in je c te d  P 

and m ethionine l a b e l l e d  w ith  35 S sim ultaneously  in to  r a t s ,  

some of which were i r r a d i a t e d .  S yn thesis  of DNA was reduced 

by h a l f ,  and was th e  on ly  system a f f e c te d ,  RNA showing no 

change due to  X -ray s .  The r e s u l t s  v a r ie d  w idely between 

in d iv id u a l  experim en ts  (due probab ly  to  d i f f i c u l t i e s  in  remov

ing con tam inating  ^ P  from the  n u c le ic  ac id  f r a c t io n s )  and 

showed a complete la c k  o f  any r e l a t i o n  between the e f f e c t s  o f  

i r r a d i a t i o n  on th e  uptake o f  th e  two la b e ls  by n u c le ic  ac id s  

and p r o te in s .  To avo id  ^ P - c o n ta in i n g  contam inants, Abrams 

(1951) used g ly c in e  l a b e l l e d  w ith  in  the  carboxyl group

and s tu d ied  th e  tu rn o v e r  of p u r in e s .  In  r a b b i t  bone—marrow, 

i r r a d ia t io n  w ith  X—ra y s  produced a marked drop in  the  a c t i v i t y  

of DNA and RNA, though no change was observed in  the r a te  of 

glycine uptake by p r o t e in s .  In  th e  r a t  i n t e s t i n e ,  when 

glycine was i n j e c t e d  two hours a f t e r  i r r a d i a t i o n ,  th e re  was 

on 80$ in h i b i t i o n  o f  DNA s y n th e s i s ,  4 9 in h ib i t io n  of  RNA



s y n th e s is  and  o n ly  3 .8 $  o f p r o te in  s y n th e s i s .  When th e  tim e 

i n t e r v a l  was in c r e a s e d  to  48  h o u rs , th e  i n h ib i t io n  o f  DNA was 

only  3 3 $ ,o f  RNA, 2 6 $ , and  o f p r o t e in ,  1 7 .2 $ . He concluded  

t h a t ,  i f  RNA does ta k e  p a r t  i n  p r o te in  s y n th e s i s ,  i t  may he 

in v o lv e d  i n  th e  s y n th e s i s  o f  c e r t a i n  s p e c i f i c  p r o t e in s ,  o r 

t h a t  o n ly  a  p a r t  o f  th e  RNA i s  in v o lv e d . I t  i s  n o tew o rth y , 

how ever, t h a t  48 h o u rs  a f t e r  i r r a d i a t i o n ,  th e  i n h ib i t i o n  o f  

p r o te in  s y n th e s i s  has in c r e a s e d ,  even  though  th e  fo rm a tio n  

o f RNA i s  now more r a p i d .  T h is c o u ld  mean t h a t  some tim e 

e la p s e s  b e tw een  th e  s y n th e s i s  o f  RNA and t h a t  o f  p r o t e in s ,  

th e  49$  i n h i b i t i o n  o f  RNA n o te d  a t  2 hou rs e x e r t in g  i t s  

e f f e c t  on p r o t e i n  s y n th e s i s  o n ly  some hours l a t e r .  T h is i s  

in  k e e p in g  w i th  th e  c o n c lu s io n ,  b a sed  on p u re ly  q u a n t i t a t iv e  

s t u d i e s ,  t h a t  RNA s y n th e s i s  p rec ed e s  p r o te in  s y n th e s is .

S uch  a  tim e  l a g  i s  a ls o  shown in  th e  experim en ts r e 

p o r te d  by Ham marsten (1 9 5 1 ). In  l i v e r  r e g e n e ra t in g  a f t e r  

p a r t i a l  h e p a te c to m y , th e  maximum tu rn o v e r  r a t e s  f o r  a l l  th e  

n i tro g e n o u s  compounds in  DNA, n u c le a r  and cy to p lasm ic  RNA, 

ap p ea red  a t  a b o u t 30 ho u rs  a f t e r  o p e ra t io n ,  i . e . ,  c o rre sp o n d 

ing  w ith  th e  g r e a t e s t  In c re a s e  in  q u a n ti ty  o f  th e se  compounds. 

The maximum in c o r p o r a t io n  o f g ly c in e  in to  th e  p r o te in s ,  in  

th ese  e x p e r im e n ts ,  o c c u r re d  ab o u t 30 hours l a t e r .

G ubern iev  and  I l ’ ia n a  (1950) observed  t h a t  th e  in  v iv o  

s t im u la t io n  o f  enzyme s e c r e t io n  in  d ig e s t iv e  g lan d s r e s u l te d  

in  in c re a s e s  in  th e  r a t e  o f in c o rp o ra t io n  o f i n to  th e



n u c le o p r o te in s  (400$ i n  th e  p a r o t i d ,  500$ in  th e  l i v e r  and 

1200$ i n  th e  p a n c r e a s ) .  T h is  c o u ld  mean th a t  R E  i s  con

c e rn e d  w ith  enzyme s e c r e t i o n ,  i . e . ,  a c t iv e  e x tru s io n  o f

enzym es, r a t h e r  th a n  enzyme s y n th e s i s .  Hokin (1 9 5 2 ), t h e r e -
32f o r e ,  exam ined  th e  u p ta k e  o f  P by p a n c rea s  s l i c e s  in  v i t r o , 

a  sy s tem  i n  w hich  th e  s y n th e s i s  and  s e c r e t io n  o f  enzymes 

c o u ld  be s tu d ie d  s e p a r a t e l y .  A d d itio n  o f  an  a p p ro p r ia te  

amino a c id  m ix tu re  to  th e  medium a lm o st doubled  th e  r a t e  o f  

am ylase  s y n t h e s i s ,  b u t  r e s u l t e d  i n  no a p p re c ia b le  in c re a s e
g o

i n  th e  r a t e  o f  i n c o r p o r a t io n  o f  P in to  th e  RNA. On the

o th e r  h a n d , a  50 to  100$ s t im u la t io n  o f  am ylase s e c r e t io n  by

th e  a d d i t i o n  o f c a rb a m y lc h o lin e  was accom panied by a  c o r r e s -
32pond ing  in c r e a s e  i n  th e  r a t e  o f  up tak e  o f  P in to  RNA« He

c o n c lu d es  t h a t  RNA i s  n o t  l in k e d  w ith  p r o t e in  s y n th e s i s ,

b u t  f u n c t io n s  i n  th e  re a rra n g e m e n t and movement o f enzymes

d u r in g  th e  s e c r e t o r y  p r o c e s s .

G renson (1952a) found  t h a t  RNA i n  th e  b a s e p la te  o f  th e

p ig eo n  !s f e a t h e r  was renew ed a t  th e  same r a t e  a s  th e  sy n -
32

t h e s i s  o f  new k e r a t i n ,  b u t  th e  r a t e  o f in c o rp o ra t io n  o f  P 

i n to  RNA o f  f o w l 's  o v id u c t  was 5 to  10 tim es s lo w er th a n  the 

r a t e  o f  p ro d u c t io n  o f  ovalbum in (G renson , 1952b). One 

w ould, how ever, l i k e  to  know more d e t a i l s  th a n  th e  a u th o r  

p ro v id e s  a b o u t th e  m ethods o f  c a lc u la t in g  th e  r a t e s  o f  RNA 

and p r o t e i n  s y n th e s i s  b e fo re  a c c e p tin g  t h i s  e v id e n c e .



I n  sum m ary, i t  may be  s a i d  t h a t  th e  case  f o r  a  r e 

l a t i o n s h i p  b e tw een  th e  am ount o f RNA, in  a g iv en  c e l l  and th e  

i n t e n s i t y  o f  i t s  p r o t e i n  s y n th e s i s  seems e s t a b l i s h e d ,  an d , 

in  c e l l s  s t im u la te d  t o  form  more p r o t e in ,  th e r e  i s  f i r s t  an  

in c r e a s e  i n  th e  amount o f  RNA,. On th e  o th e r  band, a  la c k  

o f co n co rd an ce  b e tw een  th e  u p tak e  of is o to p e s  by RNA, and by 

new ly s y n th e s i s e d  p r o t e i n  has been  d em o n stra ted  under c e r t a i n  

c o n d i t i o n s ,  n am e ly , f o r  b a c t e r i a  t r e a t e d  w ith  c o b a l t  s a l t s ,  

f o r  r a t  t i s s u e s  fo l lo w in g  X - i r r a d i a t i o n ,  and in  th e  p an creas  

d u r in g  a c t i v e  s y n th e s i s  o f  enzym es. A lthough  th e se  o b se rv a 

t io n s  a p p e a r  to  be f a t a l  to  th e  th eo ry  o f a r 6 le  f o r  RNA in  

p r o t e in  s y n t h e s i s ,  i t  i s  p o s s ib le  in  e ac h  in s ta n c e  to  e n 

v is a g e  a n  e x p la n a t io n  o f  th e  d a ta  w hich would a llo w  RNA to  

r e t a i n  a  p la c e  i n  th e  p r o t e in  s y n th e s is  mechanism. I t  

t h e r e f o r e  seem ed d e s i r a b l e  to  e s t a b l i s h  w hether o r  n o t v a r i a 

t io n s  i n  e n e rg y  in ta k e  p roduce  changes in  RNA m etab o lism , and  • 

how th e s e  may be  r e l a t e d  to  changes in  p r o te in  s y n th e s is .

In  d e v is in g  e x p e r im e n ts  to  t e s t  th e s e  p o in t s ,  we made u se  o f  

o b s e rv a t io n s  by Munro & N a ism ith  (1952) w hich show t h a t  i n 

crem en ts o f  e n e rg y  added  to  p r o te in - c o n ta in in g  d i e t s  cause  I 

an  in c r e a s e  i n  th e  amount o f  p r o t e in  in  th e  l i v e r ,  w hereas 

th e  same changes i n  e n erg y  in ta k e  produced  in  a p r o te in - f r e e  

d i e t  c a u s e ,  i f  a n y th in g ,  a  r e d u c t io n  in  th e  amount o f  p r o te in  

in  th e  l i v e r .  Our p ro b lem , t h e r e f o r e ,  was to  d e te rm in e  th e  

changes o c c u r r in g  in  RNA m etabo lism  under th e  same



c ir c u m s ta n c e s .  The e x p e rim e n ts  to  be d e s c r ib e d  d e a l  w ith  

two a s p e c t s  o f  R E  m e ta b o lism , nam ely q u a n t i t a t iv e  changes 

in  th e  am ount p e r  l i v e r  and  changes i n  th e  r a t e  o f  32P 

u p tak e  by l i v e r  RNA.

EXPERIMENTAL.

a .  A n im a ls .

In  a l l  th e  e x p e r im e n ts ,  young a d u l t  male a lb in o  r a t s  

were u se d . A f t e r  a n  o v e rn ig h t  f a s t ,  an im als w eigh ing  b e 

tw een 175 and  200 g . w ere s e l e c te d  and su b d iv id e d  betw een  

v a r io u s  e x p e r im e n ta l  g roups a c c o rd in g  to  th e  random ised  

b lo c k  te c h n iq u e  (S n e d e c o r, 1946) w hich  p e rm its  one to  red u ce  

th e  e f f e c t  o f  s l i g h t  d i f f e r e n c e s  in  body w eigh t as a  f a c to r  

in  th e  a n a l y s i s  o f  r e s u l t s .

b . D ie t  and G e n e ra l Management.

R a ts  w ere housed  under th e rm o s ta t ic  c o n d it io n s  in  

i n d iv id u a l  m e ta b o lism  c a g e s . Pood was g iv en  tw ice  d a i ly  in  

heavy o in tm e n t j a r s  and  m o is ten ed  w ith  w a te r to  p re v e n t 

s c a t t e r i n g .  A t 1 a .m . ,  1 g . o f  th e  v ita m in -m in e ra l-ro u g h a g e  

m ix tu re  ( s e e  T ab le  3 ) was g iv en  to  a l l  a n im a ls . To th i s  

g lu co se  was added in  an  amount r e q u i r e d  to  p rov ide  a g iv en  

l e v e l  o f  e n erg y  in ta k e .  A t 5 p .m ., r a t s  on th e  p r o te in -  

c o n ta in in g  d i e t  e ach  r e c e iv e d  2 .4  g . o f c a s e in  (G lax o ),

0 .69  g . g lu c o s e ,  0 .6 9  g* p o ta to  s t a r c h  and 0 .42  g . f a t ;  f o r  

th o se  on a  p r o t e i n - f r e e  d i e t ,  th e  c a s e in  was re p la c e d  by an



65.

i s o c a l o r i c  am ount o f  c a rb o h y d ra te  ( h a l f  s t a r c h  and h a l f  g lu c o s e ) .

A l l  r a t s  r e c e iv e d  an  e n e rg y  in ta k e  o f a p p ro x im a te ly  

1200 C a l. p e r  sq .m . p e r  day f o r  a p re l im in a ry  p e r io d  o f  seven  

d a y s , t o  a c c u s to m  them  to  th e  d i e t  and th e  tim es o f  fe e d in g .

By th e  end o f  t h i s  p e r io d ,  m ost o f  th e  an im als had le a rn e d  to  

e a t  t h e i r  fo o d  a s  soon  as i t  was g iv e n , th e  m eal b e in g  com

p le te d  w i th in  i  t o  1 h o u r . A t th e  end o f a week th e  energy  

in ta k e  o f  d i f f e r e n t  a n im a ls  was a l t e r e d  by a d d it io n  o r su b 

t r a c t i o n  o f g lu c o s e  f e d  in  th e  m orning m eal. G iving th e  

a d d i t i o n a l  e n e rg y  in  th e  m orning made c e r t a i n  t h a t  i t  was th e  

energy  e f f e c t  t h a t  was b e in g  s tu d ie d ,  and n o t th e  i n t e r a c t io n  

e f f e c t  o c c u r r in g  when p r o t e in  and c a rb o h y d ra te  a re  f e d  a t  th e  

same m eal (M unro, 1 9 4 9 ) . Each r a t  was m a in ta in ed  f o r  f o u r  

days a t  th e  new l e v e l  o f  energy  in ta k e ,  k i l l e d  by e x san g u in a -

t i o n  u n d e r e th e r  a n e s t h e s i a ,  and th e  l i v e r s  p e rfu s e d  w ith
320*9$ (w /v) s a l i n e ,  and  rem oved f o r  a n a ly s i s .  P was i n 

je c te d  a s  in o rg a n ic  p h o sp h a te  (10 ;uc p e r  100 g . body w eigh t) 

in t r a m u s c u la r ly ,  a t  e i t h e r  4 ,  8 o r 24 hours b e fo re  k i l l i n g .

In  m ost e x p e r im e n ts , th e  r a t s  were k i l l e d  24 hours a f t e r  th e  

i n j e c t i o n ,  i . e . ,  2 0 -21  h o u rs  a f t e r  th e  l a s t  meal o f  th e  4 day 

p e r io d .

e . A n a ly t i c a l  P ro c e d u re s ,  i* F r a c t io n a t io n  o f  L iv e r  C o n s ti

tu e n ts  . The l i v e r  was d r i e d ,  c h i l l e d ,  weighed and hom ogenised 

in  9 v o l s . o f  i c e  c o ld  w a te r  in  a Nelco b le n d o r  a t  m oderate 

speed f o r  6 m in s . ,  two d ro p s  o f  c a r p y l ic  a lc o h o l  b e in g  added



Isolation of R E  and Inorganic P of Liver.

L iv e r  hom ogenised  i n  9 v o l s .  i c e - c o ld  w a te r  a t  m oderate  
sp eed  i n  a N elco b le n d o r .  4 v o ls .  homogenate mixed 
w ith  2 v o l s .  o f  30$ TCA* C e n tr ifu g e d

S u p e rn a ta n t  
To 10 v o l s .  ad d ed  1 v o l .  
M a th iso n !s r e a g e n t ,  made 
a lk a l i n e  to  p h e n o l -  
p h th a l e in ,  l e f t  o v e rn ig h t  
a t  0°C . C e n tr i f u g e d  
and f i l t e r e d

S u p e rn a ta n t  P r e c i p i t a t e
d is s o lv e d  i n  N.HC1

Res idue 
Washed tw ice  w ith  10$ TCA* 
W ashings d is c a rd e d .
Washed w ith  10 m l. p o r t io n  
o f

A cetone
A b so lu te  E th an o l 
E th an o l-C h lo ro fo rm  (3 :1 )  
E th a n o l-E th e r  (3 : 1 ) , 
tw ice  
E th e r •

W ashings d is c a rd e d .
Dry r e s id u e  in c u b a te d  
w ith  N. KOH a t  37°C f o r  
18 h o u rs .
C oo led , added co n c . HCIO^ 
to  b r in g  pH to  3 .
C e n tr ifu g e d  and f i l t e r e d .

AQS F r a c t io n  R esidue

SCHEME 5 .



to  p re v e n t  f r o t h i n g .  A volume o f hom ogenate e q u iv a le n t  to  

3 to  4 gms. l i v e r  was p ip e t t e d  o u t and s u f f i c i e n t  30$ (w/v) 

t r i c h l o r a c e t i c  a c id  (TCA) added to  make th e  f i n a l  c o n c e n tra 

t i o n  10$ . T h is  was th e n  s u b je c te d  to  a  m o d ified  Schm idt 

T hannhauser p ro c e d u re  d e s c r ib e d  by D avidson & S m ellie  (1952). 

The hom ogenate was k e p t  in  ic e  f o r  ab o u t an hour to  en su re  

com plete  p r e c i p i t a t i o n  o f  p r o t e i n s ,  c e n t r i f u g e d  a t  a low 

speed  f o r  7 m in . , and  th e  s u p e rn a ta n t  f i l t e r e d .  The p r e c ip i  

t a t e  was th e n  washed tw ic e  w ith  i c e - c o ld  10$ (w/v) TCA, 

c e n t r i f u g e d ,  a n d  s u b je c te d  to  th e  p ro ced u re  shown in  Scheme 3 

I t  was m ixed w e l l  w ith  20 m l. p o r t io n s  o f each  o f  th e  l i p i d  

s o lv e n t s ,  c e n t r i f u g e d  and  th e  s u p e rn a ta n t  d is c a rd e d  each  

tim e . A f te r  th e  f i n a l  e x t r a c t i o n  w ith  e th e r ,  th e  r e s id u a l  

e th e r  was a llo w e d  to  e v a p o ra te ,  and th e  d ry  powder c o n ta in in g  

RNA, DHA an d  p r o t e i n s ,  among o th e r  compounds, in c u b a te d  w ith  

N.KOH w hich  h y d ro ly s e s  th e  RHA. in to  i t s  n u c le o t id e s .  These 

rem ain  in  s o l u t i o n  when th e  d ig e s t  i s  su b se q u e n tly  a c i d i f i e d ,  

and fo rm  th e  m ajo r c o n s t i t u e n t s  o f  th e  AgS f r a c t i o n .

i i .  E s t im a tio n  o f  L iv e r  In o rg a n ic  P h o sp h ate . The 

r a d i o a c t i v i t y  o f  th e  in o rg a n ic  phosphorus (P) o f the  l i v e r  

was o b ta in e d  a c c o rd in g  to  th e  method employed by D avidson, 

F ra z e r  & H u tc h iso n  (1951) from  th e  TCA s o lu b le  f r a c t i o n .  T o  

a p o r t io n  o f  th e  f i l t e r e d  a c id - s u p e rn a ta n t ,  M a th iso n 's  (1909) 

re a g e n t was added  (1 m l. to  10 m l. e x t r a c t )  and  th e  m ix tu re



made a l k a l i n e  to  p h e n o lp h th a le in  w ith  NH^OH. A f te r  s ta n d in g  

o v e rn ig h t a t  0°C , th e  p r e c i p i t a t e  was s e p a ra te d  by c e n t r i 

f u g a t io n  a n d  f i l t r a t i o n ,  w ashed tw ice  w ith  d i l u t e  NILOH, 

d is s o lv e d  i n  N.HC1 and  made up to  a known volum e. The amount 

o f P i n  t h i s  was e s t im a te d  by th e  method o f  A lle n  (1 9 4 0 ), and 

th e  r a d i o a c t i v i t y  m easured  in  a  l i q u i d  c o u n te r  (Type M6 

m an u fa c tu red  by  2 0 th  C en tu ry  E le c t r o n ic s )  a t ta c h e d  to  a  con

v e n t io n a l  p ro b e  u n i t  and  s c a l in g  u n i t  (Type 200 m an u fac tu red  

by D ynatron  R ad io  L t d . ) .  In  a  few in s ta n c e s ,  th e  s u p e r 

n a ta n t  l e f t  a f t e r  rem o v a l o f  th e  in o rg a n ic  P from  th e  TCA- 

s o lu b le  f r a c t i o n  was a l s o  e s t im a te d  f o r  amount and a c t i v i t y  

o f i t s  P . T h is  w ould c o n ta in  a c id - s o lu b le  o rg a n ic  P com

pounds, th e  S-̂  f r a c t i o n  o f D avidson e t  a l .  (1951).

I t  i s  p o s s ib l e  t h a t  some o f th e  compounds in  f r a c t i o n  

S-^, su c h  as a d e n o s in e  t r ip h o s p h a te  (ATP), may b reak  down d u r 

in g  th e  p e r io d  e la p s in g  betw een  th e  hom ogenising of the  t i s s u e  

and th e  a c t u a l  s e p a r a t io n  o f  th e  f r a c t i o n  from  th e  mag

nesium  p r e c i p i t a t e .  Ennor & R osenberg  (1952) e s t im a te d  th e  

a c t i v i t y  o f  th e  in o rg a n ic  P b e fo re  and a f t e r  magnesium p r e 

c i p i t a t i o n  and o b ta in e d  &  d i f f e r e n c e  when th e  l i v e r s  were
32removed two h o u rs  a f t e r  th e  i n j e c t i o n  o f  P* These d i f f e r 

ences w ere a t t r i b u t e d  to  th e  magnesium p r e c i p i t a t e  b r in g in g  

down some o f  th e  o rg a n ic  compounds su ch  a s  ATP, whose a c t i v i t y  

would in c r e a s e  th e  a c t i v i t y  o f  th e  in o rg a n ic  P a t  th e  two



TABLE 16.

C om parison o f th e  S p e c i f i c  A c t iv i ty  o f  In o rg a n ic  Phos

p h a te  i s o l a t e d  soon  a f t e r  A d d it io n  o f  TCA to  L iv e r  

Homogenates w i th  th e  S p e c i f ic  A c t iv i ty  a f t e r  Mg(NH4 )P04 

P r e c i p i t a t i o n .

Time b e tw een  
32p i n j e c t i o n  
and k i l l i n g

No. o f 
A nim als

S p e c if ic  A c t iv i ty
D iffe re n c eIm m ediate A f te r

P r e c ip i t a t io n

h r s . c .p .m . / c .p .m ./ t
100 *ig P 100 p . g  P

2 8 13455 13725 +2.0

5 7 5896 5841 i o • CO

8 8 6666 6206 -6 .9

Mean 23 8812 8710 -1 .2

S t a t i s t i c a l  A n a ly s is  by F i s $ h e r !s " t 11 t e s t  shows 

no s i g n i f i c a n t  d i f f e r e n c e s  betw een th e  s p e c i f i c  a c t i v i t y  

im m ed ia te ly  a f t e r  a d d i t i o n  o f  TCA and th e  s p e c i f i c  

a c t i v i t y  o f  th e  Mg(NI^)P04 p r e c i p i t a t e  a t  any o f  th e  

t im e - in t e r v a l s  a f t e r  in je c t io n *



hour i n t e r v a l .  i n  o rd e r  to  t e s t  t h i s , in  some o f  o u r e x p e r i 

m en ts, a  s m a ll  volume o f  th e  TCA s u p e rn a ta n t  (1 to  2 m l.)  

was rem oved im m e d ia te ly  a f t e r  th e  f i r s t  c e n t r i f u g a t io n  and 

e s t im a te d  f o r  31P and  32P by a m o d if ic a t io n  o f  th e  B eren - 

blum & C hain  p ro c e d u re  a s  d e s c r ib e d  by Ennor & S tocken  

(1 9 5 0 ). The r e s u l t s  a r e  g iv en  in  T ab le  16 ; th e y  a re  e x 

p re s s e d  a s  th e  s p e c i f i c  a c t i v i t y  o f  in o rg a n ic  P ; i . e . ,  

c o u n ts  p e r  m in . p e r  100 p . g  P. They a re  compared w ith  th e  

s p e c i f i c  a c t i v i t i e s  o f th e  same in o rg a n ic  P a f t e r  p r e c i p i 

t a t i o n  by  M a th is o n !s r e a g e n t ,  e s t im a te d  by th e  same m ethod.

The s t u d i e s  w ere made a t  2 , 5 and  8 hours a f t e r  th e  f-iPB-t
32egtim a-t -io n  was mado o f  i n j e c t i o n  o f  P. There is  no s i g 

n i f i c a n t  d i f f e r e n c e  be tw een  th e  a c t i v i t i e s  o f  th e  in o rg a n ic  

P e s t im a te d  b e fo r e  and a f t e r  magnesium p r e c i p i t a t i o n ,  i n  

s p i t e  o f  th e  f a c t  t h a t  th e  magnesium p r e c i p i t a t e  was s e p a ra te d  

from  th e  f r a c t i o n  a t  l e a s t  24 hou rs a f t e r  th e  f i r s t  e s t i 

m ation  was m ade. T h is  shows th a t  any in o rg a n ic  P r e s u l t i n g  

from  th e  b reakdow n o f  l a b i l e  o rg a n ic  compounds does n o t have 

a s i g n i f i c a n t  e f f e c t  on th e  a c t i v i t y  o f th e  in o rg a n ic  P 

e s t im a te d  a f t e r  m agnesium  p r e c i p i t a t i o n .  I t  sh o u ld  be 

p o in te d  o u t t h a t  Ennor & R osenberg  added c a r r i e r  phosphate  

b e fo re  c a r r y in g  o u t th e  magnesium p r e c i p i t a t i o n ,  and th e  

d i f f e r e n c e s  o b se rv e d  in c r e a s e d  w ith  th e  amount o f c a r r i e r  

added. No c a r r i e r  p h o sp h a te  was added  in  ou r e x p e rim e n ts .



