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Summary 

[ Sii4C] - and  [ 4 , 5 ,  6-14C] g l u c o s e  were p r e p a r e d  f rom [ 2-14C]- 
and  [U- C] g l y c e r o l  and  f r u c t o s e  6 -phospha te  by  r e a c t i o n s  
i n v o l v i n g  t h e  enzymes g l y c e r o k i n a s e ,  g l y c e r o l  3 -phospha te  
d e h y d r o g e n a s e ,  t r i o s e  p h o s p h a t e  i s o m e r a s e ,  t r a n s a l d o l a s e ,  
l a c t a t e  d e h y d r o g e n a s e  and phosphog lucose  isomerase. The 

a u t h e n t i c i t y  of e a c h  of t h e  1 4 C - l a b e l l e d  s u g a r s  w a s  v e r i f i e d  
by c h r o m a t o g r a p h i c  and  enzymic  p r o c e d u r e s  and  t h e  d i s t r i b u t i o n  
of I 4 C  i s o t o p e  c o n f i r m e d  by s p e c i f i c  d e g r a d a t  i v e  p r o c e d u r e s .  
These  s p e c i f i c a l l y  l a b e l l e d  s u b s t r a t e s  are  r e q u i r e d  f o r  t h e  
q u a n t i t a t i v e  e s t i m a t i o n  of t h e  new p e n t o s e  pathway r e a c t i o n s  
i n  l i v e r ,  p h o t o s y n t h e t i c  and  some tumour  t i s s u e s .  
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I n t r o d u c t i o n  

T r a n s a l d o l a s e  i s  a g r o u p  t r a n s f e r r i n g  enzyme t h a t  i s  found  

i n  many t i s s u e s  and  which  h a s  a b r o a d  s p e c i f i c i t y  f o r  i ts  donor  

and a c c e p t o r  s u b s t r a t e s  (1). L j u n g d a h l  e t  a1 ( 2 )  u s e d  t r a n s -  

a l d o l a s e  and  d e m o n s t r a t e d  t h e  f e a s a b i l i t y  of t h e  f o r m a t i o n  i n  

l o w  y i e l d ,  of F4C]f ruc tose  6 -phospha te  from f4C]g lyce ro l  by t h e  

f o l l o w i n ?  se r ies  of r e a c t i o n s :  

14  g l y c e r o k i n a s e  
[Z- C] a -phosphog lyce ro l  14  [2- C l g l y c e r o l  + ATP 

+ ADP (1 1 

g l y c e r o l  3-P d e h y d r o g e n a s e  14 [2- C ]  a - p h o s p h o g l y c e r o l  + NAD' 1 

[2-14C]DHAP + NADII + H+ (2) 
t r i o s e p h o s p h a t e  i s o m e r a s e  

[ 2-14C]DHA? \ ' [2-14C]GAP 

t r a n s a l d o l a s e  
[2-14C]GAP + F6P [5-14C]F6P + G 4 P  

(4) 
Recen t  s t u d i e s  i n  t h i s  l a b o r a t o r y  c o n c e r n e d  w i t h  t h e  r e a c t i o n  

scheme of t h e  n o n - o x i d a t i v e  p e n t o s e  p h o s p h a t e  pathway i n  l i v e r  

have  l e d  t o  t h e  d e m o n s t r a t i o n  of a new r e a c t i o n  s e q u e n c e  f o r  

t h i s  pathway of g l u c o s e  me tabo l i sm ( 3 , 4 )  and t h e o r e t i c a l  methods  

f o r  m e a s u r i n g  t h e  q u a n t i t a t i v e  c o n t r i b u t i o n  of t h i s  a l t e r n a t e  

form o f  t h e  p e n t o s e  p h o s p h a t e  pathway have  been  d e v e l o p e d  ( 5 ) .  

I t  is mandatory  f o r  t h e  a p p l i c a t i o n  of t h e s e  t h e o r e t i c a l  me thods  

t h a t  [5-14C]-and [4,5,6- 

f o r  l i v e r  and  o t h e r  g l u c o n e o g e n i c  t i s s u e s .  A s  n e i t h e r  of t h e s e  

14C- labe l l ed  s u b s t r a t e s  a r e  c o m m e r c i a l l y  a v a i l a b l e ,  w e  have  

a d a p t e d  t h e  r e a c t i o n  s e q u e n c e  shown above  ( R e a c t i o n s  1 - 4 )  t o  

o p t i m i z e  t h e  y i e l d  of  f4C]hexose 6 - p h o s p h a t e .  