E v id e n tly , i n  th e  a b se n c e  o f added c a r r i e r  p h o sp h a te , th e  

magnesium p r e c i p i t a t i o n  m ethod i s  a s  r e l i a b l e  a s  th e  

im m ediate e x t r a c t i o n  o f  th e  in o rg a n ic  P by th e  is o -b u ta n o l  

p ro ced u re  o f  B erenblum  & C hain .

i i i *  E s t im a t io n  o f  R E  51P and RNA 32P. In  1949, 

D avidson and  co -w o rk e rs  (D avidson e t  a l . ,  1949a & b) s e t  

ab o u t d e v is in g  a  m ethod f o r  th e  e s t im a t io n  o f  32P in  th e  

n u c le ic  a c id s  in  th e  $ C A -in so lu b le , l i p i d  f r e e  re s id u e  ob

ta in e d  i n  th e  S ch m id t-T hannhauser (1945) s e p a r a t io n  o f l i v e r  

c o n s t i t u e n t s .  M ethods in v o lv in g  th e  i s o l a t i o n  o f n u c le ic  

a c id s  w ere n o t  q u a n t i t a t i v e  and r e q u ir e d  la r g e  amounts o f  

t i s s u e .  H y d ro ly s is  o f  th e  r e s id u e  w ith  m eth an o lic  HC1 

fo llo w e d  by  fo rm ic  a c id  h y d ro ly s is  to  s e p a ra te  the  p y rim id 

in e s ,  as p ro p o se d  by V isc h e r  & C h a rg a ff  (1948 ), i s  la b o r io u s  

and n o t q u a n t i t a t i v e .  D ig e s tio n  o f th e  re s id u e  w ith  a l 

k a l i ,  as p ro p o se d  by Schm idt & T hannhauser, on th e  o th e r  hand , 

was s a t i s f a c t o r y  f o r  q u a n t i t a t iv e  s t u d i e s .  The a l k a l i  s p l i t  

th e  RNA I n to  I t s  n u c le o t id e s  w hich rem ained in  s o lu t io n  when 

th e  p r o te in s  and DMA were r e p r e c i p i t a t e d  by a c id .  When 

examined f o r  r a d i o a c t i v e  s t u d i e s ,  how ever, a sm a ll amount o f 

h ig h ly  a c t i v e  P was found  c o n ta m in a tin g  th e  crude RNA

f r a c t io n  (AgS f r a c t i o n  o f  D avidson e t  a l .  (1 9 5 1 )). T his had

been r e p o r te d  by  s e v e r a l  o th e r s  a l s o  (E u le r e t  a l . ,  1948;

Je e n e r , 1949 ; F r i e d k in  & L eh n in g e r, 1949; Marshak & C a lv e t ,

1949; J e e n e r  & S z a f a r z ,  1950 ). W ashing th e  o r i g in a l  TCA



p r e c i p i t a t e  s e v e r a l  tim e s  w ith  TCA d id  n o t remove t h i s  con

ta m in a t in g  P (D av idson  e t  a l .  1 9 5 1 ), no r d id  r e p e a te d  a d d i 

t io n s  o f  in o rg a n ic  P to  th e  Rim f r a c t i o n  fo llo w ed  by r e -  

p r e c i p i t a t i o n  w ith  m agnesium  m ix tu re  ( J e e n e r ,  1949).

V is c h e r ,  M agasanik  & C h a rg a ff  (1949) f i r s t  used  th e  

f i l t e r  p a p e r  ch rom atog raphy  tec h n iq u e  o f Consden, Gordon & 

M artin  (1944) f o r  th e  s e p a r a t io n  o f  m o n o n u c leo tid es , b u t  th e y  

co u ld  n o t  s e p a r a te  g u a n y lic  from  and u r id y l i c  a c id s  s a t i s 

f a c t o r i l y .  Markham & S m ith  (1951) f a i l e d  to  s e p a ra te  th e  

two p y r im id in e  n u c le o t id e s  on p a p e r .

A s o l u t i o n  to  th e  problem  was found by S m e llie  

(S m e llie  & D a v id so n , 1 9 5 1 ), wno m o d ifie d  th e  f i l t e r  paper 

e l e c t r o p h o r e s i s  te c h n iq u e  d e s c r ib e d  by Cremer 8c T is e l iu s  

(1950) f o r  th e  s e p a r a t io n  o f  th e  n u c le o t id e s  in  th e  a lk a l in e  

d ig e s t  i n  th e  S ch m id t-T h an n h au ser p ro c e d u re . By t h i s  method 

he o b ta in e d  a  co m p le te  s e p a r a t io n  o f  a l l  4 n u c le o t id e s .  

M oreover, th e  c o n ta m in a tin g  in o rg a n ic  P was removed from  th e  

n u c le o t i d e s . He o b ta in e d  q u a n t i t a t iv e  r e c o v e r ie s  o f n u c le o 

t id e s  a d d ed  to  th e  AgS f r a c t i o n .

We, t h e r e f o r e ,  d e c id e d  to  u se  t h i s  tec h n iq u e  f o r  the
32Q s tim a tio n  o f  th e  in c o r p o r a t io n  o f  P i n to  th e  RNA* The 

d ry , l i p i d - f r e e  r e s id u e  was d ig e s te d  f o r  18 hours a t  37°C 

w ith  N.KOH, c o o le d , and  a  few d ro p s o f  60$ (w/v) HC104 added 

bo b r in g  th e  pH t o  a b o u t 3 ,  th e  d ig e s t  b e in g  k e p t i n  ic e  to



m inim ise h y d r o ly s i s  o f  th e  n u c le o t id e s .  The p r e c i p i t a t e  

form ed was s e p a r a t e d  by c e n t r i f u g in g ,  washed tw ice  w ith  a  

sm a ll volume o f  N.HCIO^, and  th e  combined s u p e rn a ta n t  and 

w ashings made up t o  a  c o n v e n ie n t volum e. An a l iq u o t  o f  

t h i s  A2S f r a c t i o n ,  c o n ta in in g  100 to  120 Mg P was a p p lie d  to  

a s p o t  6 cm. fro m  one end o f a  s t r i p  o f  f i l t e r  p a p e r (Whatman, 

N o . l ) ,  7 cm. b ro a d  an d  52 cm. lo n g , u s in g  an  "A gla11 m ic ro 

m eter s y r in g e ,  a n d  th e  s p o t  d r ie d  in  a c u r r e n t  o f c o ld  a i r .

The p a p e r  was so ak ed  w ith  b u f f e r  s o lu t io n  (0 .02  M. c i t r i c  

a c l d - t r  i s  odium  c i t r a t e ,  pH 3 . 5 ) ,  th e  end w ith  th e  A2S sp o t 

b e in g  a llo w e d  t o  m o is te n  by c a p i l l a r y  a t t r a c t i o n ,  and  s u s 

pended overfa g la s s  r o d ,  th e  two ends b e in g  made to  d ip  In to  

th e  same b u f f e r  s o l u t i o n  c o n ta in e d  in  two g la s s  d is h e s .  The 

le v e ls  o f  th e  s o l u t i o n  in  th e  d ish e s  were in  th e  same h o r i 

z o n ta l  p la n e .  A s te a d y  D .^ . su p p ly  o f 750 v o l t s  was a p p lie d  

by means o f  c a rb o n  e l e c t r o d e s ,  th e  ca thode  b e in g  in  th e  d is h  

n e a r e s t  th e  A S s p o t .  A t th e  end o f  7 hours th e  pap er was 

d r ie d  i n  f r o n t  o f  i n f r a - r e d  lam ps, th e  n u c le o tid e  bands lo c a te d  

w ith  th e  a i d  o f  a  I3V lamp w ith  a  s p e c ia l  g la s s  f i l t e r ,  a s  

d e sc r ib e d  by H o lid ay  & Johnson  (1 9 4 9 ), and  marked l i g h t l y  in  

p e n c i l .  The b ands were c u t  o u t ,  e lu te d  In to  g rad u a ted  tu b es  

w ith  0 .0 1  N.NaOH (G onsden, Gordon & Martin*. 1947), and made 

up to  a  known vo lum e, 6 m l. o f  w hich was ta k e n  f o r  c o u n tin g  

r a d i o a c t i v i t y .  The s o l u t io n  was th e n  d iv id e d  in to  2 eq u a l
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p o r t io n s  a n d  e s t im a te d  f o r  P by th e  method o f A lle n  (194&), 

s u i t a b ly  m o d if ie d  f o r  sm a ll  q u a n t i t i e s  o f  P.

In  m ost c a s e s ,  t h i s  " s h o r t  run*1 f o r  7 hours w ith  at 

p o t e n t i a l  g r a d i e n t  o f  15 v o l t s  p e r  cm. o f p ap er was u se d  fo r r  

s e p a r a t in g  th e  n u c le o t i d e s ,  and th e  4 n u c le o tid e s  were c u t  

o u t ,  e l u t e d  and  e s t im a te d  to g e th e r .  In  some e x p e r im e n ts , 

th e  io n o p h o r e t ic  s e p a r a t io n  was c a r r i e d  ou t f o r  18 hours a t  

a  p o t e n t i a l  g r a d ie n t  o f  a b o u t 11 v o l t s  p e r  cm. o f  p a p e r , 

when th e  s e p a r a t i o n  o f  th e  in d iv id u a l  n u c le o tid e s  was o b ta in e d . 

As th e  s e p a r a t io n  of. cy t id y  l i e  and a d e n y lic  a c id s  was s t i l l  

in co m p le te  (due p ro b a b ly  to  th e  amount o f AgS p u t on th e  

p a p e r ) ,  th e s e  2 n u c le o t id e s  were c u t  o u t and e s t im a te d  t o 

g e th e r  .

A f te r  t h i s  work had been  s t a r t e d ,  S m e llie  (D avidson 

5c S m e ll ie ,  1952) d is c o v e re d  s e v e r a l  P -c o n ta in in g  compounds 

ru n n in g  v e ry  c lo s e  to  some o f  th e  n u c le o t id e s .  When e s t i 

m ating  th e  in d iv id u a l  n u c le o t id e s  a f t e r  a  lo n g  ru n , th e r e f o r e ,  

on ly  th e  c e n t r a l  p o r t io n s  o f  th e  bands were c u t  off th e  

p ap er to  m in im ise  c o n ta m in a tio n  o f th e s e  "c o n c o m ita n ts " •

S m e llie  a l s o  fo u n d  t h a t  th e s e  11 c o n c o m ita n ts11 c o u ld  be g o t 

r i d  o f  by e x t r a c t i n g  th e  T C A -in so lu b le , l i p i d - f r e e  r e s id u e  

w ith  h o t 10$ (w/v) NaCl, and  p r e c i p i t a t i n g  th e  n u c le ic  a c id s  

from t h i s  e x t r a c t  w i th  e th a n o l ,  b e fo re  su b m ittin g  them to  

a lk a l in e  d i g e s t i o n .  F u r th e r ,  th e  use o f  0 .3  N-KOH in s te a d



TABLE 17.

C om parison b e tw een  th e  R .S .A . o f  th e  AgS F ra c t io n  and 

th a t  o f  th e  P h o s p h o ru s -c o n ta in in g  Compounds i s o l a t e d  

from  F i l t e r  P a p e r a f t e r  a  s h o r t  Io n o p h o re s is  Run.

Phosphorus
c o n ta in in g
F r a c t io n

Mg. p e r  
Liver'*'

R e la t iv e  S p e c if ic  A c t iv i ty

2 h r s .  a f t e r  
in je c t io n *

24 h r s .  a f t e r  
in je c t io n * *

A2S 5 .9 7 5 .9 4 5 .6

RNA 3 .4 2 3 .1 3 9 .2

X 0 .1 9 1 8 .2 38 .2

x i 0 .5 7 9 .9 3 9 .7

RNA + X + X1

00H• 5 .0 3 9 .2

*;‘'B ased  on a n a ly s e s  o f  15 r a t  l i v e r s .

4-Based on a n a ly s e s  o f  4 r a t  l i v e r s .  

-H-Based on a n a ly s e s  o f  11 r a t  l i v e r s .



F i g . 6: A- U l t r a v i o l e t  pho tograph  o f  th e  s e p a r a t io n  

o f  th e  4 n u c le o t id e s  from  a r a t  l i v e r  AaS 

f r a c t i o n  (Long r u n ) .

A '-  U l t r a v i o l e t  photograph  o f  a s h o r t  ionopho- 

p h o r e t i c  ru n  o f  an A4S f r a c t i o n  from r a t  

l i v e r .  X i s  th e  c re s c e n t-sh a p e d  a re a  p re c e 

d in g  u r i d y l i c  a c id  and X* th e  a re a  between 

X and u r i d y l i c  a c id .

Photographs reproduced  bjr k ind  p e rm is s io n  

o f  Dr. H .M .S .Sm ellie .
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o f  N.KOH f o r  th e  d i g e s t i o n  p re v e n te d  any  d e a m in a tio n  o f  c y t i -  

d y l i c  t o  u r i d y l i c  a c i d  (D av idson  & S m e l l i e ,  1 9 5 2 ) . T h is  r e 

f i n e d  te c h n iq u e  w as, t h e r e f o r e ,  u se d  in  th e  e x p e r im e n ts  

d e a l in g  w i th  th e  i n c o r p o r a t io n  o f  *^P in to  th e  RNA o f  d i f f e r 

e n t  c e l l  f r a c t i o n s .  I t  c o u ld  n o t ,  how ever, be  u sed  f o r  any 

q u a n t i t a t i v e  s t u d i e s ,  a s  q u a n t i t a t i v e  r e c o v e ry  o f  RNA i s  

n o t  p o s s ib le  a f t e r  NaCl e x t r a c t i o n .

To gauge th e  re c o v e ry  o f  P a p p l i e d  to  th e  p a p e r ,  th e  

n u c le o t id e s  a s  w e l l  a s  th e  c o n ta m in a n ts  w ere c u t  o u t ,  e lu t e d  

and  e s t im a te d  f o r  t o t a l  P and  a c t i v i t y  (T ab le  1 7 ) .  T h is  

was done a t  a  tim e  when D r. S m e ll ie  was d e v e lo p in g  h i s  

t e c h n iq u e .  X r e f e r s  to  th e  c r e s c e n t - s h a p e d ,  u l t r a v i o l e t  

a b s o rb in g  band  ru n n in g  in  f r o n t  o f  u r i d y l i c  a c i d ;  i . e . ,  b e 

tw een  th e  u r i d y l i c  a c id  band and  th e  anode end o f  th e  p a p e r  

(se e  P i g . 6 ) ,  w h ile  X1 i s  t h a t  a r e a  o f  p a p e r  l y i n g  b e tw een  

X and  th e  u r i d y l i c  a c id  ban d  a f t e r  a  s h o r t  r u n .  The amount 

and  a c t i v i t y  o f  th e  P in  a  volum e o f  A2 S e q u a l to  t h a t  

a p p l i e d  t o  th e  p a p e r  was a l s o  e s t im a te d .  The t a b l e  shows

t h a t ,  when th e  l i v e r s  w ere rem oved 2 h o u rs  a f t e r  i n j e c t i o n  
32o f  P , th e  a c t i v i t y  o f  th e  AgS f r a c t i o n  was much h ig h e r  th a n  

t h a t  o f  th e  RNA, w h ich  i s  o b v io u s ly  due to  th e  v e ry  h ig h  

a c t i v i t y  o f  b o th  X and  Xf . I n  th e  24 h o u r e x p e r im e n ts ,  th e  

a c t i v i t i e s  o f  th e  RNA,, X and  Xf were a b o u t th e  sam e, b u t  th e  

a c t i v i t y  o f  th e  AgS was h ig h e r  th a n  any  o f t h e s e .  The t o t a l  

P re c o v e re d  from  th e  p a p e r  was a l s o  h ig h e r  th a n  t h a t  a c t u a l l y



a p p l i e d  to  th e  p a p e r .  T h is  d is c re p a n c y  w i l l  be  u n d e rs to o d  

when i t  i s  rem em bered t h a t  th e  a c t u a l  q u a n t i t i e s  o f  P i n  X 

and Xf a r e  v e ry  s m a ll  and  t h e i r  e s t im a t io n  i s  t h e r e f o r e  f a r  

from  a c c u r a t e .  Even a  s l i g h t  in a c c u ra c y  i n  th e  e s t im a t io n  

t h a t  g iv e s  a  h ig h e r  v a lu e  f o r  th e  amount o f  F w i l l  d e c re a s e

th e  s p e c i f i c  a c t i v i t y ,  r e s u l t i n g  in  a low r e l a t i v e  s p e c i f i c
*

a c t i v i t y .  T hese r e s u l t s  a re  i n  ag reem en t w ith  th e  f in d in g s  

o f  D r. S m e llie  (S m e ll ie ,  1 9 5 2 ) .

iv* E s t im a t io n  o f  P h o sp h o ru s . Two m ethods were u sed

f o r  e s t im a t in g  P , th e  c h o ic e  o f  th e  m ethod d e p en d in g  on th e

c irc u m s ta n c e s  o f  th e  e x p e r im e n t .  I n  th e  m a jo r i ty  o f i n 

s t a n c e s ,  th e  m ethod d e s c r ib e d  by A l le n  (1940) was u s e d .

When th e  in o rg a n ic  P had  to  be s e p a r a te d  q u ic k ly  from  o rg a n ic  

p h o s p h a te s ,  th e  m o d if ic a t io n  by E nnor & S to c k e n  (1950) o f  

th e  m ethod in tro d u c e d  by B erenblum  & C hain  (1938) was em ployed .

The m ethod o f  A l l e n :  An a l i q u o t  o f  s o l u t i o n  to  be  e s t im a te d

c o n ta in in g  20 t o  70 jog. P was d ig e s te d  in  a  m ic ro -K je ld h a l  

f l a s k  w ith  1 .2  m l. 10 N HgSO^, t i l l  th e  c o n te n ts  o f  th e  f l a s k  

w ere c o l o u r l e s s ,  d i g e s t i o n  b e in g  a id e d  by a  few d rops o f  

(M .A .H .). The f l a s k  was a llo w e d  to  c o o l ,  and  6 .3 5  m l. d i s 

t i l l e d  w a te r  a d d e d , fo l lo w e d  by 2 m l. am ido l r e a g e n t  (1$ 

s o l u t io n  o f  a m id o l i n  20^ sodium  m e ta b is u lp h i te )  1 m l. 8 .3 $  

ammonium m o ly b d a te , and  15 m l. d i s t i l l e d  w a te r ,  i n  t h a t  o r d e r .  

The b lu e  c o lo u r  t h a t  d e v e lo p e d  was e s t im a te d  w ith  a  ,fS p e k k e rn 

a b s o r p t io m e te r ,  u s in g  I l f o r d  608 f i l t e r s .  D e ta i l s  o f  th e



m ethod a r e  g iv e n  by A l le n  (1 9 4 0 ) .

The m ethod o f  E nnor & S to c k e n : D e sc r ib e d  i n  th e  p re v io u s

s e c t i o n .

v .  E x p e rim e n ts  w i th  l i v e r  s l i c e s ; The l i v e r  was s l i c e d  

soon  a f t e r  i t s  rem o v a l fro m  th e  a n im a l ,  th e  s l i c e s  w eighed on 

a  t o r s i o n  b a la n c e  and  su sp en d e d  in  K re b s -R in g e r-B ic a rb o n a te  

b u f f e r  (U m briet e t  a l . ,  1945) c o n ta in e d  in  25 m l. c o n ic a l  

f l a s k s  (3 m l. b u f f e r  s o l u t io n  f o r  e v e ry  250-300  mg. s l i c e ) .

The s o l u t io n  was b ro u g h t in to  e q u i l ib r iu m  w ith  an  a tm o sp h e re  

o f  O2 and  COg, th e  f l a s k s  f i r m ly  s to p p e re d  w ith  ru b b e r  

s t o p p e r s ,  and  c o n s t a n t ly  a g i t a t e d  f o r  3 h o u rs  in  a  w a te r  b a th

m a in ta in e d  a t  37°G . A v e ry  sm a ll  amount o f ^ P - l a b e l l e d
3 5in o r g a n ic  p h o sp h a te  o r  S ~ la b e l le d  m e th io n in e  was added  to  

th e  s o l u t i o n  b e fo re  in c u b a t io n  was s t a r t e d .  The r e a c t i o n  was 

s to p p e d  by  a d d in g  TCA, th e  f l a s k s  c o o le d  and th e  p r e c i p i t a t e d  

p r o t e i n s  w ashed t h r i c e  w i th  i c e - c o ld  10/a (w /v) TCA* The

l i p i d s  were e x t r a c t e d  and  th e  r e s id u e  in c u b a te d  i n  a l k a l i ,
32a c c o rd in g  to  Scheme 3 .  When P in c o r p o r a t io n  was b e in g

s t u d i e d ,  th e  a c t i v i t i e s  o f th e  in o rg a n ic  P i n  th e  TCA s o lu b le

f r a c t i o n  and  o f  th e  RHA were e s t im a te d  a s  b e f o r e .  I n  th e
35e x p e r im e n ts  w ith  S l a b e l l e d  m e th io n in e , th e  a l k a l i  d i g e s t  

was made up to  a c o n v e n ie n t  vo lum e, and  an  a l i q u o t  ta k e n  f o r  

N e s t im a t io n  by  th e  m ic ro -K je ld h a l  m ethod. An i n f i n i t e l y  

t h i n  f i l m  (C a lv in  e t  a l . , 1949) o f  th e  d i g e s t  on a  m e ta l d i s c



was d r i e d  and th e  r a d i o a c t i v i t y  c o u n te d  u s in g  a n  end-w indow 

c o u n te r  (Type EHM2 m a n u fa c tu re d  by  G .E .C .) .  The a c t i v i t y  

was e x p re s s e d  a s  c o u n ts  p e r  m in . p e r  mg. N.

M ethod o f  e x p re s s in g  r a d i o a c t i v e  d a t a ;  E a r ly  w orkers u s in g  

r a d i o a c t i v e  t r a c e r s  to o k  th e  p e rc e n ta g e  o f th e  a d m in is te r e d  

dose  fo u n d  i n  1 g . o f  t i s s u e  to  be  a m easure  o f  th e  i n c o r 

p o r a t io n  o f  th e  l a b e l  by t h a t  t i s s u e -  I t  i s ,  how ever, 

d i f f i c u l t  to  e s t im a te  th e  a d m in is te re d  dose  a c c u r a t e l y .  

F u r t h e r ,  th e  sp e ed  a t  w hich i t  i s  in c o r p o r a te d  would depend 

on th e  r i c h n e s s  o f  th e  b lo o d  su p p ly  t o  th e  t i s s u e  c o n c e rn e d .

I t  i s  more a c c u r a te  and  o f t e n  more im p o r ta n t  to  know th e
32p r o p o r t io n  o f  atom s l a b e l l e d ,  e . g . ,  P p e r  mg. o f RNAP.

T h is  p r o p o r t io n  i s  r e f e r r e d  to  as th e  s p e c i f i c  a c t i v i t y ,  and  

g iv e s  th e  v a lu e  d e te rm in e d  a t  th e  end o f  th e  e x p e r im e n t;  

th e  s p e c i f i c  a c t i v i t y  o f  l i v e r  RNAP e q u a ls  th e  number o f  

c o u n ts  p e r  m in . p e r  100 ;ug. RRA.P, a t  th e  tim e th e  l i v e r  was 

ta k e n  f o r  a n a l y s i s .  T h is  depends a t  th e  r a t e  a t  w hich  ^ 2 p 

p e n e t r a t e d  i n to  th e  c e l l ,  among o th e r  f a c t o r s .  The am ount 

o f  3^P i n  th e  i n t r a - c e l l u l a r  f l u i d  o f ,  s a y , th e  l i v e r  w i l l  

depend  on th e  am ount o f  l a b e l  i n  c i r c u l a t i o n  i n  th e  e x t r a 

c e l l u l a r  f l u i d ,  w hich i n  t u r n  w i l l  depend on th e  am ount i n 

j e c t e d .  T h e r e fo r e ,  th e  R e la t iv e  S p e c i f i c  A c t iv i t y  (R .S .A * ),

i . e . ,  th e  s p e c i f i c  a c t i v i t y  o f  th e  compound d iv id e d  by th e  

s p e c i f i c  a c t i v i t y  o f  a n o th e r  compound in  th e  same c e l l  (su c h



TABLE 18.
The E f f e c t  o f  Changes in  E nergy  In ta k e  (C a rb o h y d ra te )  on 

th e  Amount o f  RNAP p e r  L iv e r .

P r o te in - F r e e  D ie t

E x p t.
No.

No • o f  
r a t s  p e r  
e x p t .

E nergy L e v e ls
Amount o f
RNAP p e r  
L iv e r

Change i n  
RNAP p e r  
l i v e r  p e r  
1000 C a l.Low H igh Low

energy
H igh
Energy

C a ls  • /  sq .m • C a ls/sqm. mg. mg. mg.

1 12 855 1618 3 .2 7 3 .8 1 + 0 .6 5
2. 8 820 1790 3 .1 8 3 .7 0 + 0 .47
3 6 663 1385 3 .1 5 2 .9 0 -0 .3 3
4 8 645 1371 2 .7 3 2 .8 7 + 0 .21
5 6 889 1905 3 .1 3 3 .3 5 + 0 .17
6 6 858 1812 3 .2 9 3 .6 0 + 0 .2 5
7 6 832 1848 2 .7 6 3 .2 6 +0 .19
8 6 850 1847 2 .7 7 2 .8 6 + 0 .11

W eight
ed  Mean 58 — _ + 0 .26R e g re s 
s io n s

P r o te in - C o n ta in in g  D ie t

1 8 725 1413 2 .7 5 3 .7 8 + 1 .51
2 8 627 1543 3 .8 4 4 .6 0 + 0 .92
3 8 813 1715 3 .2 5 4 .2 9 + 1.03

W eight
ed  Msan
R e g re s  24 - -  _ - . - + 1 .09
s io n s



a s  in o r g a n ic  P) e x p re s s e d  a s  a  p e r c e n ta g e ,  i s  more u s e f u l  

and  e l im in a te s  th e  d i f f e r e n c e  i n  th e  r a t e s  o f i n c o r p o r a t io n  

o f  th e  l a b e l  i n to  th e  i n t r a c e l l u l a r  p h o sp h a te  in  d i f f e r e n t  

t i s s u e s .

The s p e c i f i c  a c t i v i t y  and th e  R .S .A . m easu re  th e  p r o 

p o r t io n  o f  m o le c u le s  r e p la c e d  i n  a  g iv e n  tim e . I f  th e  am ount 

o f  th e  compound p r e s e n t  i s  l a r g e ,  th e  t o t a l  am ount sy n 

th e s i s e d  may be q u i te  l a r g e ,  b u t  th e  p r o p o r t io n  r e p la c e d  i n  a  

g iv e n  tim e  may be s m a l l .  I n  o r d e r  to  o b ta in  th e  t o t a l  

amount o f  RNAP s y n th e s i s e d  p e r  l i v e r ,  we can m u l t ip ly  th e  

R .S .A . by th e  t o t a l  amount p r e s e n t .  Our r e s u l t s  h a v e , t h e r e 

f o r e ,  b een  e x p re s s e d  i n  th e  f o l lo w in g  w ays:

i .  th e  s p e c i f i c  a c t i v i t y  = c o u n ts  p e r  m in . p e r  100 ;ug. P ,

i i .  th e  r e l a t i v e  s p e c i f i c  a c t i v i t y  (R .S .A .)  ® s p e c i f i c  

a c t i v i t y  o f  a  compound d iv id e d  by th e  s p e c i f i c  a c t i v i t y  o f  

in o rg a n ic  P e x p re s s e d  as a  p e rc e n ta g e ,  

and  i i i .  th e  t o t a l  amount o f  r a d i o a c t i v i t y  o f  a  compound p e r  

l i v e r  = R .S .A . m u l t i p l i e d  by th e  amount o f  t h a t  compound p e r  

l i v e r .