1 4  C] g l u c o s e  are u s e d  a s  s u b s t r a t e s  
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I n  t e r m s  of max imiz ing  t h e  y i e l d  o f  p 4 C > r u c t o s e  6 -phospha te  

formed by  t h e  r e a c t i o n s  1 t o  4 a b o v e ,  two ma jo r  l i m i t a t i o n s  

need  t o  be c o n s i d e r e d .  The t r a n s a l d o l a s e  reaction ( R e a c t i o n  4 )  

is n o t  a 'mass  t r a n s f e r '  r e a c t i o n ,  r a t h e r  it is  a r e a c t i o n  

i n v o l v i n g  t h e  exchange  o f  c a r b o n  a toms  4 , 5  and  6 o f  f r u c t o s e  

6 -phospha te  w i t h  g l y c e r a l d e h y d e  3 -phospha te .  The r e a c t a n t s  

and  p r o d u c t s  m a i n t a i n  t h e  same c o n c e n t r a t i o n  t h r o u g h o u t  t h e  t i m e  

c o u r s e  o f  t h e  r e a c t i o n  s e q u e n c e .  The p o s i t i o n  of e q u i l i b r i u m  

t h u s  se ts  a l i m i t  on t h e  y i e l d  o f  1 4 C  i s o t o p e  f romp4C]-  

g l y c e r a l d e h y d e  3 -phospha te  wh ich  c a n  b e  i n c o r p o r a t e d  i n t o  

f r u c t o s e  6 -phospha te .  T h i s  is so b e c a u s e  a t  i s o t o p i c  e q u i l i b r i u m  

o n l y  h a l f  o f  t h e  a v a i l a b l e  ~ 4 C ~ g l y c e r a l d e h y d e  3 -phospha te  c a n  

be i n c o r p o r a t e d  i n t o  t h e  lower 3 c a r b o n s  of f r u c t o s e  6 -phospha te .  

The s e c o n d  l i m i t a t i o n  i n v o l v e s  t h e  u n f a v o u r a b l e  e q u i l i b r i u m  

of r e a c t i o n  2 .  The K o f  t h i s  r e a c t i o n ,  i n  t h e  d i r e c t i o n  o f  

d i h y d r o x y a c e t o n e  p h o s p h a t e  f o r m a t i o n ,  is ( 6 ) .  Thus  a n  

NAD' r e g e n e r a t i n g  s y s t e m  h a s  been  i n c o r p o r a t e d  i n  t h e  i n c u b a t i o n  

m i x t u r e  which i n v o l v e s  u s i n g  p y r u v a t e  and  l ac ta te  d e h y d r o g e n a s e  

t o  f o r c e  t h e  r e a c t i o n  i n  t h e  d i r e c t i o n  of d i h y d r o x y a c e t o n e  

p h o s p h a t e  f o r m a t i o n ,  t h i s  is i l l u s t r a t e d  by R e a c t i o n s  2 and 6.  

e q  

g l y c e r o l  3-P d e h y d r o g e n a s e  
[ 2-14C]Gly-P [ 2-14C]DHAP ( 2 )  

NAD+ NADH + H+ 

p y r u v a t e  (6) 
l ac ta te  d e h y d r o g e n a s e  

The u s e  o f  t h e  NAD' r e g e n e r a t i n g  s y s t e m  i n c r e a s e d  t h e  y i e l d  of 

1 4 C  i s o t o p e  i n c o r p o r a t i o n  i n t o  hexose  6 -phospha te  by a f a c t o r  

o f  3 .  
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E x p e r i m e n t a l  S e c t i o n  

Enzymic S y n t h e s i s  o f  [5-I4C]-and [ 4 , ? J , ~ - ' ~ C ]  G l u c o s e  6 -Phospha te  

The r e a c t i o n  m i x t u r e  ( 5 . 0 m l )  c o n t a i n e d :  100vmole ATP; 

200umole NAD ; 150umole f r u c t o s e  6 - p h o s p h a t e ;  lmg g l y c e r o k i n a s e  

( E . C . 2 . 7 . 1 . 3 0 ;  B o e h r i n g e r  Mannheim C o r p . ;  f rom Cand ida  mycoderma 