RESULTS.

a .  E nergy In ta k e  and  th e  Q u a n tity  o f  RNA i n  th e  L i v e r :

T ab le  18 g iv e s  th e  s t a t i s t i c a l  a n a l y s i s  o f  th e  e f f e c t  o f  

changes in  en e rg y  in ta k e  on th e  amount o f  RNA i n  r a t  l i v e r ,  

when th e  a n im a ls  a r e  k e p t  on p r o t e i n - c o n t a i n i n g  an d  p r o t e i n -
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f r e e  d i e t s .  The l a s t  colum n g iv e s  th e  r e g r e s s io n  c o e f f i 

c i e n t s  r e p r e s e n t i n g  th e  change p ro d u ce d  o v e r a  4 -day  p e r io d  

by an  in c re m e n t in  e n e rg y  in ta k e  o f 1000 C a l. p e r  sq .m . o f  

body s u r f a c e  a r e a .  The in f lu e n c e  o f  p r o t e i n  in ta k e  on th e  

m agn itude  o f  t h i s  change i s  s t r i k i n g ,  and h ig h ly  s i g n i f i c a n t .  

When e x p re s s e d  as  a  p e rc e n ta g e  o f th e  amount o f  RNA i n  th e  

l i v e r  p r e s e n t  a t  a n  e n e rg y  in ta k e  o f 1200 G a l . , w hich  i s  

j u s t  a d e q u a te  f o r  w e ig h t m a in te n a n c e , th e  r e g r e s s io n  c o 

e f f i c i e n t s  r e p r e s e n t  changes o f  28.6/o on th e  p r o t e i n - c o n t a i n 

in g  d i e t ,  and 8*1 %  on th e  Td i e t  d e v o id  o f  p r o t e i n ;  i . e . ,  

when an  a n im a l i s  g iv e n  p r o t e i n ,  a  change in  en e rg y  in ta k e  

o f  1000 C a l. i n c r e a s e s  th e  RNA i n  th e  l i v e r  by 2 8 • 6 / o  o f  w hat 

i t  c o n ta in s  when th e  en erg y  in ta k e  i s  1200 G a l . ,  b u t  o n ly

8 -1 ^  i n  th e  c a s e  o f p r o t e i n - f r e e  d i e t s .

32b . E nergy In ta k e  and  P in c o r p o r a t io n  in to  RNA, o f  L iv e r  :

i . V a r ia t io n s  i n  e n e rg y  i n ta k e  fro m  a dd i t i o n  o f

C a rb o h y d ra te . ^he in f lu e n c e  o f  in c r e a s in g  en erg y  in ta k e
32on th e  i n c o r p o r a t io n  o f  P in to  th e  RNA o f  th e  l i v e r  i s  

shown in  T ab le  1 9 . In  th e  c a se  o f  r a t s  r e c e iv in g  p r o t e i n  

i n  th e  d i e t ,  th e  r e l a t i v e  s p e c i f i c  a c t i v i t y  (R .S .A -) te n d s  

to  f a l l  s l i g h t l y  a s  e n e rg y  in ta k e  r i s e s ,  w h e re a s , o n  a  

p r o t e i n - f r e e  d i e t ,  t h e r e  i s  an a p p re c ia b le  r i s e  i n  th e  R .S .A - 

C a lc u la t in g  th e  R .S .A . i s  one m ethod o f  c o r r e c t i n g  f o r  

d i f f e r e n c e s  n o t ic e d  in  th e  in o rg a n ic  P a c t i v i t y  o f  d i f f e r e n t



TABLE 20.

The e f f e c t  o f  ch an g es i n  e n erg y  in ta k e  (c a rb o h y d ra te )  

on th e  r e l a t i v e  s p e c i f i c  a c t i v i t y  o f  l i v e r  RNAP. 32P 
i n j e c t e d  24 h o u rs  b e fo re  k i l l i n g .

P r o te in - F r e e  D ie t

E x p t.
No. o f  
R a ts

E nergy  L e v e ls R .S .A . o f  RNAP Change i n  
R .S .A .
p e r  1000 
C a l.

No. p e r  e x p t . Low H igh Low
E nergy

H igh
E nergy

C a l . / s q .m . C a l . / s q .n L*

1 8 813 1793 3 8 .2 4 8 .4 + 9 .6 8
2 14 653 1373 3 9 .1 4 2 .7 4 4 .5 7
3 8 820 1891 3 4 .1 5 4 .2 + 18.34
4 4 823 1817 1 4 .2 1 8 .4 + 4 .28

34 +10•33

H ig h -P ro te in  D ie t

1 8 813 1715 . 3 7 .9 3 5 .5 —2 .4 4
2 8 670 1471 3 4 .8 3 7 .8 + 3 .42

16 + 1.23



l i v e r s .  An a l t e r n a t i v e  method, o f c o r r e c t i n g  f o r  th e s e  

d i f f e r e n c e s  i s  p ro v id e d  by  th e  s t a t i s t i c a l  p ro c e d u re  known 

a s  c o -v a r ia n c e  a n a ly s i s  (S n e d e c o r , 1946) w h ich  g iv e s  v a lu e s  

t h a t  w ould have  b e en  o b ta in e d  had  th e  s p e c i f i c  a c t i v i t y  o f  

th e  in o rg a n ic  P b een  th e  same f o r  a l l  l i v e r s .  T h is  c o r 

r e c t i o n  i s  made s o l e l y  fro m  th e  e v id e n c e  o f  th e  r e l a t i o n s h i p  

be tw een  th e  s p e c i f i c  a c t i v i t i e s  o f  th e  RNAP and o f  th e  i n 

o rg a n ic  P p ro v id e d  by th e  e x p e rim e n t i t s e l f .  The f i g u r e s  

th u s  o b ta in e d  (colum n 6 o f th e  T a b le )  c o n firm  th e  p i c t u r e  

shown by th e  s tu d y  o f  th e  R .S .A .

The r e s u l t s  d is c u s s e d  above a r e  r e p r e s e n t a t i v e  o f  a  

s e r i e s  o f  o b s e r v a t io n s  on r a t s  k i l l e d  24 h o u rs  a f t e r  i n 

j e c t i o n  o f  ^ 2P. Over th e  w hole s e r i e s ,  33 r a t s  r e c e iv e d  th e  

p r o t e i n - f r e e  d i e t  and 18 w ere g iv e n  tn e  p r o t e in - c o n ta in in g  

d i e t ,  th e  en e rg y  in ta k e  ra n g in g  from  600 to  1900 C a l. p e r  

sq .m . o f  body  s u r f a c e  a r e a .  The change in  th e  R.S.A* i n 

duced  by th e  a l t e r a t i o n s  in  e n e rg y  in ta k e  o v e r  t h i s  ran g e  

i s  e x p re s s e d  by th e  r e g r e s s io n  c o e f f i c i e n t s  p e r  1000 Cal. 

p e r  sq .m . (T ab le  2 0 ) ,  nam ely + 1 0 .3  f o r  th e  p r o t e i n - f r e e  

d i e t  and  + 1 .2  f o r  th e  p r o te in - c o n ta in in g  d i e t .  T ak in g  th e  

R .S .A . a t  1200 C a l. a s  th e  r e f e r e n c e  s ta n d a r d ,  th e s e  r e 

g r e s s io n  c o e f f i c i e n t s  r e p r e s e n t  a  change o f  + 2 6 . 5 and 

+ 3 .4 /  r e s p e c t i v e l y  in  th e  R .S .A . The change in  th e  r a t e  o f  

i n c o r p o r a t io n  i s  s i g n i f i c a n t  f o r  th e  p r o t e i n - f r e e  d i e t  

(P < 0 .0 1 )  b u t  n o t  f o r  th e  p r o te in - c o n ta in in g  d i e t .  The



TABLE 21.
The e f f e c t  o f  in c r e a s in g  a d d i t i o n s  o f  e n e rg y  (c a rb o 
h y d r a te )  t o  a  p r o t e i n - f r e e  d i e t .  The a n im a ls  w ere 
f i r s t  f e d  th e  d i e t  a t  a  l e v e l  o f  1200 C a l . / s q .m . , f o r  
1 w eek, and  th e n  r e c e iv e d  d i f f e r e n t  e n e rg y  in ta k e s  f o r  
4 days (3 r a t s  p e r  g ro u p ) .  32P i n j e c t e d  24 h r s .  b e fo re  
k i l l i n g .

E nergy
In ta k e

R .S .A .
o f  RNAP

C a l . / s q .m .
683 2 2 .9

1000 2 5 .7
1407 2 8 .5
1917 32 *4

R e g re s s io n  c o e f f i c i e n t :  + 7 .51  p e r  1000 C a l.

A n a ly s is  o f  V a r ia n c e .

S ou rce  o f D egrees o f Sums o f Mean V a ria n ce
V a r ia t io n Freedom S q u ares S quare r a t i o ,  P

Betw een
r e p l i c a t e s 2 68 ,4 8 5 34 ,243 2 1 .0

Betw een
e n e rg y 3 14 ,593 4 ,8 6 4 2 . 99
l e v e l s
L in e a r 1 1 4 ,569 14 ,569 8 .9 4 *r e g r e s s io n
D e v ia t io n s
from 2 24 12 0 .0 0 7
l i n e a r i t y

R e s id u a l
E r ro r 6 9 ,773 1 ,629 -

The P v a lu e  f o r  th e  5 %  l e v e l  i s  5 .9 9 , and  f o r  th e  
1 f o  l e v e l  1 3 .7 4  ( f o r  n -j= l, ^ = 6 ) .  T hus, th e  r e g r e s s io n
i s  s i g n i f i c a n t .  T here  i s  no s i g n i f i c a n t  d e v ia t io n  
fro m  l i n e a r i t y .
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p o o le d  d a ta  fro m  a l l  th e  e x p e r im e n ts  i s  th u s  i n  ag reem en t 

w i th  th e  s in g l e  e x p e r im e n t q u o te d  i n  T ab le  19 .

To c o n f irm  th e  m ag n itu d e  o f th e  change fo und  in  th e  

c a se  o f  th e  p r o t e i n - f r e e  d i e t ,  a  f u r t h e r  e x p e rim e n t was 

c a r r i e d  o u t i n  w h ich  4 l e v e l s  o f  en e rg y  in ta k e  were o b ta in e d  

by a d d in g  g lu c o s e  to  th e  p r o t e i n - f r e e  d i e t .  The r e s u l t s  

shown i n  T ab le  21 and P i g . 7 remove a l l  doubt a s  to  th e  l i n e a r  

r e l a t i o n s h i p  betw een  e n e rg y  in ta k e  and R .S .A . o f  th e  RHAP* 

A g a in , u s in g  th e  v a lu e  a t  1200 C a l. p e r  sq .m . as r e f e r e n c e  

s t a n d a r d ,  and c a l c u l a t i n g  th e  r e g r e s s io n  c o e f f i c i e n t ,  i t  was 

fo und  t h a t  an  in c r e a s e  o f  1000 C a l.  p e r  sq .m . body s u r f a c e  

a r e a  r e s u l t e d  i n  a  2 7 .8 ^  in c r e a s e  i n  th e  R.S.A* (P < 0 * 0 5 ) .

The r e s u l t s  d is c u s s e d  so  f a r  d e a l  w ith  v a lu e s  o b ta in e d
3 224 h o u rs  a f t e r  i n j e c t i o n  o f  P . The same p i c t u r e  was ob

t a i n e d  w ith  r a t s  k i l l e d  a t  s h o r t e r  tim e  i n t e r v a l s .  On 

a c c o u n t o f  th e  amount o f  work in v o lv e d , th r e e  d i e t a r y  g roups 

w ere c h o sen  t o  p ro v id e  th e  n e c e s s a ry  c o n t r a s t s  (se e  T ab le  1 9 ) ,  

n am ely , a n im a ls  r e c e iv in g  th e  p r o t e i n - f r e e  d i e t  a t  h ig h  and  

low l e v e l s  o f e n e rg y  in t a k e ,  an d  th o se  r e c e iv in g  th e  p r o t e i n -  

c o n ta in in g  d i ^  a t  th e  h ig h e r  p la n e  o f  e n erg y  in ta k e .  They 

w ere i n j e c t e d / ^ P  a t  th e  u s u a l  tim e  on th e  l a s t  day o f  th e  

4 -d a y  p e r io d ,  an d  s a c r i f i c e d  a t  4 h o u rs ,  8 h o u rs  and 24 h o u r s .

a f t e r  i n j e c t i o n .  The R .S .A . o f  a n im a ls  f e d  th e  p r o t e i n  f r e e

d i e t  a t  th e  h ig h e r  p la n e  o f  e n erg y  in ta k e  w ere th e  g r e a t e s t  

a t  a l l  tim e  i n t e r v a l s  s tu d ie d  (T ab le  22 and P i g . 8 ) .  I n  t h i s



e x p e rim e n t th e  s p e c i f i c  a c t i v i t i e s  o f  th e  i n d iv id u a l  n u c le o 

t i d e s  w ere a l s o  s t u d i e d  by c a r r y in g  o u t a  lo n g  io n o p h o re s is  

r u n .  T ab le  22 show s, i n  a d d i t i o n ,  t h a t  u n d e r th e  same c o n 

d i t i o n s  o f  d i e t  and  tim e  a f t e r  i s o to p e  i n j e c t i o n ,  th e  v a r io u s  

n u c le o t id e s  in c o r p o r a te  ^ 2P to  e s s e n t i a l l y  th e  same e x te n t .  

E ach  n u c le o t id e  shows a  h ig h e r  i n c o r p o r a t io n  r a t e  when ob

t a i n e d  fro m  a n im a ls  on th e  p r o t e i n - f r e e  d i e t  a t  th e  h ig h e r  

l e v e l  o f en e rg y  i n t a k e ,  th a n  i n  th e  o th e r  g ro u p s . S in c e  

c o n ta m in a n ts  c o u ld  h a rd ly  a f f e c t  a l l  n u c le o t id e  f r a c t i o n s  

s i m i l a r l y ,  th e s e  f i g u r e s  r u l e  o u t  th e  p o s s i b i l i t y  t h a t  any 

r a d i o a c t i v e  c o n ta m in a n t p la y s  a  s i g n i f i c a n t  p a r t  i n  a c c o u n t

in g  f o r  th e  d i f f e r e n c e s  o b se rv e d  in  P in c o r p o r a t io n  in to  

RNA on d i f f e r e n t  d i e t s .  The s p e c i f i c  a c t i v i t y  o f  th e  a c i d -  

s o lu b le  o rg a n ic  p h o sp h a te  f r a c t i o n  (S ^ ) , e s t im a te d  i n  t h i s  

e x p e r im e n t, i s  n o t  s i g n i f i c a n t l y  a l t e r e d  by th e  n a tu r e  o f
•zo

th e  d i e t  a t  any o f  th e  t i m e - i n t e r v a l s  a f t e r  i n j e c t i o n  o f  P 

(s e e  a l s o  T ab le  1 9 ) .  T h is  f r a c t i o n  c o n ta in s  compounds su c h  

a s  a d e n y l ic  a c i d ,  ADP, ATP, p h o s p h o -g ly c e r ic  a c i d ,  g ly c e r o -  

p h o sp h o r ic  a c i d  and g lu c o s e - I - p h o s p h a te ,  and  from  o u r  r e 

s u l t s  we s e e  t b a t ,  a t  th e s e  tim e  i n t e r v a l s ,  th e  changes 

shown by RNAP i n  r e l a t i o n  to  d i e t  a re  n o t  p a r a l l e l e d  by 

changes i n  p h o s p h o ry la t io n  i n  g e n e r a l .  T hese d a ta  fro m  th e  

f r a c t i o n  a l s o  p ro v id e  a n o th e r  im p o r ta n t  s a f e g u a r d ,  nam ely 

t h a t  th e  i n t r a - c e l l u l a r  p h o sp h a te  has a  s p e c i f i c  a c t i v i t y



TABLE 23.

C om parison  o f  th e  e f f e c t  on u p ta k e  b y  l i v e r  RNA o f  
a d d in g  f a t  to  a  p r o t e i n - f r e e  d i e t  w ith  th e  e f f e c t  o f  
a d d in g  c a rb o h y d ra te  (3 r a t s  p e r  g ro u p ) .

■' .—.............—
S ource  o f D a ily R. S •A• o f
en e rg y e n e rg y R E P
v a r i a t i o n in ta k e

c a l . /  sq .m .

C arbo 1000 2 5 .7
h y d ra te 1920 3 2 .4

P a t 980 2 3 .2
1900 3 0 .5

A n a ly s is  o f  V a r ia n c e :

S o u rce  o f  V a r ia t io n D egrees o f  
freed o m

Sums o f 
S q u ares

Mean
Square

V a ria n ce  
r a t i o  (P)

Betw een e n e rg y  
l e v e l s

Betw een c a rb o h y d r 
a t e  & f a t

I n t e r a c t i o n
R e p l ic a te s

1

1

1
2

14 ,770

1 ,4 3 0

37
51 ,521

14 ,770

1 ,430

37
25 ,760

7 .8 7 *

0 .7 5

0 .0 2
1 3 .7

R e s id u a l  E r r o r 6 11 ,2 6 5 1 ,877 -

P = 5 .9 9  a t  th e  5/p l e v e l  and 13 .74  a t  I f o  l e v e l .  T h e re fo re ,  
th e  in f lu e n c e  o f  e n e rg y  in ta k e  i s  s i g n i f i c a n t ,  b u t  th e  e f f e c t  
o f  c a rb o h y d ra te  does n o t  d i f f e r  from  t h a t  o f  f a t  ( i n t e r a c t i o n  
n o t s i g n i f i c a n t ) .



p a r a l l e l  to  t h a t  o f  th e  In o rg a n ic  p h o s p h a te . T h is  i s  i n  

agreem ent w i th  th e  s u g g e s t io n  o f  K a lc k a r  e t  a l*  (1944) t h a t  

th e  c o r r e c t i o n  f o r  e x t r a - c e l l u l a r  p h o sp h a te  in  th e  l i v e r  i s  

sm a ll  on a c c o u n t o f th e  r a p id  p e n e t r a t i o n  o f  th e  p h o sp h a te

in to  th e  l i v e r  c e l l s .  V enkataram an e t  a l . ( 1 9 5 0 )  h o ld  t h a t
32any e v a lu a t io n  o f  th e  i n t r a - c e l l u l a r  in o rg a n ic  P on th e  

b a s i s  o f  th e  e x t r a - c e l l u l a r  sp a c e  o f th e  t i s s u e  i s  i n v a l i d ,  

b u t  i t  s h o u ld  be n o te d  t h a t  th e  tim e  i n t e r v a l s  a t  w h ich  

t h e i r  s t u d i e s  w ere made w ere v e ry  s m a l l ,  th e  a n im a ls  b e in g  

k i l l e d  w i th in  5 m in- o f  th e  i n j e c t i o n  o f  th e  r a d i o a c t i v e  

l a b e l .  F u r t h e r ,  i n  a l l  o u r  e x p e r im e n ts ,  th e  l i v e r s  were

p e r fu s e d  w ith  s a l i n e ,  to  r e d u c e  c o n ta m in a tio n  o f  i n t r a 

c e l l u l a r  w i th  e x t r a - c e l l u l a r  p h o sp h a te .

V a r ia t io n s  in  e n erg y  in ta k e  from  a d d i t i o n  o f  F a t :

The e x p e r im e n ts  d e s c r ib e d  so  f a r  have d e a l t  w i th  changes 

c a u se d  by a l t e r a t i o n s  in  e n e rg y  in ta k e  i n  th e  form  o f  c a rb o 

h y d r a te .  The e f f e c t  o f a d d in g  f a t  to  a  p r o t e i n - f r e e  d i e t

was s tu d i e d  n e x t .  One s e r i e s  o f  r a t s  was m a in ta in e d  on an  

e n e rg y  in ta k e  o f  1200 Gal« p e r  sq .m . by a d d in g  f a t ,  and  a n o th e r  

s e r i e s  by a d d in g  c a rb o h y d ra te  t o  a  b a s a l  p r o t e i n - f r e e  d i e t  

f o r  one w eek , a t  th e  end  o f  w hich  tim e  d i f f e r e n t  e n erg y  

l e v e l s  w ere o b ta in e d  i n  e a c h  s e r i e s  by v a ry in g  th e  amount o f  

f a t  o r  c a rb o h y d ra te  f e d .  The r e s u l t s ,  g iv e n  i n  T ab le  2 3 , 

show t h a t  f a t  and  c a rb o h y d ra te  a r e  e q u a l ly  e f f e c t i v e  i n



TABLE 24.
The e f f e c t  o f  a d d in g  c a rb o h y d ra te  o r  f a t  to  a  p r o t e i n - f r e e  
d i e t  on th e  i n c o r p o r a t io n  o f 32P in to  RNA o f  l i v e r .  The 
r a t s  r e c e iv e d  th e  d i e t  f o r  7 days a t  a  l e v e l  o f  1200 C a l. 
p e r  sq .m . Then e n e rg y  in ta k e  was v a r i e d  o v e r a  4 -day  
p e r io d ,  so t h a t  one ( b a s a l )  g ro u p  r e c e iv e d  832 C a l.  p e r  
sq .m . p e r  d a y , a  se co n d  g ro u p  1879 C a l. p e r  day by a d d in g  
c a rb o h y d ra te  to  th e  b a s a l  d i e t ,  and a  t h i r d  g roup  1818 C a l.  
p e r  day  by  a d d in g  f a t  to  th e  b a s a l  d i e t  (3 r a t s  p e r  g ro u p ) . 
5 ^P was i n j e c t e d  24 h r s .  b e fo r e  k i l l i n g .

D ie t E nergy
In ta k e

R .S .A .
o f  RNA.P

C a l .p e r  sq .m .
B a sa l 832 1 9 .7
B a s a l  +
c a rb o h y d ra te 1879 2 3 .8
B a sa l + f a t 1818

i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CO3

A n a ly s is  o f  V a r ia n c e :

S o u rce  o f  
V a r ia t io n

D egrees o f  
Freedom

Sums o f 
S q u a re s

Mean
S quare

V a ria n ce  
r a t i o  (P)

B etw een d i e t s  
Betw een

2 4 ,4 2 4 2 ,2 1 2 3 .4 7

e x p e r im e n ts 2 69 ,520 34 ,7 6 0 54 .4

R e s id u a l  e r r o i ' 4
2 ,5 5 2 638 -

The P v a lu e  a t  5$ l e v e l  o f  s ig n i f i c a n c e  i s  6 .9 4 . 
The e x p e rim e n t th e r e f o r e  f a l l s  s h o r t  o f  a s t a t i s t i c a l  
d e m o n s tra tio n  t h a t  c a rb o h y d ra te  and  f a t  b o th  r a i s e  th e  
r a t e  o f  i n c o r p o r a t io n  in to  RNA. However, th e  m agni
tu d e  o f  th e  change i s  o f  th e  same o r d e r  a s  i n  th e  p r e 
c e d in g  e x p e r im e n t.



TABLE 25.
The e f f e c t  o f  g lu c o s e  a d m i n i s t r a t io n ,  d u r in g  a  24 h o u r 
p e r io d  fo l lo w in g  h ig h  an d  low p r o t e i n  d i e t s ,  on th e  amount 
o f  RNAP p e r  l i v e r  and  on th e  r a t e  o f in c o r p o r a t io n  o f  ^2p  
i n to  RNA (4 r a t s  p e r  g ro u p ) .  32P was i n j e c t e d  24 h r s .  
b e f o r e  k i l l i n g .

D ie t
I n i t i a l  
body 
wt •

D a ily  e n 
e rg y  i n 
ta k e  on 
d i e t

Pood d u r 
in g  f i n a l  
24 h r s .

RNAP
p e r
l i v e r

S p . a c t i 
v i t y  o f
RNAP

S p . a c t i -  
v i t y  o f  
In o rg .
P

R .S .A .
o f
RNAP

P r o te in -
c o n ta in 
in g

S-

226
230

Cal./&q.m

1680
1680

G lucose
None

mg.

5 .0 9  
4 .6 5

c.p.m./ 
100 u g P

611
641

c.p.m ./ 
100 u g P

1525
1742

3 9 .9
3 6 .7

P ro te in -
f r e e

233
230

1705
1725

G lucose
None

4 .2 2
4 .5 6

986
1182

2044
2227

4 8 .2
5 3 .2

A n a ly s is  o f  V a ria n c e  o f  Amount o f RNAP p e r  L i v e r :

S o u rce  o f  
V a r ia t io n

D egrees o f 
Freedom

Sums o f  
S q u ares

Mean
S quare

V a ria n ce  
r a t i o  (P)

B etw een p r o 
t e i n  l e v e l s 1 9313 9313 7 .6 3 *

Betw een g lu 
c o se  & no 
g lu c o s e

1 91 91 0 .0 8 +

I n t e r a c t i o n 1 6161 6161 5 .0 5 *

Res id u a l E r r o r 12 14651 1221 -

The F v a lu e  a t  5 /  i s  4 .7 5  and  a t  1 f o  l e v e l  i s  9 .3 3 . 
T h u s, a  p re v io u s  in ta k e  o f  p r o t e in  com bined w i th  
g lu c o se  d u r in g  th e  f i n a l  24 h r s .  ( i n t e r a c t i o n )  gave a 
s i g n i f i c a n t l y  h ig h e r  am ount o f  RNA p e r  l i v e r .



TABLE 25 (Contd*)*

Analysis of Variance of R.S.A. of RNAP*

S o u rce  o f  
V a r ia t io n

D egrees o f  
Freedom

Sums o f 
S q u a res

Mean
S q u are

V a ria n ce  
r a t i o  (F)

B etw een p r o 
t e i n  l e v e l s

1 654 654 11 .28**

B etw een g l u 
co se  & no 
g lu c o s e

1 6 6 0 .1 1 +

I n t e r a c t i o n 1 80 80 1 .3 7 +

R e s id u a l  E rro r 12 696 58 -

F i s  9*33 a t  1 %  an d  4*75 a t  h f 0  le v e l*  T hus, 
th e  o n ly  f a c t o r  a f f e c t i n g  th e  r e l a t i v e  s p e c i f i c  
a c t i v i t y  i s  th e  p re v io u s  p r o t e i n  l e v e l ,  and  n o t  th e  
im m edia te  in ta k e  o f  g lu c o s e .



s t i m u l a t i n g  th e  r a t e  o f  i n c o r p o r a t io n  o f  32P i n to  RNA* An 

a d d i t i o n a l  e x p e r im e n t w ith  f a t  (T ab le  24} co n firm ed  t h i s  

r e s u l t .  In  t h i s  e x p e r im e n t ,  how ever, a l l  th e  a n im a ls  w ere 

on th e  same b a s a l  d i e t ,  and  in  th e  4 -d ay  p e r io d ,  th e  e n e rg y  

in ta k e  was a l t e r e d  by a d d in g  f a t  o r  c a rb o h y d ra te .  The 

m ag n itu d e  o f  th e  changes p ro d u ced  by th e  a d d i t i o n  o f  en erg y  

were o f  th e  same o rd e r  as i n  th e  p re c e d in g  e x p e r im e n t, 

th o u g h  th e  v a lu e s  f a l l  s h o r t  o f  s t a t i s t i c a l  s i g n i f i c a n c e ,

c .  The Im m ediate  E f f e c t  o f Changes i n  th e  N u t r i t i o n a l  S t a t e : 

An a tte m p t  was made to  s tu d y  th e  m echanism  u n d e r

ly in g  th e  above changes in  RNAP s y n th e s i s  i n  two f u r t h e r  

e x p e r im e n ts .  I n  th e  f i r s t ,  r a t s  were f e d  e i t h e r  a  p r o t e i n -  

c o n ta in in g  o r  a  p r o t e i n - f r e e  d i e t  a t  a  h ig h  l e v e l  o f  energy  

in ta k e  f o r  a week an d  th e n  i n j e c t e d  w ith  l a b e l l e d  p h o sp h a te . 

A f t e r  th e  i n j e c t i o n ,  h a l f  o f  e a c h  g roup  w ere g iv e n  g lu co se  

ad  l i b , and  th e  r e s t  f a s t e d .  A l l  th e  an im a ls  were k i l l e d  

24 h o u rs  a f t e r  th e  i n j e c t i o n .  The d a ta  (T ab le  25) show 

t h a t  th e  r a t e  o f  in c o r p o r a t io n  was s i g n i f i c a n t l y  in f lu e n c e d  

by th e  p re v io u s  d i e t  and n o t  by th e  im m ediate in g e s t io n  o f  

g lu c o s e .  The g ro u p  on th e  p r o t e i n - f r e e  d i e t  d id  n o t lo s e  

t h e i r  h ig h e r  i n c o r p o r a t io n  r a t e  when f a s t e d  f o r  24 h o u rs ,  

n o r  d id  th e  h ig h - p r o t e in  g roup  show an  in c r e a s e d  in c o rp o ra 

t i o n  r a t e  when f e d  g lu c o se  a d  l i b . f o r  a whole d a y . T h is 

p i c t u r e  i s  a m p l i f i e d  by th e  n e x t e x p e r im e n t, i n  w h ich  a l l  

th e  a n im a ls  w ere f e d  a  d i e t  p ro v id in g  an a d e q u a te  amount
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o f  p r o t e i n  and  e n e rg y  (1700 C a l.  p e r  s q .m . ) .  A t th e  end  o f  

a  week h a l f  th e  r a t s  w ere g iv e n  a  p r o t e i n - f r e e  d i e t ,  a n  

i s o - c a l o r i c  am ount o f  c a rb o h y d ra te  b e in g  s u b s t i t u t e d  f o r  

th e  p r o t e i n .  T h e r e a f t e r ,  g roups o f th r e e  r a t s  on e ac h  

d i e t  w ere k i l l e d  d a i l y ,  h a v in g  b een  i n j e c t e d  w ith  l a b e l l e d  

p h o sp h a te  24 h o u rs  p r e v io u s ly .  The t r a n s f e r  to  th e  p r o t e i n -  

f r e e  d i e t  p ro d u ced  an  im m ediate  r e d u c t io n  in  th e  am ount o f  

RNAP i n  th e  l i v e r .  The r a t e  o f  in c o r p o r a t io n  o f  ^ P ,  

how ever, r e g i s t e r e d  a  f a l l  on th e  f i r s t  d a y , fo llo w e d  by 

th e  e x p e c te d  h ig h e r  l e v e l  fro m  th e  seco n d  day onw ards (P ig . 

9 ) .  The g ro u p  t h a t  c o n tin u e d  to  g e t  th e  p r o te in - c o n ta in in g  

d i e t  showed a  c o n s ta n t  am ount o f  RNAP i n  th e  l i v e r  and no

s i g n i f i c a n t  a l t e r a t i o n  in  th e  r a t e  o f  in c o r p o r a t io n  o f  3^P

( P i g .9 ) .  B o th  th e s e  e x p e r im e n ts  i n d ic a t e  t h a t  a  change i n  

th e  n u t r i t i o n a l  c o n d i t io n  i s  n o t im m ed ia te ly  fo llo w e d  by a n  

a l t e r a t i o n  in  th e  u p ta k e  o f  ?  by  RNA.

d . The U ptake o f  52P by RNA i n  T is su e  S l i c e s  : Two e x p e r i 

m ents w ere c a r r i e d  o u t  w ith  l i v e r  s l i c e s  t o  f i n d  o u t  w he ther 

t h i s  e f f e c t  o f  th e  a d d i t i o n  o f  c a rb o h y d ra te  on th e  in c o r 

p o r a t io n  o f  *“̂ P  i n t o  th e  RNA c o u ld  be  d e m o n s tra te d  in  th e  

i s o l a t e d  l i v e r .  The anim als w ere p re p a re d  a s  b e f o r e ,  b e in g  

f e d  a  p r o t e i n - c o n t a i n i n g  o r  a  p r o t e i n - f r e e  d i e t  f o r  a  p r e 

l im in a ry  p e r i o d ,  and  e a c h  g ro u p  th e n  d iv id e d  i n to  tw o, 

g lu c o s e  b e in g  ad d ed  to  th e  d i e t s  o f  some to  change th e  l e v e l



TABLE 26.

The e f f e c t  o f p re v io u s  l e v e l s  o f  energy  
in ta k e  (c a rb o h y d ra te )  on th e  u p tak e  o f  32P 
by RNA i n  l i v e r  s l i c e s .  The s l i c e s  were 
in c u b a te d  f o r  3 h o u rs  a t  37°G in  K re b s-  
R in g e r - b ic a r b o n a te  b u f f e r  c o n ta in in g  added

(Mean o f 2 e x p e rim e n ts  p e r  o b s e r v a t io n ) .

D ie t
R e la t iv e  S p e c i f i c  A c t iv i t y  o f  RNAP

Low E nergy  L e v e l H igh E nergy L ev e l

P r o t e in -
c o n ta in in g

2 .2 7 2 .3 8

P r o t e in -
f r e e 2 .4 1 4 .2 5



o f  e n e rg y  in t a k e .  A t th e  end o f  a  4 -d a y  p e r io d ,  th e  a n im a ls  

w ere k i l l e d  and  s l i c e s  o f  l i v e r  in c u b a te d  in  K re b s -R in g e r-  

B ic a rb o n a te  b u f f e r  c o n ta in in g  a sm a ll amount o f  S2P. The 

r e s u l t s  a r e  g iv e n  i n  T ab le  2 6 . In  th e  c a se  o f  l i v e r  s l i c e s ,  

a s  in  th e  c a s e  o f  th e  w hole a n im a l, we f i n d  a  s i g n i f i c a n t  

in c r e a s e  in  th e  R .S .A . o f  th e  R E P  when th e  en e rg y  in ta k e  

was r a i s e d  i n  th e  p r o t e i n - f r e e  d i e t .

e * The U ptake o f  5§S by  P r o te in  i n  T is sue S l i c e s : Two

e x p e r im e n ts  w ere c a r r i e d  o u t on l i v e r  s l i c e s ,  s u b s t i t u t i n g
35a  sm a ll  amount o f  S - l a b e l l e d  m e th io n in e  f o r  th e  l a b e l l e d  

p h o sp h a te  i n  th e  p re v io u s  e x p e r im e n ts . In  th e  f i r s t ,  two

r a t s  w ere f e d  a  p r o t e i n - f r e e  d i e t  a t  a  h ig h  and a  low l e v e l

o f  e n e rg y  in t a k e .  The a c t i v i t y  o f th e  a l k a l i  d ig e s t  o f  th e  

T C A - in s o lu b le - l ip id ”f r e e  r e s id u e  was 1866 co u n ts  p e r  m in. 

p e r  mg. p r o t e i n  N, i n  th e  a n im a l t h a t  had  been  on a  h ig h  

l e v e l  o f  e n e rg y  i n t a k e ,  an d  1817 c o u n ts  p e r  m in . in  th e  

o th e r  a n im a l .  In  th e  seco n d  e x p e r im e n t, two r a t s  were 

m a in ta in e d  a t  th e  same l e v e l  o f  en e rg y  in ta k e  b u t  f e d  

p r o t e i n - f r e e  and p r o te in - c o n ta in in g  d i e t s ,  and th e  a c t i v i t i e s  

w ere 1600 and  1491 c o u n ts  r e s p e c t iv e ly .  T ak ing  in to  a cc o u n t 

th e  e r r o r s  in v o lv e d  i n  th e  a c t u a l  c o u n tin g , th e  d i f f e r e n c e s  

b e tw een  th e s e  a c t i v i t i e s  do n o t  in d ic a te  a  d i f f e r e n c e  i n  

th e  r a t e  o f  i n c o r p o r a t io n  o f  th e  l a b e l  in to  th e  l i v e r  p ro 

t e i n ,  e i t h e r  w i th  changes in  en erg y  i n ta k e ,  o r  w ith  changes

i n  p r o t e i n  I n ta k e .  However, th e s e  e x p e rim e n ts  r e q u i r e  con

s i d e r a b l e  a m p l i f i c a t io n *



TABLE 27.

C om parison  o f  th e  changes in  amount o f RNA p e r  l i v e r  
and  32p u p ta k e  by RNA when e n e rg y  in ta k e  fro m  c a rb o 
h y d ra te  i s  in c r e a s e d .  R e g re s s io n  c o e f f i c i e n t s  i n d i 
c a te  th e  change p ro d u ced  by a d d in g  1000 C a l. p e r  sq .m . 
body s u r f a c e  a re a  t o  th e  d i e t ,  and have b e en  e x p re s s e d  
a s  a  $age o f  th e  amount o f  RNAP o r  th e  R .S .A . o f  RNAP 
c o rre s p o n d in g  to  an  e n e rg y  in ta k e  o f  1200 C a l. F ig u re s  
i n  b r a c k e ts  a r e  th e  num ber o f a n im a ls  p e r  e x p e r im e n t.

D ie t Method o f  
RNA i s o l a t i o n

R e g re s s io n  C o e f f i c ie n t s
T o ta l  RNAP 
p e r  l i v e r

R .S .A .
RNAP

o f

P r o te in ^

c o n ta in in g

Io n o p h o re s is + 28 .6 (24)
i

+3 #4 (16)

S c h m id t-
T h annhauser

+ 29 .2
+ 20 .8

(16)
(20) -

Io n o p h o re s is + 8 .1 (58) + 26 .5 (33)
P r o t e in - - + 2 7 .8 (12)

f r e e S c h m id t-  * + 10 .9 (16)
T hannhauser + 4 *4 (24)

* D .J .  N a is m ith fs d a t a .



DISCUSSION*

a .  E nergy  I n ta k e  and  RNA S y n t h e s i s * The e x p e rim e n ts  d e a l in g  

w i th  th e  am ount o f  RNA i n  th e  l i v e r  and  i t s  in c o r p o r a t io n  o f  

l a b e l l e d  p h o sp h a te  i n d i c a t e  t h a t  e n e rg y  in ta k e  has a  d e f in 

i t e  in f lu e n c e  on  th e  m e ta b o lism  o f  RNA. A l l  th e  d a ta  from  

e x p e r im e n ts  in v o lv in g  a  change in  en e rg y  in ta k e  from  c a rb o 

h y d ra te  a r e  shown i n  T ab le  27• The change p ro d u ced  by an 

in c re m e n t o f  1000 C a l p e r  sq .m . o f body s u r f a c e  a r e a  has 

b e e n  e x p re s s e d  as a  p e rc e n ta g e  o f  th e  amount o r  o f  th e  i n 

c o r p o r a t io n  r a t e  fo u n d  a t  a n  e n e rg y  in ta k e  o f  1200 C a l. p e r  

s q .  m. T h is  e n a b le s  one to  compare th e  m agnitude  o f  th e

a l t e r a t i o n s  in  th e  am ount and in  th e  in c o r p o r a t io n  r a t e  

c a u se d  by  v a r io u s  l e v e l s  o f  e n e rg y . The change in  th e  

am ount o f  RNA o b ta in e d  by th e  io n o p h o re t ic  e s t im a t io n  com

p a re  f a v o u ra b ly  w ith  th e  v a lu e s  o b ta in e d  by N a ism ith  (M unro, 

N a ism ith  6c W ikram anayake, 1952) u s in g  th e  l e s s  a c c u r a te  

S c h m id t-T h an n h au se r p ro c e d u re ;  h is  d a ta  a re  in c lu d e d  i n  

T ab le  27 f o r  c o m p a riso n . I t  i s  c le a r  t h a t  an  in c r e a s e  in  

th e  e n e rg y  in ta k e  by 1000 C a l. p e r  sq .m . p ro d u ces an  in c r e a s e  

i n  th e  am ount o f  RNAP i n  th e  l i v e r  o f  20 to  30$  when th e

a n im a l i s  f e d  a  p r o t e in - c o n ta in in g  d i e t  w ith o u t s i g n i f i c a n t l y
>2 0

a l t e r i n g  th e  r a t e  o f  in c o r p o r a t io n  o f  P , i . e . ,  w ith o u t a  

change i n  th e  num ber o f  P atom s r e p la c e d  In  a  g iv en  t im e .

When th e  a n im a l i s  on a  p r o t e i n - f r e e  d i e t ,  on th e  o th e r  

h a n d , th e  am ount o f  RNAP i s  s l i g h t l y  in c r e a s e d  (by 5 to  10$ ) $
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w h ile  th e  r a t e  o f  re p la c e m e n t i s  augm ented by a b o u t 2 5 $ /

T h is  i n d i c a t e s  t h a t  an  in c r e a s e  in  e n e rg y  in ta k e  c a u s e s  an  

in c r e a s e  in  th e  t o t a l  num ber o f  P atom s r e p la c e d  i n  a  u n i t  

o f  t im e , th e  in c r e a s e  b e in g  th e  same w h e th er th e  a n im a l i s  

on a  p r o t e i n - c o n t a i n i n g  o r  on a  p r o t e i n - f r e e  d i e t .  The i n 

c re a s e  i s  p ro d u c e d , i n  th e  f i r s t  c a s e ,  by an  in c r e a s e  i n  th e  

to t a ^ a m o jg ^ ,  a n d , in  th e  o t h e r ,  by a  h ig h e r  r e p la c e m e n t 

r a t e ^  T h is  i s  a l s o  d e m o n s tra te d  i n  a  d i f f e r e n t  and  a  more 

d i r e c t  way in  T ab le  1 9 . M u lt ip ly in g  th e  s p e c i f i c  a c t i v i t y

o f  th e  RNAP by  th e  t o t a l  am ount i n  th e  l i v e r  g iv e s  a  m easure
32o f  th e  t o t a l  am ount o f  P in c o r p o r a te d  p e r  l i v e r ,  and  th e s e  

v a lu e s ,  a d ju s te d  by c o -v a r ia n c e  a n a ly s i s  to  a llo w  f o r  d i f f e r 

e n ce s  in  th e  s p e c i f i c  a c t i v i t y  o f  th e  in o rg a n ic  P i n  th e  

l i v e r ,  a s  g iv e n  in  colum n 8 o f  t h i s  T a b le . I t  i s  a p p a re n t  

t h a t ,  w h e th e r th e  d i e t  c o n ta in s  p r o t e i n  o r  n o t ,  a  change in

en e rg y  in ta k e  p ro d u ce s  a n  in c r e a s e  in  th e  a b s o lu te  in c o rp o ra -  
32t i o n  o f  P . A lth o u g h  i t  may a p p e a r  from  th e  d a t a  t h a t  th e  

in c re m e n t i s  l a r g e r  on th e  p r o t e i n - f r e e  d i e t ,  s t a t i s t i c a l  

a n a l y s i s  shows t h a t  i t  i s  n o t  s i g n i f i c a n t l y  g r e a te r  th a n  th e  

v a lu e s  o b ta in e d  on a  p r o te in - c o n ta in in g  d i e t .  T h is  s u p p o r ts

th e  d a ta  g iv e n  in  T ab le  27 and  i l l u s t r a t e d  in  P ig .  10 , w hich
and

i n d ic a t e  t h a t  th e  changes i n  a m o u n t / r e la t iv e  s p e c i f i c  a c t i v i t y  

a r e  e s s e n t i a l l y  c o m p e n sa to ry , and le a d  to  th e  same t o t a l  

s y n th e s i s  o f  R E .



We se e  t h e r e f o r e ,  t h a t  RNA m e tab o lism  i n  th e  l i v e r  

i s  a f f e c t e d  by two d i e t a r y  f a c t o r s ,  th e  amount o f  RNA b e in g  

d e te rm in e d  m ain ly  by th e  p r o t e i n  i n t a k e ,  w h ile  th e  r a t e  o f  

i n c o r p o r a t io n  o f  P i s  governed  by th e  e n e rg y  in ta k e .

W hether on a  p r o t e i n - f r e e  o r  on a  p r o t e in - c o n ta in in g  d i e t ,  

t h e r e  e x i s t s  a  d e f i n i t e  r e l a t i o n s h i p  b e tw een  th e  e n erg y  c o n 

t e n t  o f  th e  d i e t  and  th e  t o t a l  in c o r p o r a t io n  o f  P in to  th e  

l i v e r .  The in c o r p o r a t io n  o f  P may on ly  mean t h a t  th e  P 

atom s a r e  b e in g  r e p la c e d  w ith o u t p ro d u c in g  a  s i m i l a r  change 

i n  th e  r e s t  o f th e  n u c le ic  a c id  m o le c u le . T h is  q u e s t io n

can  o n ly  be f i n a l l y  s e t t l e d  by th e  use  o f  l a b e l s  o th e r  th a n
32 1 d .P , su c h  a s  However, P o t t e r ,  R ecknagel & H u r lb e r t

(1951) s tu d i e d  th e  changes in  th e  s p e c i f i c  a c t i v i t y  o f  RNA 

i n  t h e  r a t  l i v e r  w i th  t im e , u s in g  -^C l a b e l l e d  o r o t i c  a c i d .  

T h e ir  tim e c u rv e s  a r e  v e ry  s i m i l a r  to  th o s e  o b ta in e d  by  

D av idson  & S m e ll ie  (1952) -using ^ P  a s  a  l a b e l .  T h is  s im i 

l a r i t y  i s  an  i n d i c a t i o n  t h a t  th e  tu r n o v e r  o f  RNA a s  shown by
32th e  i n c o r p o r a t io n  o f  P i s  a  t r u e  m easure o f  th e  r a t e  o f  

breakdow n a n d  s y n th e s i s  o f  th e  compound a s  a  w ho le . T h e re 

f o r e ,  i t  i s  j u s t i f i a b l e  to  deduce t h a t  in c r e a s in g  th e  en erg y  

in ta k e  r e s u l t s  i n  a  r a p i d  breakdow n and  r e - s y n th e s i s  o f  a  

m ajo r p o r t i o n ,  i f  n o t th e  w h o le , o f  th e  RNA m o le c u le .

b .  RNA and P r o t e in  S y n t h e s i s : Do th e s e  f in d in g s  th row  any

l i g h t  on th e  r e l a t i o n s h i p  o f  RNA to  p r o t e in  s y n th e s i s ,  

e s p e c i a l l y  a s  r e g a r d s  th e  in f lu e n c e  of en erg y  in ta k e  on



p r o t e i n  m etab o lism ?

The amount o f  p r o t e in  I n  th e  l i v e r  i s  re d u c e d  when th e  

a n im a l i s  t r a n s f e r r e d  fro m  a  p r o t e in - c o n ta in in g  to  a  p r o t e i n -  

f r e e  d i e t  (D av id so n , 1947 ; K o s t e r l i t z ,  1947) and  so iJh  th e  

RNA. On a  p r o t e i n - f r e e  d i e t ,  th e  RNA shows a  s l i g h t  i n 

c r e a s e  w i th  in c r e a s e  in  e n e rg y , b u t  n o t  th e  p r o t e i n  o f th e  

l i v e r  (Munro & N a ism ith , 1 9 5 2 ) . T h is  l a c k  o f  change in  

th e  amount o f  p r o t e i n  m ig h t, how ever, mask an  in c r e a s e d  p ro 

t e i n  s y n th e s i s  c o u p le d  to  a n  in c r e a s e d  r a t e  o f b reakdow n.

The e x p e r im e n ts  w i th  l a b e l l e d  m e th io n in e  in d ic a t e  t h a t  t h i s  

i s  n o t  so -  I t  s h o u ld  be p o in te d  o u t  t h a t  th e s e  a r e  o n ly  

p r e l im in a r y  e x p e rim e n ts  and no a tte m p t was made to  s e p a r a te  

m e th io n in e  from  c y s t in e  and  to  e s t im a te  i t s  a c t i v i t y  s e p a r a t e 

l y .  Y e t th e y  a g re e  w ith  th e  r e s u l t s  o f  Sim pson & T a rv e r  

(1950) who c a r r i e d  o u t  s i m i l a r  e x p e r im e n ts  on t i s s u e  s l i c e s  

and  e s t im a te d  th e  a c t i v i t y  o f  m e th io n in e  i n  th e  p r o t e i n .

They fo u n d  no d i f f e r e n c e  i n  th e  u p tak e  o f  be tw een  l i v e r s  

from  a n im a ls  f e d  w ith  p r o t e i n  and th o s e  on a  p r o t e i n - f r e e  d ie t*  

S in c e ,  p re su m a b ly , t h e i r  a n im a ls  were f e d  a t  a d eq u a te  l e v e l s

o f  en e rg y  i n t a k e ,  th o s e  on a  p r o t e i n - f r e e  d i e t  w ould have
32l e s s  RNA i n  t h e i r  l i v e r s  b u t  a  g r e a te r  P in c o r p o r a t io n  ( c f .  

F Ig .iP ) . Y e t th e  p r o t e i n  i n  th e  l i v e r s  s tu d ie d  by them  d id  

n o t  show th e  same c h an g e . The d a ta  g iv e n  in  T ab le  26 show
3 ?t h a t  th e  in c o r p o r a t io n  o f  P i n t o  RNA p ro ce ed s  i n  t i s s u e



s l i c e s  a s  i t  does in  th e  whole a n im a l .

The p o s s i b i l i t y  t h a t  th e  l i v e r  i s  fo rm in g  p lasm a 

p r o t e in s  a s  r a p id ly  on a  p r o t e i n - f r e e  d i e t  a s  on a p r o t e i n -  

c o n ta in in g  one i s  n e g a t iv e d  by th e  e x p e rim e n ts  o f  M i l le r  e t  

a l .  (1950) who p e r f u s e d  th e  i s o l a t e d  i n t a c t  l i v e r  w ith  a  

s o l u t i o n  c o n ta in in g  a m in o - a c id s , and  s tu d ie d  th e  tu rn o v e r  o f  

l a b e l l e d  ly s in e  i n  th e  l i v e r  an d  p lasm a p r o t e i n s .  They 

fo u n d  t h a t  th e  amount o f  l i v e r  and  p lasm a p r o t e i n  s y n th e s is e d  

i n  a  g iv e n  tim e i s  d e p en d e n t on th e  su p p ly  o f  a m in o -a c id s .

On a  p r o t e i n - f r e e  d i e t ,  th e  su p p ly  o f a m in o -a c id s  i s  low and  

t h e r e f o r e  one w ould e x p e c t  a  re d u c e d  s y n th e s i s  o f  b o th  l i v e r  

p r o t e i n s  and  p lasm a p r o t e i n s .  T hus, a l l  th e  a v a i l a b l e  

e v id e n c e  s u g g e s ts  th a t  th e  t o t a l  p r o t e in  s y n th e s is  o f  th e  

l i v e r  i s  d e p re s s e d  by th e  la c k  o f p r o t e in  in  th e  d i e t ,  w here 

a s  th e  RNA s y n th e s i s  i s  n o t .

I f  th e  fo rm a t io n  o f  R E  i s  n o t d e p re s se d  by th e  l a c k  

o f  d i e t a r y  p r o t e i n ,  one would e x p e c t th e  RNA s y n th e s is e d  to  

a c c u m u la te  i n  th e  l i v e r  when th e  a n im a l i s  on a  p r o t e i n - f r e e  

d i e t ,  a s  i t  does when th e  a n im a l i s  f e d  p r o te in  to g e th e r  w ith  

i n c r e a s in g  am ounts o f d i e t a r y  e n e rg y . As T ab le  18 show s, 

t h i s  i s  n o t  so  and  t h i s  f a c t  su g g e s ts  t h a t  an  in c r e a s e  in  

e n e rg y  in ta k e  c r e a t e s  a  demand f o r  RNA, w hich  i s  rem oved as 

f a s t  a s  i t  i s  fo rm ed . T hat t h i s  demand i s  n o t b ro u g h t ab o u t 

by im m edia te  changes in  e n erg y  in ta k e  i s  shown by th e  r e s u l t s  

g iv e n  in  T a b le  25 and i n  F ig .  9 . F e e d in g  th e  an im a l w itn



g lu c o s e  f o r  24 h o u rs  b e fo re  k i l l i n g  d id  n o t  p ro d u ce  a  change

i n  th e  i n c o r p o r a t io n  o f  32P fro m  th e  v a lu e s  o b ta in e d  i n  th e

c a s e  o f  a n im a ls  s t a r v e d  d u rin g  t h i s  same p e r io d .  A g a in ,

rem o v a l o f  p r o t e i n  from  th e  d i e t  does n o t r e s u l t  i n  an  i n -
3 2c re a s e d  in c o r p o r a t io n  o f  P t i l l  th e  l e v e l  o f RNA in  th e  

l i v e r  has f a l l e n  c o n s id e r a b ly .  C a n p b e ll & K o s t e r l i t z  

(1948) c a r r i e d  o u t  a  s i m i l a r  e x p e r im e n t a s  t h a t  i l l u s t r a t e d  

i n  F i g . 9 . T h e ir  r e s u l t s  d i f f e r  from  o u rs  o n ly  i n  t h a t  th e  

r e l a t i v e  s p e c i f i c  a c t i v i t y  o f th e  RNA b e g in s  to  r i s e ,  i n  

t h e i r  e x p e r im e n t ,  from  th e  f i r s t  day on a  p r o t e i n - f r e e  

d i e t ,  w hereas we o b se rv e d  a  f a l l  i n  th e  R.S.A* on th e  f i r s t  

fo l lo w e d  by an  in c r e a s e  on  th e  n e x t d ay . I t  s h o u ld  be 

p o in te d  o u t t h a t  th e y  w ere t a k in g  th e  AgS f r a c t i o n  to  r e 

p r e s e n t  th e  RNA, no e f f o r t  b e in g  made to  remove P - c o n ta in -  

in g  c o n ta m in a n ts . Our r e s u l t s  seem to  in d ic a t e  t h a t  th e  

RNA p r e s e n t  in  th e  l i v e r  c e l l  i s  s u f f i c i e n t  t o  m eet th e  d e 

mands on th e  f i r s t  day on a p r o t e i n - f r e e  d i e t .  When t h i s  

su p p ly  has b een  e x h a u s te d ,  more RNA has t o  be s y n th e s is e d  

to  m eet th e s e  r e q u ir e m e n ts .