850U/mg); lmg g l y c e r o l  3 - p h o s p h a t e  d e h y d r o g e n a s e  ( E . C . 1 . 1 . 1 . 8 ;  

B o e h r i n g e r  Mannheim Corp. ; f rom r abb i t  m u s c l e ;  4 0 U / m g ) ;  100pg 

t r i o s e - p h o s p h a t e  isomerase ( E . C . 5 . 3 . 1 . 1 ;  B o e h r i n g e r  Mannheim 

C o r p . ;  f rom r a b b i t  m u s c l e ;  5000 U / m g ) ;  1 . 3  mg t r a n s a l d o l a s e  

( E . C . 2 . 2 . 1 . 2 ;  B o e h r i n g e r  Mannheim Corp ;  f rom y e a s t ;  15U/mg); 

160ug l a c t a t e  d e h y d r o g e n a s e  (E .C.1 .1 .1 .27;  B o e h r i n g e r  Mannheim 

C o r p . ;  f rom r a b b i t  m u s c l e ;  550 U/mg); 2 0 0 ~ m o l e  sodium p y r u v a t e  

and  2 5 0 ~ C i  o f  [2-14C]-or [U- C ]  g l y c e r o l  (25mCi/m mol) A 1 1  

s u b s t r a t e s ,  c o - f a c t o r s  and  enzymes were made up  i n  100 mM P i s /  

HC1, 20mM MgC12 pH 7 . 8 .  The r e a c t i o n  m i x t u r e  w a s  i n c u b a t e d  

f o r  2 h r s .  a t  25' b e f o r e  t h e  a d d i t i o n  o f  140 p g  phosphog lucose  

i s o m e r a s e  ( E . C . 5 . 3 . 1 . 9 ;  B o e h r i n g e r  Mannheim Corp;  f rom y e a s t ;  

350U/mg). The i n c u b a t i o n  w a s  c o n t i n u e d  €or one f u r t h e r  hour  

and w a s  t h e n  t e r m i n a t e d  by t h e  a d d i t i o n  of 5 .0  m l  o f  0.614 H C 1 0 4 .  

The m i x t u r e  w a s  a l l o w e d  t o  s t a n d  i n  i c e  f o r  30 min t o  c o m p l e t e  

t h e  p r e c i p i t a t i o n  o f  p r o t e i n .  The p r o t e i n  w a s  removed by 

c e n t r i f u g a t i o n  a t  10,000 r . p . m .  for 10 min .  i n  a S o r v a l  

r e f r i g e r a t e d  c e n t r i f u g e  u s i n g  t h e  SS-34 ro tor .  The s u p e r n a t a n t  

f l u i d  was a d j u s t e d  t o  p H  6 .5  w i t h  KOH s o l u t i o n  and  a l l o w e d  t o  

+ 

14 

s t a n d  a t  Oo f o r  30 min .  The KC104 p r e c i p i t a t e  was removed 

c e n t r i f u g a t i o n  as  above  and t h e  r e a c t i o n  m i x t u r e  p l a c e d  on 

column ( 1 . 5  x 30cm) of an ion -exchange  r e s i n  i n  t h e  f o r m a t e  

(Dowex-1 ; x 8 ;  200-400 mesh, Bio-Rad Laboratories, California,U.S.I. 

bY 

a 

form 

followed 
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by 50 m l  of water. The column w a s  e l u t e d  w i t h  a l i n e a r  

g r a d i e n t  c o n t a i n i n ?  500 m l  of 2M HCOOH i n  a n i x i n g  b o t t l e  

and  414 IICOOH i n  t h e  r e s e r v o i r  a t  a f l o w  r a t e  o f  l m l / m i n .  

F r a c t i o n s  (10 m l )  were c o l l e c t e d  and  t h e  h e x o s e  6-? peak  

i d e n t i f i e d  u s i n g  t h e  a n t h r o n e  r e a g e n t  ( 7 )  and  t h e  a p p r o p r i a t e  

f r a c t i o n s  w e r e  c o l l e c t e d  ( t o t a l  volume 6 x 10ml ) .  The 

s o l u t i o n  o f  ' % - l a b e l l e d  h e x o s e  6 - p h o s p h a t e s  w a s  c o n c e n t r a t e d  

u n d e r  r e d u c e d  p r e s s u r e  a t  4 5 O  u s i n g  a Buchi  r o t a r y  e v a p o r a t o r  