In  view  o f th e  c lo s e  a s s o c i a t i o n  between p r o t e i n ,  RNA 

and  p h o s p h o l ip id  i n  th e  l i v e r ,  w hich h as been  term ed  ,fl a b i l e  

l i v e r  c y to p la s m ” by K o s t e r l i t z  (1 9 4 7 ), i t  seem ed o f  i n t e r e s t  

to  know w h e th e r th e  m e ta b o lic  changes o b se rv e d  w ith  RNA in  

r e l a t i o n  t o  e n e rg y  in ta k e  a l s o  o c c u r re d  in  th e  c a se  o f



p h o s p h o l ip id s .  A c c o rd in g ly , a  s h o r t e r  s e r i e s  o f  e x p e r i 

m ents s i m i l a r  to  th o se  d e s c r ib e d  above w ere c a r r i e d  o u t
32in  w h ich  th e  r a t e  o f P in c o r p o r a t io n  in to  p h o s p h o lip id s  

was s t u d i e d .  T hese e x p e rim e n ts  a r e  d e s c r ib e d  in  th e  n e x t 

s e c t i o n .



PART IV.

THE EFFECT OF ENERGY INTAKE ON THE METABOLISM

OF LIVER PHOSPHOLIPID.



INTRODUCTION*

A c lo s e  r e l a t i o n s h i p  e x i s t s  be tw een  th e  p h ospho 

l i p i d s  an d  th e  p r o t e in s  and  RNA. o f  th e  l i v e r .  P a s t i n g ,  o r  

f e e d in g  on p r o t e i n - f r e e  d i e t s ,  o r  on d i e t s  la c k in g  e s s e n t i a l  

a m in o -a c id s ,  r e s u l t s  i n  a  lo s s  o f  p h o s p h o l ip id s ,  p r o t e i n  

an d  RNA from  th e  l i v e r ,  w h ile  a  h ig h - p r o te in  d i e t  I n c r e a s e s  

th e  amount o f  a l l  t h r e e  c o n s t i t u e n t s  ( K o s t e r l i t z  & Cramb, 

1943 ; D av id son  & Waymouth, 1944 ; K o s t e r l i t z ,  1 9 4 4 ). The 

l e v e l  o f  d i e t a r y  f a t  in f lu e n c e s  th e  t o t a l  p h o s p h o lip id  co n 

t e n t  much l e s s  th a n  th e  l e v e l  o f  d i e t a r y  p r o t e i n ,  w h ile  

c h o l in e  had  no e f f e c t  a t  a l l  ( K o s t e r l i t z ,  1 9 5 1 ). T h is  

s i m i l a r i t y  i n  b e h a v io u r  o f  p h o s p h o l ip id ,  p r o t e i n  and RNA 

l e d  K o s t e r l i t z  (1947) t o  p o s t u l a t e  t h a t  a f r a c t i o n  w h ich  he 

c a l l e d  th e  “ l a b i l e  l i v e r  c y to p la sm ” was e a s i l y  l o s t  from  th e  

l i v e r  when th e  p r o t e i n  o r  en e rg y  c o n te n t  o f  th e  d i e t  was 

r e d u c e d .

A f u r t h e r  s u g g e s t iv e  f a c t  was t h a t  th e  d e c re a s e  i n  

am ount o f RNA and  p h o s p h o lip id  c au se d  by f e e d in g  a  p r o t e i n -  

f r e e  d i e t  i s  accom pan ied  by a  r i s e  in  th e  r a t e  o f  i n 

c o r p o r a t io n  in to  th e  p h o s p h o l ip id  as w e l l  a s  in to  t h e  RNA 

i n  t h e  l i v e r  (C am pbell & K o s t e r l i t z ,  1 9 4 8 ). The l i v e r  p h o s

p h o l ip id s  would th u s  a p p e a r  to  behave m e ta b o l ic a l ly  i n  th e  

same f a s h io n  as RNA, th e  r a t e  o f  in c o r p o r a t io n  b e in g  

sp e ed e d  up t o  com pensate  f o r  a r e d u c t io n  in  amount* I s  

e n e rg y  in ta k e  th e  f a c t o r  w hich  r e g u la te s  th e  r a t e  o f



s y n th e s i s  o f  th e  p h o s p h o l ip id s  a s  i n  th e  e a s e  o f  BIA? I n

o r d e r  t o  d e te rm in e  t h i s ,  e x p e r im e n ts  s i m i l a r  t o  th o s e  

d e s c r ib e d  f o r  RMA w ere c a r r i e d  o u t .

EXPERUfgllTAL *

a* Animals, Diet and Management: These were the same as in

the experiments on HB&.

b« Estimation of the Amoiait and R»S»A» of L iv e r  Phospholipid *

She liver mas subjected t o  the fractionation procedure g iv e n  

in Scheme 3. The fat solvents used were, how ever, slightly 

different. The TCA precipitate was mixed with 20 asi* 

portions of absolute ethanol, etaanoi-chloroform (3*%}, and 

ethanol-ether (3 :1) twice, the m ix tu re  being warmed each 

time for about 10 min* in a water bath maintained. at 63 t o  

70°C. After c e n t r i f u g i n g ,  eacn solvent was filtered into 

a measuring cylinder. The p r e c i p i t a t e  was finally ex

tracted with 20  m i.  ether, and the ESA in the r e s id u e  esti

mated as before.

The combined lipid extracts were made up to a con

venient volume and mixed. An aliquot of this was evaporated 
in a micro-2LJeldhal tube and estimated for P by the Allen 
Method* The- blue solution obtained was counted for radio

activity In a liquid counter# 'The crude lipid extract

} was then purified for radioactivity determinations 

to get rid of any contaminating F-containing compounds, as



recommended by P o p jak  & M uir (1 9 5 0 ) . An a l i q u o t  was. 

e v a p o ra te d  t o  d ry n e ss  a t  room  te m p e ra tu re ,  and th e  l i p i d s  

i n  th e  d ry  r e s id u e  d is s o lv e d  i n  p e tro le u m  e t h e r ,  th e  e x 

t r a c t s  b e in g  f i l t e r e d  i n to  a  m easu rin g  c y l i n d e r .  The P 

i n  t h i s  f r a c t i o n  (L .P .)  was e s t im a te d  a s  b e fo re  f o r  am ount 

and  a c t i v i t y .  Any o rg a n ic  P -c o n ta in in g  compounds, su c h  as 

p h o s p h o p r o te in s , would be l e f t  in  th e  dry  r e s id u e  and n o t be 

e x t r a c t e d  by th e  p e tro le u m  e t h e r .  Any c o n ta m in a tin g  i n 

o rg a n ic  P was rem oved from  t h i s  L .p . f r a c t i o n  by w ash ing  a  

p o r t io n  o f i t  w i th  0 .0 5  N HC1, and th e n  t h r i c e  w ith  d i s 

t i l l e d  w a te r  (P o p jak  & M uir, 1 9 5 0 ). T h is  w ashed f r a c t i o n  

(L .P .W .) was a l s o  e s t im a te d  f o r  a c t i v i t y .  In  t h i s  m ethod 

o f  p u r i f i c a t i o n ,  p e tro le u m  e th e r  was u se d  f o r  e x t r a c t in g  

th e  d ry  r e s i d u e ,  i n s t e a d  o f  c h lo ro fo rm  (D avidson e t  a l . ,  

1 9 5 1 ) , on a c c o u n t o f th e  e m u ls io n  o b ta in e d  when c h lo ro fo rm  

i s  sh a k e n  w ith  w a te r .  P e tro le u m  e th e r ,  l i k e  c h lo ro fo rm , 

d i s s o lv e s  a l l  th e  d i f f e r e n t  ty p e s  o f  p h o s p h o lip id s  i n  th e  

l i v e r  ( Z i lv e r s m i t  e t  a l . ,  1 9 4 8 ). P op jak  & Muir (1950) 

e v a p o ra te d  th e  c ru d e  e x t r a c t  In  an  a tm osphere  o f  Ng to  p r e 

v e n t o x id a t io n  o f  p h o s p h o l ip id s ,  b u t  t h i s  was n o t found  

n e c e s s a r y ,  a s  we w ere o n ly  e s t im a t in g  th e  r a d i o a c t i v i t y  o f  

th e  f r a c t i o n s  L .P . and  L .P .W ., and  n o t  a b s o lu te  q u a n t i t i e s .

The s p e c i f i c  a c t i v i t i e s  o f th e  p h o s p h o lip id s  i n  th e s e  

th r e e  f r a c t i o n s ,  L .E . ,  L . p . ,  and  L.P.l/V* w ere e s t im a te d  in  a
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s e r i e s  o f  a n im a ls ,  and th e  r e s u l t s  a r e  g iv e n  i n  T ab le  2 8 . 

T here  i s  no s i g n i f i c a n t  d i f f e r e n c e  b e tw een  th e  s p e c i f i c  

a c t i v i t i e s  o f  th e  f r a c t i o n s  L .E . and L.P.W . The a c t i v i t y  

o f  th e  L .P . f r a c t i o n  ex ceed ed  t h a t  o f  L.P.W . by  3 .1 $ ,  t h i s  

d i f f e r e n c e  b e in g  s t a t i s t i c a l l y  s i g n i f i c a n t .  But a  3 .1 $  

d i f f e r e n c e  in  th e  s p e c i f i c  a c t i v i t y  i s  n o t o f  p r a c t i c a l  im

p o r ta n c e  when one c o n s id e r s  th e  e r r o r s  in v o lv e d  in  th e  m ethod 

o f  c o u n tin g .  I n  a l l  th e  e x p e rim e n ts  r e p o r t e d ,  t h e r e f o r e ,  

th e  s p e c i f i c  a c t i v i t y  o f  th e  L .E . f r a c t i o n  was ta k e n  as t h a t  

o f  th e  p h o s p h o l ip id  i n  th e  l i v e r .  The amount o f phospho

l i p i d  in  th e  l i v e r  was c a l c u l a t e d  from  th e  amount o f  P i n  

t h i s  f r a c t i o n .  The p o s s i b i l i t y  o f  u s in g  t h i s  f r a c t i o n  f o r  

r a d i o a c t i v i t y  m easurem ents to o  re d u c e s  c o n s id e ra b ly  th e  

am ount o f  w ork t o  be done.

RESULTS.

The e x p e r im e n ts  w ere c a r r i e d  o u t on s i m i l a r  l i n e s  a s  

th e  ones e s t im a t in g  R E ,  d e s c r ib e d  e a r l i e r .  . T ab le  29 g iv e s  

th e  change in  th e  amount o f  l i v e r  p h o s p h o lip id  b ro u g h t a b o u t 

by changes i n  th e  en erg y  i n t a k e ,  when th e  a n im a ls  w ere k e p t  

on a  p r o t e i n - f r e e  o r on a  p r o te in - c o n ta in in g  d i e t .  On a  

p r o t e i n - c o n t a i n i n g  d i e t ,  in c r e a s in g  th e  e n erg y  in ta k e  by 

1000 C a l .  p e r  sq .m . body s u r f a c e  a re a  p ro d u ces  an  in c r e a s e  

i n  th e  l i v e r  p h o s p h o l ip id  by 1 .8 2  m g ., i . e . ,  an  in c r e a s e  o f
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2 6  f 9 on th e  am ount p r e s e n t  a t  a n  in ta k e  o f  1200 C a l.  p e r  sq .m . 

On th e  o th e r  h a n d , on a p r o t e i n - f r e e  d i e t ,  a  s i m i l a r  change 

in  e n e rg y  in ta k e  c a u se s  a d e c re a s e  in  th e  l i v e r  p h o s p h o l ip id  

by a n  amount e q u a l  to  12%  o f  t h a t  p r e s e n t  a t  1200 C a l.

T h is  d e c re a s e  on a  p r o t e i n - f r e e  d i e t  d i f f e r s  from  th e  e f f e c t  

o b se rv e d  on th e  amount o f  RHAP in  th e  l i v e r ,  w h ich  showed a  

s m a ll  th o u g h  s i g n i f i c a n t  in c r e a s e  a s  th e  e n e rg y  in ta k e  was 

r a i s e d .

A s i m i l a r  d i f f e r e n c e  be tw een  p h o s p h o l ip id  an d  RNA 

m e ta b o lism  was o b se rv e d  when th e  in c o r p o r a t io n  o f  *^P i n to  

th e s e  two compounds was s tu d i e d .  The ex p erim e n ts  were 

c a r r i e d  o u t in  th e  same way a s  th o s e  d e s c r ib e d  in  th e  p re v io u s  

s e c t i o n .  A f t e r  a  4 -day  p e r io d ,  th e  an im a ls  w ere  I n j e c te d  

w i th  l a b e l l e d  p h o s p h a te ,  and  k i l l e d  a t  2 ,  5 , and  8 hours 

a f t e r  i n j e c t i o n .  The r e s u l t s  a re  shown In  T ab le  3 0 . A t
•so

s i m i l a r  en erg y  l e v e l s ,  th e  in c o r p o r a t io n  o f  P a s  shown by 

th e  r e l a t i v e  s p e c i f i c  a c t i v i t y  ( R .S .A .) ,  i s  somewhat g r e a t e r  

when lew #  p r o t e i n  i s  a v a i l a b l e  i n  th e  d i e t .  The change 

b ro u g h t  a b o u t by an  in c r e a s e  i n  e n erg y  in ta k e  i s  g r e a t e r  on 

a  p r o t e i n - f r e e  d i e t  th a n  on a p r o te in - c o n ta in in g  one.

Vi/hen th e  R .S .A . i s  m u l t i p l i e d  by th e  am ount o f  p h o s p h o lip id  

i n  th e  l i v e r ,  we o b ta in  a  m easure o f  th e  t o t a l  number o f  P 

atom s r e p la c e d  i n  p h o s p h o lip id  p e r  l i v e r  in  a  u n i t  o f  t im e .

I n  t h i s  way, we f i n d  a  g r e a t e r  in c r e a s e  (31 fo  p e r  1000 C a l. 

p e r  s q .m . ,  t a k in g  th e  v a lu e  a t  1200 C a l. p e r  sq .m . a s  a
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s ta n d a r d  o f  r e f e r e n c e )  due t o  th e  e n erg y  when th e  d i e t  con 

t a i n s  p r o t e i n ,  an d  o n ly  6/p in c r e a s e  when th e  a n im a l r e c e iv e s  

no p r o t e i n .  On a  p r o t e i n - c o n t a i n i n g  d i e t ,  t h i s  change i s  

due t o  an  in c r e a s e  i n  amount b ro u g h t  a b o u t  b y  th e  augm ented  

e n e rg y  in ta k e  (T ab le  3 0 ) a s  w e l l  a s  by a  s l i g h t  r i s e  i n  th e  

R .3 .A . o f  p h o s p h o l ip id .  In  th e  c a s e  o f th e  p r o t e i n - f r e e  

d i e t ,  th e  s l i g h t  in c r e a s e  i n  R .S .A . i s  b a la n c e d  by a  

d im in u t io n  In  th e  t o t a l  am ount as en e rg y  in ta k e  r i s e s ,  so  

t h a t  t h e  p ro d u c t  o f  R .S .A . and  th e  am ount p e r  l i v e r  does

n o t v a ry  s i g n i f i c a n t l y  a s  e n e rg y  in ta k e  i n c r e a s e s .
32The in c o r p o r a t io n  o f  P i n t o  th e  R . i f . A -  o f  th e s e  

same l i v e r s  was a l s o  e s t im a te d  an d  th e  r e s u l t s  a r e  shown in 
T ab le  51* A t a l l  t h r e e  t i m e - I n t e r v a l s  s t u d i e d ,  th e  e f f e c t  

o f  e n e rg y  on th e  r a t e  o f  i n c o r p o r a t io n  o f  *^P was g r e a t e r  

on  a  p r o t e i n - f r e e  th a n  on a p r o t e i n - c o n t a i n i n g  d i e t ,  th e  

r e s u l t s  b e in g  i n  good ag reem en t w i th  th o s e  o b ta in e d  i n  th e  

p re v io u s  e x p e r im e n ts  on R1IA. I t  w i l l  be rem em bered t h a t ,  

u n l ik e  p h o s p h o l ip id ,  t h e  am ount o f  K3A, p e r  l i v e r  r i s e s  

s l i g h t l y  a s  e n e rg y  I n c r e a s e s ,  even  when th e  d i e t  l a c k s  p r o 

t e i n .  The r a t e  o f  BHA s y n th e s i s  i s  th u s  g r e a t e r  on  h ig h  

e n e rg y  in ta k e s  th a n  on  low  e n e rg y  in ta k e s  even  when the 
d i e t  l a c k s  p r o t e i n .



DISCUSSION.

The r e s u l t s  i n d i c a t e  some d i f f e r e n c e s  i n  th e  b e h a v io u r  

o f  RNA and  p h o s p h o l ip id  when th e  e n e rg y  c o n te n t  o f  th e  d i e t  

i s  a l t e r e d .  On a  p r o t e in - c o n ta in in g  d i e t ,  th e  am ount o f  

b o th  RNA and p h o s p h o l ip id  in c r e a s e s  w ith  in c r e a s e  in  e n e rg y  

in ta k e .  When th e  d i e t  c o n ta in s  no p r o t e i n ,  i n c r e a s e  i n  

e n e rg y  in ta k e  r e s u l t s  in  a s i g n i f i c a n t ,  th o u g h  s l i g h t ,  i n 

c re a s e  i n  th e  RNA b u t  n o t  i n  th e  p h o s p h o l ip id ,  w h ich  a c t u a l l y  

d e c re a s e s  s l i g h t l y .  T hese ch an g es in  th e  p h o s p h o l ip id  c o n 

t e n t  fo l lo w  c lo s e ly  th e  changes in  l i v e r  p r o t e i n :  a d d in g

e n e rg y  to  th e  d i e t  in c r e a s e s  th e  l i v e r  p r o t e i n  when th e r e  

i s  p r o t e i n  i n  th e  d i e t ,  b u t  p ro d u ces  a  s l i g h t  d e c re a s e  i n  

l i v e r  p r o t e i n  when th e  d i e t  i s  p r o t e i n - f r e e  (Munro &

N a ism ith , 1 9 5 2 ).

The m e ta b o lic  a c t i v i t y  o f  RNA an d  p h o s p h o l ip id  i s  

i n d ic a t e d  by th e  r a t e  o f  in c o r p o r a t io n .  When r a t s  a r e  

t r a n s f e r r e d  fro m  a  h ig h  p r o t e i n  to  a  p r o t e i n - f r e e  d i e t ,  th e  

l i v e r  p r o t e i n ,  RNA and  p h o s p h o l ip id  d e c re a s e  i n  am ount, th e  

f a l l  becom ing b ig g e r  th e  lo n g e r  th e y  a r e  on a  d e f i c i e n t  

d i e t ,  b u t  th e  r e l a t i v e  s p e c i f i c  a c t i v i t y  o f  th e  RNA and  p h o s

p h o l ip id  in c r e a s e s  (C am pbell & K o s t e r l i t z ,  1 9 4 8 ). T h is  

r i s e s  to  a  maximum on th e  4 t h  day  o f  th e  p r o t e i n - f r e e  d i e t ;  

t h a t  o f  th e  RNA i s  m a in ta in e d  a t  t h i s  h ig h  l e v e l  ev en  up to  

th e  7 t h  d a y , w hereas th e  R.S.A* o f  th e  p h o s p h o lip id  h as



d e c re a s e d  a g a in  by t h i s  t im e .  The r i s e  in  a c t i v i t y  com

p e n s a te s  f o r  th e  f a l l  i n  am ount, so  t h a t  th e  t o t a l  am ount 

o f  RNA and p h o s p h o l ip id  s y n th e s i s e d  i s  k e p t  c o n s ta n t ,  

th ro u g h o u t  th e  w hole e x p e r im e n t in  th e  c a se  o f  th e  RNA; 

th e  sp e e d  o f  s y n th e s i s  o f  p h o s p h o l ip id  f a l l s  o f f  a f t e r  a b o u t 

4 days on th e  d e f in d e n t  d i e t .  I t  w ould th u s  a p p e a r ,  i n  

t h e i r  own w o rd s , t h a t  “th e  t o t a l  tu rn o v e r  o f  th e  p h ospho 

l i p i d s  and  o f  RNA i s  d e te rm in e d  by  th e  m e ta b o lic  n eed s o f  

th e  l i v e r ,  and i s ,  a t  l e a s t  w i th in  th e  l i m i t s  o f  th e s e  

e x p e r im e n ts ,  in d e p e n d e n t o f  how much o f  th e s e  s u b s ta n c e s  i s  

p r e s e n t  i n  th e  l i v e r . ”

Our e x p e r im e n ts  i n d i c a t e  to  w hat e x te n t  th e s e  

m e ta b o lic  n eed s a r e  c o u p le d  w i th  e n e rg y  in ta k e .  I n  th e  c a se

o f  RNA, i t  h a s  a l r e a d y  b e en  e s t a b l i s h e d  t h a t  t h i s  i s  th e
32fa e r to r  d e te rm in in g  t o t a l  r a t e  o f  P in c o r p o r a t io n .  I n  th e  

c a s e  o f  th e  p h o s p h o l ip id s ,  on th e  o th e r  h a n d , th e  p r o t e i n  

c o n te n t  o f  th e  d i e t  seem s to  h ave  a  g r e a t e r  in f lu e n c e .  I t  

s h o u ld  be rem em bered , how ever, t h a t  i n  o u r e x p e r im e n ts , th e  

r a t s  w ere  on a  p r o t e i n - f r e e  d i e t  f o r  11 days b e fo re  th e y  

w ere k i l l e d .  The e x p e r im e n ts  o f  C am pbell & K o s t e r l i t z  

s u g g e s t  t h a t  th e  a b i l i t y  t o  s y n th e s i s e  p h o s p h o lip id s  i s  

l i m i t e d  when th e  p r o t e i n - f r e e  d i e t  i s  c o n tin u e d  f o r  t h i s  

l e n g th  o f tim e -  I t  may be t h a t  by  th e  1 1 th  day on su c h  a

d i e t ,  th e  l i v e r  i s  n o t  a b le  to  re s p o n d  to  an in c r e a s e  in  th e



en e rg y  in ta k e  b y  in c r e a s in g  th e  s y n th e s i s  o f  p h o s p h o l ip id s  

b e c a u se  o f  some o th e r  f a c t o r  i n  p h o s p h o l ip id  s y n th e s i s  

becom ing e x h a u s te d  a f t e r  p ro lo n g e d  p r o t e i n  d e f i c ie n c y .  

A d d i t io n  o f  e n e rg y  to  th e  d i e t  m igh t have p ro d u ced  th e  same 

e f f e c t  on th e  p h o s p h o l ip id  m e tab o lism  t h a t  i t  does on th e  

m e ta b o lism  o f  RNA, had  i t  b e e n  ad d ed  to  th e  p r o t e i n - f r e e  

d i e t  a t  an  e a r l i e r  s t a g e  o f  p r o t e i n  d e f i c ie n c y .  F u r th e r  

e x p e r im e n ts  a re  n eed ed  t o  c l e a r  up t h i s  p o i n t .  B u t, t a k 

in g  th e  r e s u l t s  as th e y  s t a n d ,  i t  seem s j u s t i f i a b l e  t o  c o n 

c lu d e  t h a t  RNA i s  somehow l in k e d  w ith  c a rb o h y d ra te  and f a t  

m e ta b o lism , w h ile  th e  p h o s p h o l ip id  I s  n o t  so  i n t im a te ly  

in v o lv e d . The r e l a t i o n s h i p  o f  th e s e  f in d in g s  to  th e  p ro b lem  

o f  e n e rg y  in ta k e  and  p r o t e i n  s y n th e s i s  w i l l  be c o n s id e re d  

i n  th e  g e n e ra l  d i s c u s s io n  o f  a l l  o u r  e x p e r im e n ts . B e fo re  

t h i s ,  how ever, d a ta  on th e  in f lu e n c e  o f  d i e t  on  th e  p r o t e i n ,  

RNA and  p h o s p h o l ip id  m e tab o lism  i n  d i f f e r e n t  f r a c t i o n s  o f  

th e  l i v e r  c e l l  w i l l  be  p r e s e n te d .



FART V

THE EFFECT OF EHERSSf INTAKE OH THE METABOLISM 

OP RIBONUCLEOPROTEIN AMD PHOSPHOLIPID IN

d if fe r e n t  parts of the l iv e r  c e l l .



INTRODUCTION.

T h ere  i s  ab u n d an t e v id e n c e  (s e e  below ) t h a t  th e  

r a t e s  o f  RNA s y n th e s i s  and o f  p r o t e i n  s y n th e s i s  d i f f e r  i n  

d i f f e r e n t  p a r t s  o f  th e  l i v e r  c e l l .  I t  t h e r e f o r e  seem ed 

d e s i r a b l e ,  i n  s e e k in g  an  i n t e r p r e t a t i o n  o f  th e  RNA d a ta  

g iv e n  a b o v e , to  d e te rm in e  how RNA. behaved  in  r e l a t i o n  to  

e n e rg y  in ta k e  in  d i f f e r e n t  p a r t s  o f th e  c e l l .  We s h a l l  

f i r s t  c o n s id e r  w hat i s  a l r e a d y  known a b o u t th e  m e tab o lism  

o f  RNA, p r o t e i n  and  p h o s p h o l ip id  i n  d i f f e r e n t  c e l l  f r a c t i o n s ,

a .  M etabo lism  o f  P r o t e i n ,  RNA an d  P h o s p h o lip id s  i n  d i f f e r e n t  

p a r t s  o f  th e  c e l l ; A cco rd in g  t o  th e  h y p o th e s is  p u t  fo rw a rd  

by fS a sp e rsso n  a n d  h i s  c o l l e a g u e s ,  th e  fo rm a t io n  o f  c e l l u l a r  

p r o t e in s  i s  r e g u l a te d  by  a  s e l f - r e p r o d u c in g  sy s tem  w h ich  

c o n s i s t s  e s s e n t i a l l y  o f  p r o t e i n  com bined w i th  n u c le ic  a c i d s .  

T h is  sy s te m  f u n c t io n s  in  a l l  ty p e s  o f  c y to p la s m ic  p r o t e i n  

fo rm a t io n  i n  th e  fo l lo w in g  m anner: “A c e r t a i n  p a r t  o f  th e

c h ro m a tin , th e  s o - c a l l e d  n u c le o lu s - a s s o c ia te d  c h ro m a tin , 

p ro d u c e s  s u b s ta n c e s  com posed o f  RNA and  p r o t e i n s ,  w hich  

a c c u m u la te  and  fo rm  th e  m ain b u lk  o f  th e  n u c le o lu s .  From 

t h i s ,  p r o t e in s  r i c h  i n  b a s ic  g roups d i f f u s e  tow ards th e  

n u c le a r  m em brane, on th e  o u ts id e  o f  w h ich  an i n t e n s iv e  p r o 

d u c t io n  o f  RNA ta k e s  p l a c e . ” (C a sp e rs so n , 1 9 5 0 ) . T h is  

im p l ie s  t h a t  a n  in c r e a s e  in  th e  r a t e  o f  p r o t e i n  s y n th e s i s  i s  

i n i t i a t e d  by a  p re c e d in g  RNA a c c u m u la tio n  in  th e  n u c le o lu s



and  th e n  a t  th e  s u r f a c e  o f th e  n u c le u s  and  i n  th e  c y to p la s m . 

E v id en ce  s u p p o r t in g  t h i s  c o n te n t io n  has b een  o b ta in e d  i n  

e x p e r im e n ts  w ith  th e  p a n c re a s  (C a sp e rs so n , 1 9 4 7 ) , l i v e r  

( L a g e r s t e d t ,  1949 ; B a rr  & B e r tra m , 1949 ; S to w e l l ,  1 9 4 8 ) , 

n e rv e  c e l l  (B yden, 1 9 4 3 ) , im m ature b lo o d  c e l l  ( T h o r r e l l ,  1947) 

and  mouse embryo (B ra c h e t ,  1 9 5 0 ) . O th e r a u th o r s  c la im  t h a t  

th e  n u c le o lu s  i s  th e  s i t e  o f  a l l  RNA. s y n th e s i s  w h ich  th e n  

d i f f u s e s  i n to  th e  c y to p la sm  ( P o l l i s t e r  & L e u c h te n b e rg e r ,

1 9 4 9 ; M arshak & C a lv e t ,  19 4 9 ; J e e n e r  & S z a f a r z ,  1 9 5 0 ) ; 

t h i s  i s  c o n s i s t e n t  w i th  th e  f a c t  t h a t  RNA. i s  r e p la c e d  a t  a  

more r a p i d  r a t e  i n  th e  n u c le u s ,  th e  r a t e  o f  ®**P in c o r p o r a t io n  

b e in g  10 to  20 tim e s  a s  g r e a t  i n  th e  n u c le u s  a s  i n  th e  c y to 

p lasm  (M arshak & C a lv e t ,  1949 ; J e e n e r  & S z a f a r z ,  1950 ;

Barnum & H useby, 1950 ; D a v id so n , MeIndoe & S m e ll ie ,  1 9 5 1 ) . 

Barnum & Huseby p o in t  o u t  how ever t h a t  th e  re p la c e m e n t r a t e  

i n  n u c le u s  and  c y to p la sm  ru n s  p a r a l l e l  f o r  a  c o n s id e r a b le  p a r t  

o f  th e  e x p e r im e n t , and co n c lu d e  t h a t  th e  c y to p la sm ic  f r a c t i o n  

c a n n o t come from  th e  n u c le u s ,  b u t  t h a t  b o th  a r e  s y n th e s i s e d  

a t  d i f f e r e n t  r a t e s  fro m  a  p o o l o f  a c id - s o lu b le  P . F u r t h e r ,  

th e  n u c le o t id e  c o m p o s itio n  o f  th e  n u c le a r  RNA d i f f e r s  from  

t h a t  o f  th e  RNA in  th e  c y to p la sm  (M arshak , 1950 ; D av idson  &

Me In d o e , 1 9 5 2 ) . T h e re fo re ,  i t  seems l i k e l y  t h a t  th e  c y to 

p lasm  s y n th e s i s e s  i t s  own RNA, o v e r and  above w hat m igh t 

d i f f u s e  o u t  o f  th e  n u c le u s .



H u l t in  (1950) fo und  t h a t  th e  p r o t e i n  N o f  th e  n u c le u s  

was r e p l a c e d  a t  a  s lo w e r r a t e  th a n  t h a t  o f  any o th e r  f r a c t i o n ,  

anci th e r e f o r e  c a n n o t be  th e  s o le  s o u rc e  o f c y to p la s m ic  p r o 

t e i n .  O th e r  e v id e n c e  le a d s  to  th e  c o n c lu s io n  t h a t  th e  

n u c le u s  i s  n o t  th e  s o u rc e  o f  c y to p la s m ic  p h o s p h o p ro te in  

(M arshak & C a lv e t ,  1949) o r  o f  p h o s p h o l ip id  (Ada, 1949 ;

Barnum & H useby, 1 9 5 0 ) . S e v e ra l  w o rk e rs  have i n v e s t i g a t e d  

p r o t e i n  s y n th e s i s  i n  th e  c y to p la s m ic  f r a c t i o n s .  W ith in  i  

h o u r o f  th e  i n j e c t i o n  o f a  l a b e l l e d  a m in o -a c id , i t  i s  fo u n d  

in  a l l  c y to p la s m ic  f r a c t i o n s ,  th e  g r e a t e s t  i n c o r p o r a t io n  

b e in g  in  th e  m icrosom e f r a c t i o n  (B orsook  & D easy , 1 9 5 1 ;

H u l t in ,  1 9 5 1 ) , show ing t h a t  th e  d i f f e r e n t  f r a c t i o n s  have 

d i f f e r e n t  r a t e s  o f  a n a b o lis m , a n d , p re su m a b ly , o f  c a ta b o l i s m . 

D i s i n t e g r a t i o n  o f  c e l l  s t r u c t u r e  re d u c e s  th e  i n c o r p o r a t io n  

o f  a m in o -a c id . Some in c o r p o r a t io n  does o c c u r ,  how ever, and  

th e  c y to p la s m ic  f r a c t i o n s  d i f f e r  i n  th e  r a t e s  w ith  w h ich  

th e y  in c o r p o r a te  l a b e l l e d  a m in o -a c id s ,  i n d i c a t i n g  f u n c t i o n a l  

d i f f e r e n c e s  (B orsook  e t  a l . ,  1 9 5 0 ) . A h ig h e r  i n c o r p o r a t io n  

i s  shown by th e  i s o l a t e d  m ito c h o n d r ia l  f r a c t i o n  th a n  by  th e  

m icrosom e f r a c t i o n ,  i n d i c a t i n g  t h a t  m ito c h o n d r ia  c a n  sy n 

t h e s i s e  p r o t e i n  in  th e  a b se n c e ' o f  m icro som es. When th e  

two f r a c t i o n s  a r e  m ixed , th e  i n c o r p o r a t io n  r a t e  by th e  

m ix tu re  o f  f r a c t i o n s  i s  d o u b le  t h a t  shown by m ito c h o n d r ia ,  

s u g g e s t in g  a  s y n e r g i s t i c  e f f e c t  (B orsook  e t  a l . ,  1 9 4 8 ).



M icrosom es a r e  p o o r in  enzymes an d  i t  may be  t h a t  compounds 

su c h  a s  ATP a r e  g iv e n  o f f  by  m ito c h o n d r ia  and  t h i s  e n e rg y -  

so u rc e  i s  u t i l i s e d  a t  t h e  s i t e s  o f  s y n t h e s i s .  T h is  has 

r e c e n t l y  b een  d e m o n s tra te d  by S ie k e v i t z  (1 9 5 2 ) , who i n 

c u b a te d  m ito c h o n d r ia  w i th  o ( - k e to - g lu ta r a te  o r  s u c c in a te  

an d  c e r t a i n  c o - f a c t o r s  and  o b ta in e d  a  s o lu b le  p ro d u c t w h ic h , 

when ad d ed  to  m ic ro so m es, e n a b le d  them  to  in c o r p o r a te  

a l a n in e .  T h is  f a c t o r  i s  b e l i e v e d  to  be a  d e r iv a t iv e  o f  ATP.

Ada (1949) h as  s t u d ie d  th e  u p ta k e  o f  32P by th e  

l i v e r  c e l l  f r a c t i o n s  and c o n c lu d e s  t h a t  p h o s p h o l ip id s  a r e  

s y n th e s i s e d  s e p a r a t e l y  and  m e ta b o lis e d  in d e p e n d e n tly  o f  

e a c h  o th e r  i n  d i f f e r e n t  p a r t s  o f  th e  c e l l .

From th e  above d i s c u s s io n  o f  th e  m e ta b o lism  o f p r o 

t e i n ,  RNA and p h o s p h o lip id s  in  th e  d i f f e r e n t  p a r t s  o f  th e  

c e l l ,  i t  i s  a p p a re n t  t h a t  th e  f u l l  p i c t u r e  o f th e  in f lu e n c e  

o f  en e rg y  in ta k e  on th e s e  c e l l u l a r  c o n s t i t u e n t s  can  o n ly  be 

o b ta in e d  by s tu d y in g  t h e i r  m e tab o lism  in  d i f f e r e n t  c e l l  

f r a c t i o n s .

b* The te c h n iq u e  o f  C e l l  F r a c t i o n a t i o n :  T here  a r e  two

te c h n iq u e s  t h a t  c o u ld  be u se d  in  t h e  s tu d y  o f  c e l l  f r a c t i o n s  

— c e n t r i f u g i n g  th e  i n t a c t  c e l l ,  a n d  f r a c t i o n a l  c e n t r i f u g a 

t i o n  o f th e  hom ogenised  t i s s u e .  The fo rm e r i s  th e  more 

s u i t a b l e  f o r  th e  s tu d y  o f  th e  c e l l  c o n s t i t u e n t s  a s  th e y  

e x i s t  i n  v iv o  ( H o l te r ,  1 9 5 2 ) , b u t  i t  i s  a  h ig h ly  s p e c i a l i s e d  

te c h n iq u e  and r e q u i r e s  th e  use  o f  a n  u l t r a - c e n t r i f u g e .



The more commonly em ployed hom ogenate te c h n iq u e  co n 

s i s t s  i n  h o m o g en isin g  th e  t i s s u e  i n  a  s u i t a b l e  medium and  

s u b m it t in g  th e  hom ogenate to  c e n t r i f u g a t i o n  i n  v a r io u s  

g r a v i t a t i o n a l  f i e l d s .  D i f f e r e n t  m edia a re  em ployed f o r  

n u c l e i  and c y to p la sm ic  f r a c t i o n s ,  on a c c o u n t o f th e  d i f f i 

c u l ty  o f  f r e e i n g  th e  n u c le i  o f  c o n ta m in a tin g  c y to p la s m ic  

p a r t i c l e s .  The te c h n iq u e  a s  a  w hole i s  s u s c e p t ib l e  to  

v a r io u s  s o u rc e s  o f  e r r o r ,  w h ich  a r e  d i s c u s s e d  f u l l y  by 

H o l te r  (1 9 5 2 ).

i .  C y to p la sm ic  F r a c t io n s  : The p re s e n c e  o f  g ra n u le s  i n

th e  c y to p la sm  was r e c o g n is e d  by S c h u l tz e  a s  e a r l y  a s  in  1861 . 

They w ere c a l l e d  m ito c h o n d r ia  by Benda (1 8 9 8 ) , an d  shown by  

M ic h a e lis  (1900) t o  be th e  same as th e  p a r t i c l e s  s t a in e d  by  

Ja n u s  g re e n .  The f i r s t  a t te m p t  a t  i s o l a t i n g  th e s e  by c e n t r i 

f u g a t io n  was by W arburg (1 9 1 3 ) . L a t e r ,  B e n s ley  & H oerr 

(1934) o b ta in e d  l a r g e  c e l l u l a r  e le m e n ts  by c e n t r i f u g a t i o n  o f  

c e l l  e x t r a c t s ,  w h ich  th e y  i d e n t i f i e d  a s  m ito c h o n d r ia .  S in c e  

t h e n ,  v a r io u s  w o rk e rs  have u se d  d i f f e r e n t i a l  c e n t r i f u g a t i o n  

a t  h ig h  sp e ed s  f o r  s e p a r a t in g  th e  p a r t i c u l a t e  com ponents o f  

th e  c y to p la sm .

C laude (1940) s e p a r a te d  p a r t i c l e s  o f  d ia m e te r  50 t o  

200 mp from  hom ogenates i n  i s o t o n ic  s a l i n e .  T hese g r a n u le s  

w ere c h e m ic a lly  s i m i l a r  i r r e s p e c t i v e  o f  th e  t i s s u e  o f  

o r i g i n ,  a n d  w ere d e s c r ib e d  a s  m ito c h o n d r ia .  They w ere 

s m a l le r  th a n  th e  p a r t i c l e s  i s o l a t e d  by  B e n sley  & H o err and



su b s e q u e n t work show ed him  t h a t  h i s  g ra n u le s  w ere  n o t  m ito 

c h o n d r ia ,  and  th ey  w ere renam ed m icrosom es (C la u d e , 1 9 4 3 ) . 

D e ta i l s  o f  h is  m ethod a re  g iv e n  i n  l a t e r  p a p e rs  (C la u d e ,

1944 , 1 9 4 6 ) . The m ito c h o n d r ia  i s o l a t e d  i n  s a l i n e  a r e  

b o th  m o rp h o lo g ic a l ly  and  h i s to c h e m ic a l ly  d i f f e r e n t  from  

th o s e  s e e n  i n  i n t a c t  c e l l s . A n o th e r d is a d v a n ta g e  i s  t h a t  

th e  m ito c h o n d r ia  and  m icrosom es te n d  to  a g g l u t i n a t e ,  m aking 

t h e i r  s e p a r a t io n  d i f f i c u l t .

In  1947 , Hogeboom e t  a l .  (1947) u sed  h y p e r to n ic  

(0 .8 8  M) s u c ro s e  a s  th e  su s p e n d in g  medium and  i s o l a t e d  r o d 

l i k e  m ito c h o n d r ia  w h ich  s t a in e d  w ith  Ja n u s  g r e e n .  T hese 

g ra n u le s  re se m b le  in  s h a p e , s i z e  and  s t a i n i n g  p r o p e r t i e s  

th e  m ito c h o n d r ia  s e e n  i n  i n t a c t  c e l l s .  Due to  th e  v i s 

c o s i t y  o f  th e  medium, how ever, a  v e ry  h ig h  c e n t r i f u g a l  f o r c e  

i s  n e c e s s a r y .  F u r t h e r ,  p a r t i a l  i n h i b i t i o n  o f  th e  enzyme 

sy s tem s have b e en  r e p o r t e d  by S c h n e id e r  (1948) and  

L e h n in g e r  8c Kennedy (1 9 4 8 ) . W ith  i s o to n ic  (0 .2 5  M) s u c ro s e  

a s  t h e  medium (Hogeboom e t  a l . ,  1 9 4 8 ) , th e  p a r t i c l e s  s e p a r 

a t e d  in  th e  l a r g e  g ra n u le  f r a c t i o n  have th e  same enzyme 

sy s tem s a s  th o s e  i s o l a t e d  by C l a u d e l  te c h n iq u e  (S c h n e id e r  

8c Hogeboom, 1 9 5 0 ) , th o u g h  th e y  a re  m o rp h o lo g ic a l ly  d i f f e r e n t  

from  th o se  i s o l a t e d  i n  h y p e r to n ic  s u c ro s e .  They do n o t  

a g g l u t i n a t e ,  m aking t h e i r  s e p a r a t io n  from  m icrosom es more 

c o m p le te . C o m p a ra tiv e ly  low f i e l d s  n eed  be em ployed. T hus, 

by c e n t r i f u g i n g  a t  a p p r o p r i a te  f i e l d s ,  th e  c y to p la s m ic  e x t r a c t ,



f r e e  from  u n b ro k en  c e l l s ,  n u c l e i  an d  c e l l  d e b r i s ,  c a n  be 

f r a c t i o n a t e d  i n t o  3 m ain f r a c t i o n  p o r t i o n s : (a )  L arg e

g ra n u le  f r a c t i o n  com posed o f  e le m e n ts  o f  r e l a t i v e l y  l a r g e  

s i z e ,  r a n g in g  from  0 .5  to  2 .0  p . i n  d ia m e te r  (o r  l e n g t h ) ;

(b ) m icrosom e f r a c t i o n  c o n s i s t i n g  o f  su b m ic ro sc o p ic  p a r t i c l e s ,  

a p p ro x im a te ly  50 to  200 ' m p . i n  d ia m e te r ;  (c )  s u p e r n a t a n t ,  

l e f t  a f t e r  rem oval o f th e s e  two f r a c t i o n s .  D e ta i l s  o f  th e  

c o n s t i t u e n t s  o f th e s e  f r a c t i o n s  a r e  g iv e n  by  C laude (1 9 5 0 ) , 

Hogeboom (1951) and  H o l te r  (1 9 5 2 ).

i i .  The N u c le a r  F r a c t i o n :  M iesch er (1896) was p ro b a b ly

th e  f i r s t  t o  i s o l a t e  c e l l  n u c l e i  by a  d r a s t i c  m ethod w h ich  

in c lu d e d  th e  use o f p e p s in  t o  d i g e s t  away th e  c y to p la sm .

In  more r e c e n t  t im e s ,  two m ethods have been  u se d  f o r  th e  

s e p a r a t io n  o f  n u c l e i  fro m  t i s s u e s  o f  mammalian o r i g i n .  The 

f i r s t  i s  th e  m ethod o f B ehrens (1 9 3 2 )> who p u lv e r i s e d  th e  

f r o z e n  t i s s u e  and  o b ta in e d  n u c le i  by r e p e a te d  c e n t r i f u g a t i o n  

from  a  m ix tu re  o f b enzene  and  c a rb o n  t e t r a c h l o r i d e .  The 

seco n d  i s  th e  m ethod d e v e lo p e d  by Dounce (1943) who homo

g e n is e d  th e  t i s s u e  in  c i t r i c  a c i d .  C i t r i c  a c i d  had been  

u se d  by p re v io u s  w orkers (S to n e b e rg ,, 1939 ; M arshak, 1 9 4 0 ; 

Haven & L evy , 1942) b u t  a t  a  v e ry  low pH w h ich  w ould  d e 

n a tu r e  p r o t e in s  and enzym es. Dounce w orked  a t  a  pH o f  6 .0  

to  6 . 2 ,  when n e a r ly  a l l  enzymes a r e  s t a b le  i n  th e  c o ld .  

C y to p la sm ic  g ra n u le s  te n d  t o  a g g lu t in a t e  be tw een  pH 4 .0  and



5 .9 ,  m aking co m p le te  s e p a r a t io n  from  n u c l e i  im p o s s ib le .

Above a  pH o f  6 .5 ,  n u c l e i  d i s i n t e g r a t e .  A pH o f  3 .8  to  

4 .0  was fo u n d  to  be th e  b e s t  f o r  s t u d i e s  o th e r  th a n  e n z y m a tic , 

a s  a t  t h i s  pH, t h e r e  seems to  be m axim al r e t e n t i o n  o f  l i p i d ,  

n u c le ic  a c id  and p r o t e i n  (D ounce, 1 9 5 0 ) . D e ta i ls  o f  th e  

p ro c e d u re  a re  fo u n d  in  t h i s  l a s t  p a p e r .

I t  i s  a l s o  p o s s ib l e  to  i s o l a t e  n u c le i  from  th e  0 .2 5  M 

s u c ro s e  medium u se d  f o r  th e  s e p a r a t io n  o f  the  c y to p la s m ic  

f r a c t i o n s ,  by u t i l i z i n g  th e  p r e c i p i t a t e  o b ta in e d  by c e n t r i 

fu g in g  o f f  th e  n u c le i  and c e l l  d e b r i s  b e fo re  p ro c e e d in g  to  

h ig h  sp e e d  c e n t r i f u g a t i o n .  T h is  i s  su sp en d ed  i n  c i t r i c  a c id  

and hom ogenised  to  remove a d h e re n t  c e l l  g r a n u le s .  R e p ea te d  

c e n t r i f u g a t i o n s  and  h om ogen ising  in  c i t r i c  a c i d  e n a b le  one

to  g e t  r i d  o f  th e  m ost o f th e  c o n ta m in a tin g  g r a n u le s ,  b u t
made d i r e c t l y

th e  p r e p a r a t io n s  a re  l e s s  s a t i s f a c t o r y  th a n  th o s e /f ro m  c i t r i c  

a c id .

In  our e x p e r im e n ts ,  we u se d  0 .2 5  M s u c ro s e  a s  recom 

mended by Hogeboom (1951) t o  s e p a r a t e  a l l  th e  c e l l  c o n s t i 

t u e n t s ,  and  a l s o  u se d  th e  c i t r i c  a c id  m ethod o f Dounce to  

i s o l a t e  n u c l e i  fro m  a  p o r t io n  o f  th e  same t i s s u e .



The F r a c t i o n a t i o n  o f  L iv e r  C e l l  i n  0 .2 5  M S u c ro s e .

Homogenate 
c e n t r i f u g e d  a t  600 g . f o r  10 m in .

S u p e rn a ta n t  
and  w ash ings from  
n u c l e i ,  c e n t r i f u g e d  
a t  8 ,5 0 0  g . f o r  10 m in .

S ed im en t 
Washed tw ic e  w i th  2 .5  m l. 
o f  0 .2 5  M s u c ro s e

LARGE GRANULES (L .G .) S u p e rn a ta n t
and  w ash ings from  l a r g e  
g ra n u le s  c e n t r i f u g e d  

f o r  60 m in . a t  18 ,000

S ed im en t 
Washed once w ith
2 .5  m l. o f  0*25 M s u c ro s e

MICROSOME 
FRACTION (M)

“SUPERNATANT” (S)

Scheme 4 .

S u p e rn a ta n t  
an d  w ash in g s fro m  
m icrosom e

NUCLEAR FRACTION (N)
Washed tw ic e  w i th
2 .5  m l. o f  0 .2 5  M 
s u c r o s e ,  h o m o g en isin g  
e a c h  t im e .



EXPERIMENTAL.

a .  A n im a ls , D ie t  and M anagem ent: T hese were th e  same a s

th o s e  d e s c r ib e d  i n  P a r t s  I I I  and  IV. A l l  a n im a ls  r e c e i v e d ' 

a  p r o t e i n - f r e e  d i e t .  In  th e  e x p e rim e n ts  where P i n c o r -
*zp

p o r a t io n  was s t u d i e d ,  U*P was i n j e c t e d  in t r a m u s c u la r ly  a t  

th e  end o f  th e  4 -d ay  p e r io d ,  and  th e  a n im a ls  k i l l e d  2 , 4 o r  

18 h o u rs  a f t e r  th e  i n j e c t i o n .  The l i v e r s  o f  4 to  6 r a t s  in  

e a c h  d i e t a r y  g roup  w ere p o o le d , m inced f i n e l y  w i th  s c i s s o r s ,  

p o r t io n s  ta k e n  f o r  i s o l a t i o n  o f  n u c l e i  by  th e  c i t r i c  a c id  

m ethod , and  th e  r e s t  hom ogenised  in  0 .2 5  M s u c ro s e  i n  a  

P o t te r -E lv e jh e m  ty p e  o f  h o m ogen ise r w ith  a  p l a s t i c  p e s t l e .  

When s tu d y in g  v a r i a t i o n s  in  q u a n t i t y  o f  p r o t e i n ,  RNA and  

p h o s p h o l ip id  in  th e  c e l l  f r a c t i o n s ,  e a c h  l i v e r  was t r e a t e d  

i n d i v i d u a l l y ,  and  th e  whole o f  i t  hom ogenised  to  th e  same 

e x t e n t ,  an d  f r a c t i o n a t e d  a c c o rd in g  t o  Scheme 4 .

b .  F r a c t i o n a t i o n  o f  th e  L iv e r  C e l l : The te c h n iq u e  u se d  was

t h a t  d e s c r ib e d  by S c h n e id e r  (1 9 4 8 ) . The hom ogenate was

exam ined u n d e r  a  m ic ro sco p e  to  e n su re  t h a t  th e  m a jo r i ty  o f  

c e l l s  had  d i s i n t e g r a t e d ,  an d  an  a l i q u o t  was ta k e n  f o r  a n a l 

y s i s  o f  RNA an d  p h o s p h o l ip id .  T h is  form ed th e  !tWhole C e l l  

F r a c t i o n ” . The r e s t  o f th e  hom ogenate was m ixed w ith  a  

k n i f e - p o l n t  o f sodium  f l u o r id e  to  p re v e n t  any  en zy m atic  

breakdow n o f  RNA d u r in g  th e  i n t e r v a l  o f  tim e  b e tw een  hom ogenis 

in g  th e  l i v e r  and  th e  p r e c i p i t a t i o n  o f e a c h  i s o l a t e d  f r a c t i o n



w ith  TCA s o l u t i o n .  The N u c le a r  f r a c t i o n  was s e p a r a te d  by  

c e n t r i f u g i n g  a t  600 g . f o r  10 m in . in  a r e f r i g e r a t e d  c e n t r i 

f u g e ,  w ashed  tw ic e  w i th  5 m l. su c ro se  s o l u t i o n ,  an d  th e  

w ash ings added  t o  th e  s u p e r n a ta n t . T h is  s u p e r n a ta n t  was th e n  

f r a c t i o n a t e d  in to  l a r g e  g ra n u le s  ( L .G .) ,  m icrosom es (M) and  

“s u p e r n a ta n t” (S ) ,  as shown in  Scheme 4 ,  a f t e r  a  p o r t io n  o f  

i t  ( c a l l e d  th e  “ c y to p la s m ic  f r a c t i o n ” ) had  b e e n  rem oved f o r  

a n a ly s i s  o f  RNA and  p h o s p h o l ip id .  The washed n u c le a r  

f r a c t i o n  was ta k e n  up in  0 .0 5  M. c i t r i c  a c id  and s t i r r e d  in  

a  N elco  b le n d o r ,  th e n  c e n t r i f u g e d  a t  2000 np .m . f o r  10 min*

The r e s id u e  was re s u sp e n d e d  in  th e  c i t r i c  a c id  s o lu t io n  

and  th e  p ro c e s s  r e p e a te d  4 to  5 t im e s ,  t i l l  m ic ro s c o p ic a l  

e x a m in a tio n  showed th e  n u c l e i  to  be  a lm o s t f r e e  o f  c o n ta m in 

a t i n g  c y to p la s m ic  g r a n u le s .  As a  f u r t h e r  ch eck  on th e  

n u c le a r  RNA, a  p o r t i o n  o f  th e  m inced l i v e r  was k e p t  f r o z e n  

a t  a b o u t -10°C o v e r n ig h t ,  and  a  “N u c le a r  F r a c t io n ” p re p a re d  

from  t h i s  by  h o m ogen ising  i n  2 v o l s .  o f  0 .0 5  M c i t r i c  a c i d ,  

a c c o rd in g  t o  th e  m ethod o f Dounce (1 9 5 0 ).