(Buch i  Ro tovape r  R ) .  The e v a p o r a t e d  r e s i d u e  w a s  t h e n  washed 

4 t i m e s  e a c h  w i t h  100 m l  o f  d i s t i l l e d  water t o  remove t h e  

l a s t  t races  of f o r m i c  a c i d .  The g l u c o s e  6 -phospha te  was 

s e p a r a t e d  f rom f r u c t o s e  6 -phospha te  by  d e s c e n d i n g  p a p e r  

ch romatography  u s i n g  t h e  GW3 s o l v e n t  of Wood ( 8 ) .  The 

ch romatogranhy  w a s  r u n  f o r  30  h r s  and  t h e  g l u c o s e  6 -phospha te  

and  f r u c t o s e  6 p h o s p h a t e  were l o c a t e d  by s c a n n i n g  t h e  p a p e r  

f o r  r a d i o a c t i v i t y  u s i n g  a Radiochromatogram S c a n n e r  ( P a c k a r d  

Model 7231) ( s e e  F i g .  1 ) .  The g l u c o s e  6 -phospha te  w a s  

r e c o v e r e d  from t h e  p a p e r  by e l u t i o n  w i t h  water and c o n c e n t r a t e d  

t o  5.0ml u n d e r  r e d u c e d  p r e s s u r e  u s i n g  a Ruchi  rotary e v a p o r a t o r .  

D e p h o s p h o r y l a t i o n  o f  g l u c o s e  6 -phospha te  and  p u r i f i c a t i o n  

o f  g l u c o s e  

The g l u c o s e  6 -phospha te  s o l u t i o n  was made up  t o  a volume 

o f  lorn1 i n  a s o l u t i o n  which  was lOOmM T r i s / I I C l ,  1Om?l MgCIZ 

pII 1 0 . 4  and  d e p h o s p h o r y l a t e d  by t h e  a d d i t i o n  of 20mg o f  

a l k a l i n e  p h o s p h a t a s e  ( E . C . 3 . 1 . 3 . 1 ;  Sigma c h e m i c a l s ;  f rom c a l f  

i n t e s t i n e ;  2U/mg). The d e p h o s p h o r y l a t i o n  i n c u b a t i o n  w a s  

m a i n t a i n e d  a t  3 7 O  f o r  3 h r s  and  w a s  t e r m i n a t e d  b y  t h e  a d d i t i o n  

o f  l O m l  o f  0 .6M HC104 and  t h e  p r e c i p i t a t e d  p r o t e i n  removed 
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?. 

D i s t a n c e  f r o m  o r i g i n  t r m )  

___ F i g .  1 T h e  s e p a r a t i o n  of g lucose  6-P and f r u c t o s e  6-1' b y  paper  

chromatography. 

The g lucose  G phosphate and f r u c t o s e  6-phosphate were sena ra t ed  

from one another  a f t e r  anion-exchange chromatography on Vhatman 

:inn chromatography paper  i n  t h e  GW3 s o l v e n t  desc r ibed  b y  'Wood (5). 

T h e  chromatography w a s  run us ing  t h e  descending method f o r  30 

hrs. T h e  so lven t  composition was modif ied i n  t h a t  EDTA was 

omi t ted .  

peaks shown above were l oca t ed  by scanning  t h e  paper  f o r  rad io-  

a c t i v i t y  us ing  a Radiochromatogram Scanner (Packard Model 7 2 0 1 ) .  

T h e  F'C]glucose 6-phosphate and f r u c t o s e  6-phosphate 
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by c e n t r i f u g a t i o n  as above .  The s u p e r n a t a n t  s o l u t i o n  was 

d e - i o n i z e d  by p a s s i n g  t h r o u g h  tandem columns  ( 1 . 2  x 20 cm) 

o f  Dowex 50 ( x 4 ,  H fo rm)  and  Dowex 1 ( x 8 ,  acetate f o r m ) .  The 

co lumns  were washed w i t h  100 m l  o f  water  and  t h e  a p p r o p r i a t e  

f r a c t i o n s  were p o o l e d  and  e v a p o r a t e d  t o  n e a r  d r y n e s s  i n  vacuo  

a t  40° i n  a r o t a r y  f i l m  e v a p o r a t o r .  The  14C-labelled g l u c o s e  

s o l u t i o n  was washed 4 t imes  e a c h  w i t h  l O O m l  of d i s t i l l e d  water  

t o  remove a c e t i c  a c i d  and  c o n c e n t r a t e d  t o  a f i n a l  volume o f  

2 .0  m l .  Enzymic a n a l y s i s  of t h e  g l u c o s e  s o l u t i o n  i n d i c a t e d  

t h a t  i t  was f r e e  f rom f r u c t o s e .  The s p e c i f i c  r a d i o a c t i v i t y  

of t h e  g l u c o s e  w a s  a p p r o x i m a t e l y  l m C i / m  m o l  and t h e  y i e l d  w a s  

G O u C i .  