A l l  th e  f r a c t i o n s  so  i s o l a t e d  w ere t r e a t e d  w ith  TCA 

and  anSLysed f o r  th e  a c t i v i t y  o f RNA and p h o s p h o l ip id ,  a s  

d e s c r ib e d  i n  P a r t s  I I I  an d  IV. The RNA was e x t r a c t e d  from  

th e  d ry ,  l i p i d - f r e e  r e s id u e  w i th  h o t  10^ (w /v) NaCl, and  

p r e c i p i t a t e d  w i th  e th a n o l ,  b e fo re  d i g e s t i o n  w ith  0 .3  N K.0H.

By t h i s  p ro c e d u re ,  t h e  p h o s p h o ru s -c o n ta in in g  c o n ta m in a n ts  fo u n d  

i n  t h e  io n o p h o re s is  p a p e r  c o u ld  be g o t r i d  o f  more c o m p le te ly
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(D av idson  & S m e l l ie ,  1 9 5 2 ) .

The ahove d e s c r i p t i o n  a p p l i e s  t o  th e  e x p e rim e n ts  i n  

w hich  r a d i o a c t i v i t y  was m easu red . In  t h e s e ,  th e  o b je c t iv e  

was n o t  q u a n t i t a t i v e  r e c o v e ry  o f  f r a c t i o n s ,  b u t  t h e i r  p u r i 

f i c a t i o n -  I n  e x p e rim e n ts  w here q u a n t i t a t i v e  m easurem ents 

were made, c e l l  f r a c t i o n a t i o n  was th e  sam e, b u t  no a t te m p t  

was made a t  w ash ing  th e  v a r io u s  f r a c t i o n s ,  o r a t  rem oving  

c o n ta m in a tin g  g ra n u le s  from  th e  n u c le a r  f r a c t i o n .  The 

l i p i d - f r e e  TCA p r e c i p i t a t e  o f  e a c h  f r a c t i o n  was d ig e s te d  

in  N KOH, made up t o  a  known volume and th e  t o t a l  P and N 

c o n te n t  d e te rm in e d . S im u lta n eo u s  m easurem ents o f  u l t r a 

v i o l e t  a b s o r p t io n  i n  a  Beckman s p e c tro p h o to m e te r  showed t h a t  . 

a l l  t h e  a b s o r p t io n  c o u ld  be a c c o u n te d  f o r  b y  th e  RNA, an d  

th e  t o t a l ?  v a lu e  o f th e  c y to p la s m ic  f r a c t i o n s  w ere ta k e n  a s  

a  m easurem ent o f t h e i r  RNA c o n te n t .

RESULTS.

a •E x p e rim e n ts  w i th  l a b e l l e d  p h o sp h a te  ; The in c o r p o r a t io n  o f  

3 2 p in to  th e  RNA and  p h o s p h o l ip id  o f  th e  v a r io u s  f r a c t i o n s  

w ere s t u d i e d  a t  2 ,  4 and  18 h o u rs  a f t e r  i n j e c t i o n  o f  th e  

l a b e l .  S in c e  th e  d i e t  was f r e e  fro m  p r o t e i n ,  one would 

e x p e c t t o  f i n d ,  a s  i n  th e  e a r l i e r  e x p e rim e n ts  (P ig . 1 0 ) ,  an 

in c r e a s e  i n  th e  r e l a t i v e  s p e c i f i c  a c t i v i t y  (R .S .A .)  o f  th e  

w hole c e l l  RNA w i th  in c r e a s in g  en erg y  i n ta k e .  T a b le s  3 2 ,
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3 3 , 34 g iv e  th e  r e s u l t s  o b ta in e d  2 ,  4 and  18 h o u rs  a f t e r  i n 

j e c t i o n  r e s p e c t i v e l y ,  an d  P i g s . 11 and  12 show th e  same d a ta  

in  d iag ra m m a tic  fo rm . The change in  th e  R .S .A . p e r  1000 

G a l. p e r  sq .m . body s u r f a c e  a re a  i s  e x p re s s e d  a s  a  p e rc e n ta g e  

o f  th e  v a lu e  a t  an  in ta k e  o f  1200 G a l . , and  can  be  com pared 

w ith  th e  c o r re s p o n d in g  v a lu e s  o b ta in e d  f o r  th e  p h o s p h o l ip id s .  

A t 2 h o u rs  a f t e r  i n j e c t i o n ,  th e  R .S .A . o f  th e  n u c le a r  RNA 

i s  a b o u t 20 t im e s  t h a t  o f th e  c y to p la s m ic  g ra n u le  f r a c t i o n s  

and  th e  R .S .A . o f  th e  g r a n u la r  f r a c t i o n s  a re  a lm o s t e q u a l .

A t t h i s  tim e th e  n u c le a r  RNA i s  c o n s id e ra b ly  in f lu e n c e d  b y  

th e  l e v e l  o f  e n e rg y  in ta k e  w h ile  th e  g r a n u la r  f r a c t i o n s  show 

no im p o r ta n t  c h an g e . The RNA i n  th e  s u p e rn a ta n t  shows a  

te n d e n c y  to  ta k e  up l e s s  r a d i o a c t i v e  P a s  e n e rg y  in ta k e  

r i s e s .  A t 4 h o u rs  a f t e r  i n j e c t i o n ,  th e  n u c le a r  RNA c o n 

t in u e s  t o  show a  s t i m u l a t i o n  p ro d u ced  by th e  added  e n e rg y  

(T ab le  3 3 ) ,  b u t  t h i s  i s  now e q u a l le d  by changes i n  th e  g r a n u l 

a r  f r a c t i o n s .  The s u p e rn a ta n t  RNA i s  l e s s  a f f e c t e d  by 

v a r i a t i o n s  in  e n e rg y  in ta k e  th a n  a r e  th e  o th e r  f r a c t i o n s .

A t 18 h o u rs  (T ab le  34 ) th e  RNA i n  th e  n u c le a r ,  l a r g e  g ra n u le  

and  th e  m ic ro so m al f r a c t i o n s  a re  e q u a l ly  a f f e c t e d  by e n e rg y  

in t a k e ,  w h ile  th e  s u p e r n a ta n t  RNA i s  s t i l l  l e s s  s u s c e p t ib l e .  

T a b le s  3 2 , 33 and  34 show t h a t  th e  p h o s p h o lip id s  a r e  n o t 

a f f e c t e d  i n  th e  same c h a r a c t e r i s t i c  way as  th e  RNA by i n 

c r e a s in g  th e  in ta k e  o f  e n e rg y .



RN
AP

 
in 

*1
9. 

pe
r 

fr
ac

tio
n

■ 7// / / / / / / / /

V ///// / / / / / / / / / / / / / / / .

<fr
K>
c\ j

*
K>
CNJ

ro  O  
- J

>*
O*
i .
Or
C
Or
*
o

c
‘5

a>u
Ofc

j c

.sr
IE

c
C/) f  + *

o
u
o .
*
o

K>

>*
O 'L-
Ofc
0)

*
o

*c
5
o
L.
o .

o
t .
a.
So

J  to  
—
a*• MM

Ll.
>*
c rfcs- 1
Ofc
Of

c
S♦*oua.

O
O
i n

O
O
O

O
O
10

O'
•x

o\
X
•  •

INI



Pr
ot

ei
n 

N 
in 

mg
. 

pe
r 

fr
ac

ti
on

Y //S ///S ////////A
sssssssssssss.

* • ” • • • • • • « • • _ • . •  < « « > » » > > • » » « »i

<«"
ro
CM

/ / / / / /
ro

I I CM

t

O
o

“ T“
O
«■

"1“o
CM

</>

ro
CM a

- i

s .
a *
c.
Of
c
Of
»o

*c
•mm

o
L.
a .
»o

- I
• •

ro

a *u
Of
c
Of

o

O
a

C7>>
c .
Of
c
Of

Of

oL.
a .
»o_i

r t  2
d >
• mm

*  ^  
a *
t_
Of
C
Of

c
Of**o1.
a .

a *
•M M  • MM

X  X
• •  • •

—  CM

1
j



c
•

Q .

Hmi o
9 2

K  * ■

C7> t -

ooo
f S I

U S / / / / / / /

^ m m

ro
(M

* ■n
CM

>> ^  
C7N O ' 
L  C. 
01 01 c  c

UJ LlJ

C  *o oM Io
c  * L. c
2. 2
3

( / )

M l
01
eo
M l
o

o
t _

Q .

§

. S '
X

C0
01

+ *

8
Q .

*

• •  • •
ro

> *
C7>
u
orc

UJ

*  ! 2  
cr

> *
O '
c .
01c

UJ

O
O
O

*  JO 
. 6  .2 *  

8  - J  I  
^  * =  • *  * *  
k> oi c  *S . £  
1 : ^ 0  ^  *

-  j O  2 e
—1 Q . Q ,

. S '  . S 'x  x  
•• •• 

— CM



b .  Q u a n t i t a t i v e  s t u d i e s  ; The e f f e c t  o f a d d in g  e n e rg y  t o  a  

p r o t e i n - c o n t a i n i n g  and  a  p r o t e i n - f r e e  d i e t  on t h e  t o t a l  

amount o f  p r o t e i n ,  RNA. and p h o s p h o l ip id s  in  th e  v a r io u s  

f r a c t i o n s  was a l s o  s tu d i e d -  The n u c l e a r  f r a c t i o n  i n  e a c h  

c a s e  was fo u n d  t o  c o n ta in  a b o u t  40$  o f  th e  t o t a l  N in  th e  

l i v e r ,  due p r o b a b ly  t o  c o n ta m in a t io n  w i th  l a r g e  g r a n u le s  

and  unb ro k en  c e l l s .  The r e s u l t s  o b t a in e d  from  t h i s  f r a c t i o n  

were t h e r e f o r e  d i s c a r d e d .  T h is  g r e a t l y  l i m i t s  t h e  v a lu e  o f  

th e  d a t a  o b t a i n e d ,  s i n c e  v a r i a t i o n  i n  the  p r o p o r t i o n  o f  un 

b ro k e n  c e l l s  may o b sc u re  ch an g es  due to  t h e  d i e t .  The r e 

s u l t s  a r e  shown i n  P i g s .  13 , 14 and  15 . L i t t l e  r e l i a n c e  can 

be p l a c e d  on t h e  v a lu e s  o b t a i n e d  fro m  th e  l a r g e  g ra n u le  

f r a c t i o n ,  b e c a u se  a  good p r o p o r t i o n  o f  i t  m ust have b e en  

l o s t  w i th  th e  n u c l e a r  f r a c t i o n .  The p r o t e i n  and phospho

l i p i d  i n  t h e  m ic ro som al a n d  s u p e r n a t a n t  f r a c t i o n s  a p p e a r  t o  

be a f f e c t e d  by th e  I n t a k e- ef  b o t h  t h e  p r o t e i n  i n t a k e  and  

t h e  l e v a l  o f  e n e rg y .  The s u p e r n a t a n t  RNA i s  l i t t l e  a f f e c t e d  

by  th e  p r o t e i n  c o n te n t  o f  th e  d i e t  b u t  i s  i n f lu e n c e d  by t h e  

e n e rg y  i n t a k e ,  w hereas t h e  RNA o f  t h e  microsome f r a c t i o n  i s  

a f f e c t e d  by  b o t h  p r o t e i n  i n t a k e  a n d  energ y  i n t a k e .



TABLE 35.

C a l c u l a t i o n s  o f  T o ta l  RNAP ( m g . / l i v e r )  
b a s e d  on D ata  o f  M untwyler e t  a l . , (1 9 5 0 ) .

C e l l  F r a c t i o n Low P r o t e i n  
H igh E nergy

High P r o t e i n  
High Energy

N ucleus 5 .0 7 .5

L arge  G ran u les 2 .9 2 .9

Microsomes 1 8 .2 2 7 .6

S u p e r n a t a n t 1 9 .7 2 0 .1



DISCUSSION.

Our r e s u l t s  a g re e  w i th  th e  f i n d i n g s  o f  D av id son ,

Me Indoe  & S m e l l i e  (1951) t h a t  t h e  RNAfs o f  th e  two g r a n u l a r

f r a c t i o n s  have s i m i l a r  s y n t h e t i c  a c t i v i t i e s ,  and t h a t  t h e

n u c l e a r  f r a c t i o n  i s  a b o u t  20 t im e s  as  a c t i v e  a s  th e  RNA in
32t h e  g r a n u le s  a t  2 ho u rs  a f t e r  P i n j e c t i o n .  The change 

i n  th e  R .S .A . w i th  t im e  a f t e r  i n j e c t i o n  i s  a l s o  s i m i l a r  to  

th e  changes  o b se rv e d  by  t h e s e  a u t h o r s .

The e f f e c t  on R .S .A . o f  a d d in g  e n e rg y  to  th e  d i e t  i s  

m ost m arked i n  th e  n u c l e a r  RNA a t  2 h o u r s .  The g r a n u l a r  

f r a c t i o n s  show a  s i m i l a r  change a t  4 and  a t  18 h o u r s ,  w here 

a s  th e  s u p e r n a t a n t  RNA does n o t  seem t o  be s t i m u l a t e d  t o  

th e  same e x t e n t .  As i n  t h e  e x p e r im e n ts  r e p o r t e d  in  P a r t  IV, 

th e  p h o s p h o l ip id s  do n o t  show t h e  same type  of changes as do 

t h e  RNA i n  t h e  v a r io u s  f r a c t i o n s .  Our q u a n t i t a t i v e  d a t a ,  

th o u g h  in a d e q u a te ,  i n d i c a t e  t h a t  th e  amount o f  RNA i n  th e  

m icrosom es i s  a f f e c t e d  by an  i n c r e a s e  i n  e n e rg y  a s  w e l l  a s  

i n  p r o t e i n  i n t a k e ,  w hereas l e v e l  o f  p r o t e i n  i n t a k e  does n o t  

a f f e c t  t h e  amount i n  t h e  s u p e r n a t a n t . Muntwyler e t  a l .  (1950) 

e s t im a t e d  th e  q u a n t i t a t i v e  changes i n  th e  v a r i o u s  f r a c t i o n s  

i n  p r o t e i n - f e d  a n d  p r o t e i n - s t a r v e d  r a t s ,  and v a lu e s  c a l 

c u l a t e d  fro m  t h e i r  d a ta  a r e  g iv e n  i n  T ab le  3 5 .  Removing 

p r o t e i n  from  t h e  d i e t  p ro du ces  a  l o s s  o f  RNA from  t h e  m ic ro -  

somes and  t h e  n u c l e i ,  b u t  n o t  from  th e  s u p e r n a t a n t .  On th e



o t h e r  h an d , S i n g a l  e t  a l .  (1952) fo u n d  a f t e r  p ro lo n g e d  p r o 

t e i n  d e p l e t i o n ,  t h a t  th e  p r o t e i n  N i n  a l l  t h e  c y to p la s m ic  

f r a c t i o n s  was re d u c e d  b u t  t h a t  th e  RNA showed no s i g n i f i c a n t  

c h an g e .  The R .S .A . o f  th e  RNAP was m ark ed ly  i n c r e a s e d  i n  

t h e  d e f i c i e n t  s t a t e ,  th e  change b e in g  most marked i n  th e  

g r a n u l a r  f r a c t i o n s .  T ak ing  a l l  t h e s e  d d ta  t o g e t h e r ,  we se e  

t h a t  th e  RNA i n  t h e  n u c l e a r  an d  i n  th e  m ic rosom al f r a c t i o n s  

a r e  r e d u c e d  in  amount when th e  p r o t e i n  c o n te n t  o f  th e  d i e t  

i s  r e d u c e d ,  w h i le  theiL R.S.A* o f  th e  RNA i n  th e s e  a s  w e l l  

a s  i n  th e  l a r g e  g r a n u le s  i s  i n c r e a s e d .  These f r a c t i o n s ,  

t h e r e f o r e ,  r e a c t  l i k e  t h e  whole l i v e r  ( P i g . 1 0 ) ,  t h e  R.S.A* 

i n c r e a s i n g  when th e  amount o f  RNA p e r  l i v e r  i s  d e c r e a s e d .

On th e  o t h e r  h an d , th e  amount o f  RNA i n  t h e  s u p e r n a t a n t  i s  

n o t  a f f e c t e d  by l e v e l  o f  p r o t e i n  i n t a k e ,  and does n o t  t h e r e 

f o r e  n e ed  t o  e x h i b i t  a  com pensa to ry  r i s e  i n  R .S .A . when en e rg y  

i s  ad d ed  t o  th e  p r o t e i n - f r e e  d i e t .  One e x p la n a t i o n  w hich  

would f i t  t h i s  p i c t u r e  i s  t h a t  th e  o t h e r  f r a c t i o n s  a r e  s t im u 

l a t e d  t o  a c t i v i t y  by th e  a d d i t i o n  o f  energ y  t o  th e  d i e t  and  

t h a t  t h e  RNA form ed  by them  i s  p o u red  in to  th e  s u p e r n a t a n t ,  

i n  a n  a t t e m p t  t o  keep  th e  RNA o f  t h i s  f r a c t i o n  c o n s t a n t  

i r r e s p e c t i v e  o f  p r o t e i n  i n t a k e .  The a d d i t i o n  o f  e n e rg y  to  

t h e  d i e t  was shown i n  P a r t  I I I  t o  i n c r e a s e  t h e  demand f o r  

RNA i n  the  whole l i v e r ,  a n d  th e  e x p e r im e n ts  d e s c r i b e d  i n  t h i s  

s e c t i o n  seem t o  i n d i c a t e  t h a t  t h i s  r e q u i r e m e n t  i s  r e l a t e d  to



some f u n c t i o n  i n  th e  s u p e r n a t a n t .  The enzyme sy s tem s c o n 

c e rn e d  w i t h  g l y c o l y s i s  a r e  l o c a l i s e d  i n  t h i s  f r a c t i o n  and 

i t  i s  p o s s i b l e  t h a t  RNA i s  i n  some way i n t i m a t e l y  c o n n e c te d  

w i th  th e  g l y c o l y s i s  c y c l e ,  and  has t o  be fo rm ed  in  i n c r e a s e d  

amounts when t h e  r a t e  o f  g l y c o l y s i s  i s  i n c r e a s e d .  T h is  

w i l l  be  c o n s id e r e d  a t  g r e a t e r  l e n g t h  i n  t h e  g e n e r a l  d i s 

c u s s i o n  o f  a l l  ou r  d a t a  w h ich  f o l l o w s .



GENERAL DISCUSSION.

I n  ou r e x p e r im e n ts  on N b a l a n c e ,  i t  was shown t h a t  

a d d i t i o n  o f  e n e rg y  t o  a n  a d e q u a te  d i e t  i n c r e a s e d  t h e  amount 

o f  N r e t a i n e d  I n  t h e  body . S i m i l a r  e x p e r im e n ts  c a r r i e d  

o u t  by  Munro & N a ism ith  (1952) o v e r  a  wide range  o f  en e rg y  

i n t a k e s  I n d i c a t e  t h a t  t h e r e  i s  a  dynamic e q u i l i b r i u m  b e 

tw een  t h e  e n e rg y  added and th e  N r e t a i n e d ,  th e  s t o r a g e  o f  

N i n c r e a s i n g  i n  a  l i n e a r  f a s h i o n  w i th  a d d i t i o n  o f  e n e r g y .  

F u r t h e r ,  i n  o u r  e x p e r im e n ts  we fo u n d  a  l a g  p e r i o d  be tw een  

th e  g i v in g  o f  a d d i t i o n a l  e n e rg y  an d  th e  e f f e c t  o f  t h i s  

e n e rg y  on N r e t e n t i o n  ( F ig s .  3 & 4 ) ,  i n d i c a t i n g  t h a t  a  c e r 

t a i n  l e v e l  o f  t h e  m e t a b o l i t e s  has  t o  be b u i l t  up b e f o r e  

u t i l i s a t i o n  o f  d i e t a r y  p r o t e i n  b e g in s  t o  be a f f e c t e d .  The 

e x p e r im e n ts  on ATP show t h a t  th e  same a d d i t i o n  o f  e n e rg y  

i n c r e a s e s  th e  lf p h o sp h a te  p o t e n t i a l 11 i n  th e  l i v e r ,  th e  ATP/A DP 

r a t i o  i n c r e a s i n g  l i n e a r l y  w i t h  th e  amount o f  e n e rg y  a d d e d .

I t  seems p ro b a b le  t h a t  th e  e f f e c t  o f  s u r f e i t  e n e rg y  on  N 

b a la n c e  i s  i n  some way b ro u g h t  a b o u t  by  th e  i n c r e a s e  i n  th e  

p h o sp h a te  p o t e n t i a l ,  f o r  ATP has  b e e n  shown t o  be  a n  im

p o r t a n t  f a c t o r  i n  v a r io u s  s y n t h e t i c  r e a c t i o n s ,  i n c l u d i n g  

t h a t  o f  p e p t i d e  bond f o r m a t io n .  T h is  argum ent c a n  o n ly  be 

f i n a l l y  e s t a b l i s h e d  by d i r e c t  e x p e r im e n ta t io n ,  i . e . ,  by  

a l t e r i n g  t h e  ATP/ADP r a t i o  i n  p r o t e i n  s y n t h e s i s i n g  sy s tem s 

and  s tu d y in g  th e  e f f e c t  on amino a c i d  i n c o r p o r a t i o n .



The r e l a t i o n s h i p  be tw een  en e rg y  I n t a k e  and p r o t e i n  

m e ta b o l ism  c o n s id e r e d  above may be im p a i re d  th ro u g h  l a c k  

o f  c e r t a i n  e s s e n t i a l  f a c t o r s .  On a p r o t e i n - c o n t a i n i n g  d i e t ,  

t h e  i n c r e a s e  i n  N b a la n c e  p ro d u ced  by a d d i t i o n  o f  e n e rg y  I s  

accom panied  by  a n  i n c r e a s e  i n  l i v e r  p r o t e i n ,  w h i le  on a  

p r o t e i n - f r e e  d i e t ,  e n e rg y  in c re m e n ts  do n o t  improve N 

b a la n c e  beyond a c e r t a i n  p o i n t ,  a n d  b r i n g  a b o u t  no a l t e r a 

t i o n  i n  th e  l i v e r  p r o t e i n  (Munro & N a is m ith ,  1 9 5 2 ) .  T h is  

i s  p resu m ab ly  r e l a t e d  to  the  amino a c i d  s u p p ly ;  on a  

p r o t e i n - f r e e  d i e t  l e s s  p r o t e i n  fo rm a t io n  t a k e s  p l a c e ,  th e  

s u p p ly  o f  amino a c id s  becom ing th e  l i m i t i n g  f a c t o r  i n  p r o 

t e i n  s y n t h e s i s .  On a  p r o t e i n - c o n t a i n i n g  d i e t ,  on th e  

o t h e r  h an d , when th e  s u p p ly  o f  t h e s e  amino a c id s  i s  p l e n t i 

f u l ,  e n e rg y  su p p ly  becomes th e  f a c t o r  l i m i t i n g  r a t e  o f  

s y n t h e s i s  •

Our e x p e r im e n ts  on RNA show t h a t ,  w h e th e r  th e  a n im a l  

i s  f e d  p r o t e i n  o r  n o t ,  t h e  t o t a l  number o f  P atoms i n c o r 

p o r a t e d  by t h e  RNA (an d , p re su m a b ly ,  th e  r a t e  o f  s y n t h e s i s  

o f  th e  whole RNA m o le c u le )  i s  d e te rm in e d  by th e  en e rg y  i n 

ta k e  and i s  In d e p e n d e n t  o f  p r o t e i n  I n t a k e .  When t h e  d i e t  

l a c k s  p r o t e i n ,  t h e  r e l a t i v e  r a t e  o f  s y n t h e s i s  i s  i n c r e a s e d  

to  com pensa te  f o r  th e  f a l l  i n  th e  t o t a l  amount o f  RNA, 

w h i l e ,  on a p r o t e i n - c o n t a i n i n g  d i e t ,  th e  r e l a t i v e  r a t e  o f  

s y n t h e s i s  i s  n o t  i n c r e a s e d  b u t  th e  t o t a l  amount r i s e s  

i n s t e a d .  T h is  c o u ld  be due to  (a )  th e  f a c t  t h a t  th e  ATP/ADP



120.

r a t i o  a c t s  a s  a  l i m i t i n g  f a c t o r  i n  RNA s y n t h e s i s ,  o r ,  

a l t e r n a t i v e l y ,  (b) th e  c e l l u l a r  r e q u i r e m e n t  f o r  RNA b e in g  

i n  some way l i n k e d  to  t h e  e n e rg y -m e ta b o l ism  i n  g e n e r a l ,  o r  

t o  c a rb o h y d ra te  m e ta b o l ism  i n  p a r t i c u l a r .  The e x p e r im e n ts  

w i t h  l i v e r  c e l l  f r a c t i o n s  c an  be i n t e r p r e t e d  a lo n g  th e  

l a t t e r  l i n e s  ( se e  P a r t  V ).

The l i v e r  p h o s p h o l ip id ,  on t h e  o t h e r  h an d , does n o t  

a p p e a r  t o  be a f f e c t e d  i n  t h e  same way a s  the  RNA, when th e  

en e rg y  i n t a k e  i s  a l t e r e d .  I t  i s  p o s s i b l e  t h a t  phospho

l i p i d  s y n t h e s i s ,  l i k e  o t h e r  s y n t h e t i c  r e a c t i o n s ,  i s  i n 

f l u e n c e d  by th e  ATP/ADP r a t i o ,  b u t  u n d e r  th e  c o n d i t i o n s  o f  

o u r  e x p e r im e n t s ,  t h i s  c o u ld  n o t  be  d e m o n s tra te d  w i th  th e  

p r o t e i n - f r e e  d i e t .  I t  i s  c l e a r  t h a t ,  w i th  p ro lo n g e d  p r o 

t e i n  s t a r v a t i o n ,  l a c k  o f  some p r e c u r s o r  l i m i t s  t h e  r a t e  o f  

s y n t h e s i s  (Cam pbell & K o s t e r l i t z ,  1948) and  t h i s  may e x p la in  

why i n c r e a s i n g  th e  p h o sp h a te  p o t e n t i a l  was w i th o u t  e f f e c t .

T hus, a  s i n g l e ,  o v e r a l l  p i c t u r e  o f  th e  e f f e c t  o f  

e n e rg y  i n t a k e  on p r o t e i n ,  RNA and  p h o s p h o l ip id  m e tab o lism  

i n  th e  l i v e r  m igh t be  d ia g r a m m a t ic a l ly  r e p r e s e n t e d  a s  f o l l o w s :

ATP/ADP

Amino
a c id s

P r e c u r s o r s * RNA

E nergy
I n ta k e

-> P r o t e i n

P r e c u r s o r s * P h o s p h o l ip id s



The p r o t e i n  l e v e l  ha th e  d i e t  i n f lu e n c e s  t h e  amounts o f  RNA 

and  p h o s p h o l ip id  i n  th e  l i v e r ,  h u t  th e  r a t e  o f  t u r n o v e r  o f  

t h e s e  compounds ap p ea ls  to  depend on th e  ATP/ADP r a t i o .

H ence, when p r o t e i n  s y n t h e s i s  i s  l i m i t e d  by  la c k  o f  e s s e n t i a l  

amino a c i d s ,  RNA and  p h o s p h o l ip id  s y n t h e s i s  may p ro c e e d  a s  

b e f o r e ,  b u t ,  owing to  r e d u c e d  amounts o f  p r o t e i n  i n  th e  c e l l ,  

l e s s  RNA or p h o s p h o l ip id  i s  h e ld  i n  th e  c e l l  a t  any  one t im e .  

I n  ou r e x p e r im e n ts ,  th e  r a t e  o f  s y n t h e s i s  o f  p h o s p h o l ip id  

was a l s o  l i m i t e d  by some f a c t o r  o t h e r  t h a n  en e rg y  s u p p ly .

The r e l a t i o n s h i p  o f  th e  amounts o f  RNA and phospho

l i p i d  i n  t h e  l i v e r  t o  i t s  p r o t e i n  c o n te n t  has  been  su g g e s te d  

b y  o t h e r  a u th o r s  • P a s t i n g ,  o r  f e e d in g  a  p r o t e i n - f r e e  

d i e t ,  o r  a  d i e t  l a c k i n g  i n  e s s e n t i a l  amino a c i d s ,  r e s u l t s  

i n  a  r a p i d  l o s s  o f  p r o t e i n  from  th e  l i v e r ,  a s  much a s  20$ 

d u r in g  t h e  f i r s t  48  h o u r s ,  and  r e f e e d i n g  w i th  p r o t e i n  

r a p i d l y  i n c r e a s e s  l i v e r  p r o t e i n  (A d d is ,  Poo & Lew, 1936; 

K o s t e r l i t z  & Cramb, 1943; K o s t e r l i t z ,  1944, 1947; L a g e r -  

s t e d t ,  1 9 4 9 ) .  A long w i th  t h e  l o s s  o f  p r o t e i n ,  t h e  c y t o 

p la s m ic  g r a n u le s  d im in i s h  i n  amount (B erg , 1914; Elman e t  

a l . , 1943 ; K o s t e r l i t z ,  1 9 4 7 , ;  L a g e r s t e d t ,  1949) and  th e  

RNA o f  t h e  l i v e r  i s  a l s o  c o n s i d e r a b ly  re d u c e d  (D avidson & 

Waymouth, 1944 ; D av id so n , 1945; K o s t e r l i t z ,  1 9 4 7 ) .  The 

l o s s  o f  p r o t e i n ,  p h o s p h o l ip id  a n d  RNA, a lo n g  w i th  th e  d i s 

a p p e a ra n c e  o f  b a s o p h i l i c  c y to p la s m ic  g r a n u l e s ,  has  j u s t i f i e d  

t h e  c o n c lu s io n  t h a t  some o f  t h e  p h o s p h o l i p id - r i b o n u c l e o -



p r o t e i n s  i n  th e  c e l l  c y to p la s m  c o n s t i t u t e  a  r e l a t i v e l y  un

s t a b l e  fo rm  o f  p r o t e i n - c o n t a i n i n g  m a t e r i a l ,  w h ich  lias b e en  

r e f e r r e d ,  t o  a s  nl a b i l e  l i v e r  cy toplasm *1 by  K o s t e r l i t z  (1 9 4 7 ) .

S tu d ie s  o f  d i f f e r e n t  f r a c t i o n s  o f  th e  l i v e r  c e l l  

( P a r t  V) show, how ever, t h a t  rem oval o f  p r o t e i n  from  th e  

d i e t  does n o t  r e s u l t  I n  a  p a r a l l e l  l o s s  o f  p r o t e i n  and  RNA 

from  a l l  p a r t s  o f  th e  c e l l .

A r e d u c t i o n  i n  p r o t e i n  i n t a k e  r e s u l t s  in  a  l o s s  o f  

p r o t e i n  f ro m  a l l  th e  c y to p la s m ic  f r a c t i o n s ,  accom panied  by 

a  l o s s  o f  RNA fro m  th e  m ic ro som al f r a c t i o n  b u t  n o t  t h e  

s u p e r n a t a n t  f r a c t i o n .  The m icrosom es c o n t a i n  a  h i g h  p r o 

p o r t i o n  o f  RNA, and th e  r e l a t i v e l y  sm a ll  amount o f  p r o t e i n  

fo u n d  i n  them  m igh t be n u c l e o p r o t e i n  t o  a v e ry  l a r g e  e x t e n t .  

T h e r e f o r e ,  when th e  amount o f  p r o t e i n  d e c r e a s e 's ,  one would  

e x p e c t  th e  RNA c o n te n t  a l s o  t o  d ro p .  The s u p e r n a t a n t ,  on 

t h e  o t h e r  h a n d , p resum ab ly  c o n ta in s  a  l a r g e  amount o f  p r o 

t e i n  n o t  a s s o c i a t e d  w i t h  n u c l e i c  a c i d s ,  and  th e  l o s s  o f  
n o t  n e c e s s a r i l y  

t h i s  p r o t e i n  m ig h t/ ie tad  :.to an  accom panying  f a l l  i n  t h e  RNA*

We c a n n o t ,  t h e r e f o r e ,  d i s m is s  w h o lly  th e  c o n c e p t  o f  a d i s 

c r e e t  r i b o n u c l e o p r o t e i n - p h o s p h o l i p i d  complex w i th  some 

common m e ta b o l i c  f u n c t i o n .

A l t e r n a t i v e  i n t e r p r e t a t i o n s  o f  ou r  d a t a  m ust a l s o  be 

e n t e r t a i n e d .  On a d d in g  en e rg y  t o  a p r o t e i n - f r e e  d i e t ,  we 

fo u n d  a  m arked s t i m u l a t i o n  o f  RNA s y n t h e s i s  i n  t h e  g r a n u l a r



f r a c t i o n s  b u t  l e s s  so  i n  t h e  s u p e r n a t a n t .  T h is  may be r e 

l a t e d  t o  th e  f a c t  t h a t  enzyme sys tem s c o n n e c te d  w i th  t h e  

t r i c a r b o x y l i c  a c i d  c y c le  a r e  l o c a t e d  i n  th e  l a r g e  g r a n u l e s ,  

and  t h a t  t h i s  e n e rg y  i s  t r a n s m i t t e d  t o  th e  m icrosom es 

( S i e k e v i t z ,  1952) w hich  p la y  a n  im p o r ta n t  p a r t  i n  p r o t e i n  

s y n t h e s i s  (Borsook 5c D easy, 1 9 5 1 ) .  But t h i s  i n t e r p r e t a t i o n  

i s  made l e s s  p ro b a b le  by t h e  f a c t  t h a t  p r e c u r s o r s  n e c e s s a r y  

f o r  p r o t e i n  s y n t h e s i s  a r e  l a c k in g  when th e  d i e t  i s  p r o t e i n -  

f r e e ,  and  y e t  RNA s y n t h e s i s  c o n t in u e s  w i th  th e  same i n t e n s i t y .  

I t  i s  more l i k e l y  t h a t  th e  r a t e  of s y n t h e s i s  o f  RNA i s  

s t i m u l a t e d  i n  th e  n u c l e a r  and g r a n u l a r  f r a c t i o n s  by th e  

a d d i t i o n  o f  e n e rg y  b e c a u se  more RNA i s  n eeded  to  m a in ta in  

th e  RNA c o n te n t  o f  th e  s u p e r n a t a n t  a t  a  c o n s t a n t  l e v e l*

The s u p e r n a t a n t  c o n ta in s  enzyme sys tem s n e c e s s a r y  f o r  

g l y c o l y s i s ,  and i t  may be t h a t  RNA p la y s  a p a r t  i n  g l y c o l y s 

i s .  T h is  has a l s o  b een  s u g g e s te d  by  Claude (1948 , 195$, 

who p o i n t e d  o u t  t h a t  c e l l s  w i t h  a  h ig h  RNA c o n t e n t ,  s u c h  a s  

em bryonic  and  tumour c e l l s ,  have b e e n  shown by  Warburg and 

o t h e r s  to  have t o  a  h ig h  d e g re e  th e  power o f  a n a e ro b ic  

g l y c o l y s i s .  T h e r e f o r e ,  RNA may be r e l a t e d  t o  th e  c a p a c i ty  

f o r  a n a e ro b ic  r e s p i r a t i o n ,  a c c o u n t in g  f o r  th e  c o n c u r re n c e  o f  

l a r g e  amounts o f  RNA and  a c t i v e  f e r m e n ta t i v e  p ro c e s s e s  i n  

y e a s t s  and  c e r t a i n  b a c t e r i a .  C laude c o n c lu d e s  t h a t  RNA 

m igh t be in v o lv e d  i n  some p h ase  o f  th e  a n a e r o b ic  mechanism



o r  a c t  a s  an  i n t e r m e d i a t e  i n  e n e rg y  t r a n s f e r  f o r  v a r io u s  

s y n t h e t i c  r e a c t i o n s .

Do o u r  e x p e r im e n ts  d e f i n i t e l y  e x c lu d e  th e  p o s s i b i l i t y  

t h a t  RNA i s  a  f a c t o r  i n  p r o t e i n  s y n t h e s i s ?  E x a m in a t io n  o f  

th e  l i t e r a t u r e  s u g g e s t s  t h a t  RNA s y n t h e s i s  p re c e d e s  p r o t e i n  

s y n t h e s i s  ( s e e  P a r t  I I I ) .  I n  o u r  own e x p e r im e n t s ,  we 

fo u n d  a  s l i g h t  i n c r e a s e  i n  th e  l i v e r  RNA when e n e rg y  was 

added  to  a  p r o t e i n - f r e e  d i e t ,  i n  c o n t r a s t  t o  p r o t e i n  and  

p h o s p h o l i p id s ,  w h ich  a r e  n o t  a f f e c t e d  by a change i n  e n e rg y  

i n t a k e  u n d e r  th e s e  c i r c u m s ta n c e s . T h is  te n d e n cy  t o 

wards a  b u i l d - u p  o f  RNA m igh t i n d i c a t e  a  p r e p a r a t i o n  f o r  

s y n t h e s i s ,  w h ich  f a i l s  f o r  l a c k  of d i e t a r y  amino a c i d s .

Why t h e n  does t h i s  u n u sed  RNA n o t  a cc u m u la te  i n  t h e  l i v e r  

t o  th e  same e x t e n t  a s  on a p r o t e i n - c o n t a i n i n g  d i e t ?
3 2E nergy  i n t a k e  a f f e c t s  t h e  r a t e  o f  i n c o r p o r a t i o n  o f  P t o  

t h e  same e x t e n t  on b o th  d i e t s .  T h is  may be due t o  one o f  

two r e a s o n s  : i t  i s  p o s s i b l e  t h a t  some u n i d e n t i f i e d  compound

su b s e q u e n t  to  RNA i n  th e  p r o t e i n  s y n t h e s i s  c h a in  o f  r e 

a c t i o n s ,  a c c u m u la te s .  O r, what i s  more l i k e l y ,  RNA may be 

c h i e f l y  c o n c e rn e d  w i th  th e  m etab o lism  o f  c a rb o h y d ra te  and 

f a t ,  o r  s p e c i f i c a l l y  w i th  th e  g l y c o l y t i c  c y c l e ,  and t o  a  

l e s s e r  e x t e n t  w i th  p r o t e i n  s y n t h e s i s .  I t  may be a  compound 

l i k e  ATP, c a p a b le  o f  p e r fo rm in g  more th a n  one f u n c t i o n  o r  

t a k i n g  p a r t  i n  more th a n  one r e a c t i o n .  T h is  c o n c e p t io n  o f



th e  r o l e  o f  RNA i n  c e l l  m e ta b o l ism  may b e  r e p r e s e n t e d  a s  

fo l lo w s  :

I n  t h i s  schem e, th e  i n c r e a s e d  p h o sp h a te  p o t e n t i a l  

p rom otes t h e  r a t e  o f  s y n t h e s i s  o f  RNA, w hich  i s  i n  t u r n  

c o n n e c te d  w i t h  t h e  b u i l d - u p  o f  e n e r g y - y i e l d in g  m e t a b o l i t e s  

f rom  d i e t a r y  c a r b o h y d r a te  and f a t .  I n  th e  p re s e n c e  o f  

a m in o - a c i a s ,  th e  RNA f u n c t i o n s  in  th e  r e a c t i o n s  l e a d in g  

t o  th e  f o r m a t io n  o f  p r o t e i n .

p l a i n  our d a t a ,  i t  i s  o b v io u s  t h a t  much more work w i l l  have  

t o  be done b e f o r e  one can  ch o o se  be tw een  th e s e  a l t e r n a t i v e s .

Amino a c i d s P r o t e i n

M etabo lism

I n  v iew  o f  a l l  t h e  p o s s i b i l i t i e s  e n v is a g e d  t o  e x



SUMMARY.

P a r t  I : The r e l a t i o n s h i p  be tw een  e n e rg y  i n t a k e  and n i t r o g e n

b a l a n c e .

1 . E x p er im e n ts  a r e  d e s c r i b e d  in  w hich  a d d i t i o n a l  

c a r b o h y d r a te  (g lu c o s e )  and  a d d i t i o n a l  f a t  ( o l iv e  o i l )

were g iv e n  t o  a d u l t  r a t s  a l r e a d y  r e c e i v i n g  an a d e q u a te  d i e t .  

T h is  c a u se d  a  r e d u c t i o n  i n  u r i n a r y  N o u tp u t  w h e th e r  t h e  s u r 

f e i t  was g iv e n  w i t h  d i e t a r y  p r o t e i n  o r  5 ' t o  12 h o u rs  a p a r t  

f rom  th e  p r o t e i n .  N r e t e n t i o n s  o f  s i m i l a r  m agn itude  were

o b ta in e d  w h e th e r  th e  s u r f e i t  was g iv e n  i n  th e  fo rm  o f  

c a r b o h y d r a te  o r  an isody nam ic  amount o f  f a t .

2 .  S i m i l a r  e x p e r im e n ts  were c a r r i e d  ou t on a d u l t  

d o g s ,  t h e  a d d i t i o n a l  c a r b o h y d r a te  ( s u c r o s e )  b e in g  g iv e n  

w i t h  th e  p r o t e i n  on one s i n g l e  o c c a s io n ,  and 7 and 12 h o u rs  

a p a r t  f ro m  th e  p r o t e i n  on o t h e r  s i n g l e  o c c a s io n s .  N i t ro g e n  

r e t e n t i o n  was o b ta in e d  when s u c r o s e  was g iv e n  w i t h i n  7 ho u rs  

o f  th e  p r o t e i n  meal* R e p e a te d  d a i l y  d oses  o f  s u c r o s e  12 

h o u rs  a f t e r  th e  p r o t e i n  m eal e v e n t u a l l y  p ro d u ced  a  r e t e n 

t i o n  o f  N o f  e q u a l  m agn itude  to  th e  amount s t o r e d  when 

s u c ro s e  was g iv e n  w i th  t h e  p r o t e i n .

3 .  E x p er im en ts  were a l s o  c a r r i e d  o u t  on 4 human su b 

j e c t s  r e c e i v i n g  a d e q u a te  d i e t s .  A d d i t i o n a l  c a rb o h y d r a te  

( s u c r o s e )  r e d u c e d  th e  u r i n a r y  N o u tp u t  w h e ther  i t  was ta k e n  

w i t h  th e  d i e t  o r  5§ ho u rs  a f t e r  the  l a s t  m eal o f  th e  d a y .



When th e  s u c r o s e  was ta k e n  a p a r t  f ro m  t h e  m e a ls ,  a  l a g  

p e r i o d  o f  24 t o  48 h o u rs  was o b se rv e d  b e f o r e  t h e  u r i n a r y  

N o u t p u t  was r e d u c e d .

4 .  I t  has  been  c o n c lu d e d  t h a t  c a rb o h y d ra te  and f a t  

a c t  i n t e r c h a n g e a b l y  a s  en e rg y  s o u r c e s  i n  s p a r i n g  p r o t e i n ;  

th e y  do n o t  need  to  be ta k e n  a lo n g  w i th  d i e t a r y  p r o t e i n  

t o  e x e r t  t h i s  s p a r i n g  a c t i o n .  T h is  N s p a r i n g  e f f e c t  i s  

p ro b a b ly  p ro d u c e d  by i n c r e a s i n g  the  t i s s u e  c o n c e n t r a t i o n  

o f  some e n e r g y - y i e l d i n g  m e t a b o l i t e  w h ich  i s  n e c e s s a r y  f o r  

t h e  s y n t h e s i s  o f p r o t e i n .

P a r t  I I : The e f f e c t  o f  e n e rg y  i n ta k e  on th e  m e tab o lism  o f

a d e n o s in e  t r i p h o s p h a t e  i n  th e  l i v e r .

1* E x p er im en ts  a r e  d e s c r ib e d  i n  w hich  en e rg y  i n  t h e  

fo rm  o f  o l i v e  o i l  was g iv e n  t o  r a t s  r e c e i v i n g  a f i x e d  b a s a l  

d i e t .  T h is  c a u s e d  a s i g n i f i c a n t  change i n  th e  ATP/ADP 

r a t i o ,  w hich  i n c r e a s e d  l i n e a r l y  w i t h  the  amount o f  en e rg y  

a d d ed .

2 .  The s i g n i f i c a n c e  o f  th e  ATP/ADP r a t i o  i s  d i s c u s s e d ,  

and i t  h a s  b e e n  c o n c lu d e d  t h a t  e n e rg y  i n t a k e  i n f lu e n c e s  

p r o t e i n  s y n t h e s i s  by  a f f e c t i n g  t h e  ^ p h o sp h a te  p o t e n t i a l 11.



P a r t  I l l s  The i n f l u e n c e  o f  e n e rg y  i n t a k e  on t h e  m e ta b o l ism

o f  r i b o n u c l e o p r o t e i n s .

1* A s tu d y  has b e en  made o f  th e  e f f e c t  o f  v a r i a t i o n s  

i n  en e rg y  i n t a k e  on  th e  amount o f  r i b o n u c l e i c  a c i d  (RNA) 

i n  t h e  r a t  l i v e r ,  and  on th e  u p ta k e  o f  l a b e l l e d  pho sph o rus  

by RNA •

2 .  When t h e  d i e t  c o n ta in e d  p r o t e i n ,  a d d i t i o n  o f  e n e rg y  

i n  th e  fo rm  o f  c a rb o h y d r a te  o r  f a t  r e s u l t e d  i n  a c o n s id e r a b le  

i n c r e a s e  i n  the  amount o f  RNA p e r  l i v e r : when th e  d i e t

l a c k e d  p r o t e i n ,  an i n c r e a s e  i n  e n e rg y  in ta k e  c a u se d  o n ly  a  

s l i g h t  change i n  th e  amount o f  RNA.

3 .  The u p ta k e  o f  by  RNA, a s  m easured  by r e l a t i v e  

s p e c i f i c  a c t i v i t y ,  behaved  i n  th e  o p p o s i t e  way. Uptake was 

n o t  a f f e c t e d  by v a r i a t i o n s  i n  e n e rg y  I n ta k e  when the  d i e t  

c o n ta in e d  p r o t e i n ,  b u t  i t  was c o n s id e r a b ly  s t i m u l a t e d  by  

a d d i t i o n  o f  e n e rg y  t o  t h e  p r o t e i n - f r e e  d i e t .

4- These r e s u l t s  i n d i c a t e  t h a t  th e  a b s o l u t e  r a t e  o f  

i n c o r p o r a t i o n  o f  phosphorus  i n t o  RNA i s  d ep en d e n t  on e n e rg y  

i n t a k e .  A t e a c h  l e v e l  o f  p r o t e i n  i n t a k e ,  a d d i t i o n  o f  

e n e rg y  i n c r e a s e s  th e  t o t a l  number o f  P atoms in c o r p o r a te d  

i n t o  RNA, i n  one c a s e  by a n  in c r e a s e  i n  th e  amount o f  RNA 

p e r  l i v e r  w i th o u t  a change i n  th e  p e rc e n ta g e  o f  P atoms 

i n c o r p o r a t e d  i n  a g iv e n  t im e ,  i n  th e  o t h e r  c a s e  by a n  

i n c r e a s e  i n  th e  i n c o r p o r a t i o n  r a t e  t o  com pensate  f o r  t h e  

much s m a l l e r  change i n  th e  amount o f  RNA p e r  l i v e r .
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P a r t  IV : The e f f e c t  o f  e n e rg y  in t a k e  on t h e  m e ta b o l ism

o f  l i v e r  p h o s p h o l ip id .

1 .  E x p e r im e n ts  s i m i l a r  t o  th o se  d e s c r ib e d  i n  P a r t  I I I  

were c a r r i e d  o u t  on r a t s ,  to  s tu d y  th e  e f f e c t  o f  v a r i a t i o n s  

I n  e n e rg y  in ta k e  on th e  amount o f  p h o s p h o l ip id  p e r  l i v e r ,  and 

on the  u p ta k e  o f  l a b e l l e d  p ho sph o rus  by th e  l i v e r  phospho

l i p i d .

2 .  On a  p r o t e i n - c o n t a i n i n g  d i e t ,  a d d i t i o n  o f  e n e rg y  

( c a r b o h y d r a te )  p ro d u c e d  a m arked in c r e a s e  in  th e  amount o f  

p h o s p h o l ip id  p e r  l i v e r ;  when th e  d i e t  m s  p r o t e i n - f r e e ,  

t h e  p h o s p h o l ip id  p e r  l i v e r  d e c r e a s e d  s l i g h t l y  w i t h  th e  

a d d i t i o n  o f  e n e rg y .

3 .  The u p tak e  o f  3^ P , a s  m easured  by th e  r e l a t i v e  

s p e c i f i c  a c t i v i t y ,  was i n c r e a s e d  by  a d d i t i o n  o f  e n e rg y ,  

w h e th e r  t h e  d i e t  c o n ta in e d  p r o t e i n  o r  n o t ,  t h e  change b e in g  

g r e a t e r  i n  t h e  l a t t e r  c a s e .

4« The a b s o l u t e  r a t e  o f  I n c o r p o r a t i o n  o f  phosphorus 

was g r e a t e r  on a p r o t e i n - c o n t a i n i n g  d i e t ,  th e  i n c r e a s e  i n  

th e  r e l a t i v e  s p e c i f i c  a c t i v i t y  on a  p r o t e i n - f r e e  d i e t  b e in g  

b a la n c e d  by a  d ro p  i n  th e  t o t a l  q u a n t i t y  o f  p h o s p h o l ip id  

p e r  l i v e r .  I t  h a s  been  c o n c lu d ed  t h a t  th e  l i v e r  phospho

l i p i d  d i f f e r s  from  RNA in  t h a t  th e  a b s o l u t e  r a t e  o f  i n c o r 

p o r a t i o n  o f  ph o sp h o ru s  i s  a f f e c t e d  by th e  l e v e l  o f  p r o t e i n  

i n t a k e  as  w e l l  a s  by th e  i n t a k e  o f  e n e rg y .



P a r t  V : The e f f e c t  o f  en e rg y  i n t a k e  on th e  m e ta b o l ism  o f

r i b o n u c l e o p r o t e i n  and  p h o sp h o l ip id ,  i n  d i f f e r e n t  

p a r t s  o f  th e  l i v e r  c e l l .

1 . A s tu d y  was made o f  t h e  e f f e c t  o f  v a r y in g  e n e rg y  

i n t a k e  on th e  t o t a l  amount o f  p r o t e i n ,  RNA and  phospho

l i p i d  i n  d i f f e r e n t  l i v e r  c e l l  f r a c t i o n s  ( n u c l e a r ,  l a r g e  

g r a n u l e ,  m ic ro som al a n d  s u p e r n a t a n t ) ,  and on th e  u p tak e
*zp

o f  ^ P  by  t h e  RNA and p h o s p h o l ip id  i n  t h e s e  f r a c t i o n s ,  

when r a t s  w ere m a in ta in e d  on a p r o t e i n - f r e e  d i e t .

2 .  A d d i t io n  o f  e n e rg y  ( c a r b o h y d r a te )  was found  t o
32in c r e a s e  c o n s i d e r a b l y  th e  u p tak e  o f  P by th e  RNA i n  the  

n u c l e a r  and  g r a n u l a r  f r a c t i o n s ,  t h e  e f f e c t  on th e  RNA i n  

t h e  s u p e r n a t a n t  f r a c t i o n  b e in g  l e s s  e v i d e n t .  Under th e  

same c o n d i t i o n s ,  t h e r e  was no a p p r e c i a b l e  e f f e c t  on t h e  

^ 2P u p ta k e  by  th e  p h o s p h o l ip id .

3 .  T h is  d i f f e r e n c e  in  t h e  b e h a v io u r  o f  t h e  s u p e r 

n a t a n t  f r a c t i o n  w i t h  r e g a r d  t o  RNA m etab o lism  may be  r e 

l a t e d  t o  th e  c o n s ta n c y  o f  th e  amount o f  RNA i n  t h e  s u p e r 

n a t a n t  a t  d i f f e r e n t  l e v e l s  o f  p r o t e i n  i n t a k e ,  i n  c o n t r a s t

t o  th e  v a r i a t i o n s  i n  th e  amount o f  p r o t e i n  and p h o s p h o l ip id s  

i n  t h e  s u p e r n a t a n t  f r a c t i o n  w i th  th e  l e v e l  o f  p r o t e i n  i n 

t a k e  .

4 .  On th e  b a s i s  o f  our d a t a ,  i t  has b e e n  s u g g e s te d



t h a t  t h e  n u c l e a r  a n d  g r a n u l a r  f r a c t i o n s  s y n t h e s i s e  RNA 

w i t h  t h e  o b j e c t  o f  m a i n t a i n in g  t h e  l e v e l  o f  RNA i n  t h e  

s u p e r n a t a n t  f r a c t i o n  o f  t h e  c e l l ,  and t h a t  th e  RNA o f  

t h i s  f r a c t i o n  i s  i n  some way in v o lv e d  i n  e n e rg y  m e ta b o l ism .
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