D i s t r i b u t i o n  of 1 4 C  i s o t o p e  i n  t h e  c a r b o n  a toms  o f  g l u c o s e  

+ 

The g l u c o s e  i s o l a t e d  by t h e  p r o c e d u r e s  d e s c r i b e d  above  

w a s  b i o l o g i c a l l y  and  c h e m i c a l l y  degraded c a r b o n  atom by c a r b o n  

atom a f t e r  t h e  a d d i t i o n  o f  lm-mole of carr ier  D-glucose .  The 

d e g r a d a t i o n  p r o c e d u r e s  u t i l i z e  L e u c o n o s t o c  m e s e n t e r o i d e s  and 

a p p r o p r i a t e  c h e m i c a l  methods  and  have  been  d e s c r i b e d  i n  d e t a i l  

e l s e w h e r e  ( 9 ) .  An a n a l y t i c a l  c o n t r o l  s ample  o f  g l u c o s e  l a b e l l e d  

w i t h  1 4 C  i n  p o s i t i o n s  1 , 2  and  6 and o f  known i s o t o p i c  c o m p o s i t i o n  

w a s  d e g r a d e d  s i m u l t a n e o u s l y  w i t h  t h e  e x p e r i m e n t a l  s a m p l e s .  

The r e s u l t s  o f  t h e  d e g r a d a t i o n s  a re  shown i n  T a b l e  1. 

When [2-14C] g l y c e r o l  w a s  u s e d ,  p r a c t i c a l l y  a l l  o f  t h e  1 4 C  

w a s  found  i n  p o s i t i o n  5 o f  g l u c o s e .  

g l y c e r o l  r e s u l t e d  i n  a n e a r l y  e q u a l  d i s t r i b u t i o n  o f  1 4 C  

i n  c a r b o n  atoms 4 , 5  and  6 of g l u c o s e .  

The u s e  o f  [U-14C!- 
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TABLE 1. D i s t r i b u t i o n  of 1 4 C  i n  t h e  carbon atoms of g lucose .  

Carbon N o .  Percentage  of R a d i o a c t i v i t y  

[ 1 ,2 ,6 -  14 Clglucose [5-14C]glucose [4,5,6-14Clglucose 

1 3 7 . 0  0 1 . 2  

2 19.0 1 .3  1 . 6  

3 0 0 . 9  1 . 7  

4 1 . 0  2 . 1  3 3 . 0  

5 2 .0  94.0 31.4 

6 42 .0  1 . 7  31 .0  

Recovery % 92 93 a7 

The d i s t r i b u t i o n  of 1 4 C  i so tope  i n  t h e  carbon atoms of 

g lucose  syn thes i zed  from [2-14C] g l y c e r o l  o r  [U-14C] g lycero l  

and f r u c t o s e  6-phosphate was determined by b i o l o g i c a l  and 

chemical degrada t ion  procedures  ( 9 ) .  

glucose sample accompanied t h e  deg rada t ions .  T h e  expected 

d i s t r i b u t i o n  of I 4 C  i s o t o p e  i n  t h i s  s t anda rd  g lucose  was C - 1 ,  

40%; C-2, 20%;  C-3, 0%; C-4, 0%; C:-5, 0 % ;  C-6, 40%. T h e  percent -  

age recovery of l a b e l  was determined by expres s ing  t h e  t o t a l  

l a b e l  recovered (determined by t h e  a d d i t i o n  of t h e  s p e c i f i c  

r a d i o a c t i v i t i e s  of t h e  s i x  carbon atoms) as  a f r a c t i o n  of t h e  

s p e c i f i c  r a d i o a c t i v i t y  ob ta ined  from t h e  complete  ox ida t ion  of 

t h e  g lucose  by t h e  method of Van S lyke  and Folch ( 1 0 ) .  

A s t anda rd  [l , 2 ,  6-14C] - 
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