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INTRODUCTION 

K. K. Arora, J.  K. MacLeod and J. F. Williams 

T h e r e  a r e  a t  l e a s t  t w o  f o r m s  o f  t h e  p e n t o s e  p a t h w a y  o f  

g l u c o s e  m e t a b o l i s m  i n  n a t u r e .  T h e y  a r e  c a l l e d  t h e  F - t y p e  ( f o r  

f a t  c e l l )  and L - t y p e  ( f o r  l i v e r  c e l l )  p a t h w a y s  ( 1 ) .  The F - t y p e  

p a t h w a y  has f e a t u r e d  i n  t e x t b o o k s  o f  g e n e r a l  b i o c h e m i s t r y  s i n c e  

1956  and i t  was u n e q u i v o c a l l y  shown by a m e c h a n i s t i c  and 

q u a n t i t a t i v e  s t u d y  t o  b e  p r e s e n t  i n  a d i p o s e  t i s s u e  ( 2 ) .  The 

L - t y p e  p a t h w a y  was f i r s t  d e s c r i b e d  i n  1 9 7 1  ( 3 ) ,  i t s  r e a c t i o n  

s e q u e n c e  was d e m o n s t r a t e d  u s i n g  l i v e r  enzymes i n  v i t r o  ( 4 )  and i t  

was q u a n t i t a t i v e l y  measured  i n  r a t  h e p a t o c y t e s ,  22% ( 5 ) ;  i n  

h e p a t o c y t e s  o f  r e g e n e r a t i n g  l i v e r ,  1 2 %  (6); i n  p e r f u s e d  r a t  

h e a r t ,  80% ( 7 )  and i n  M o r r i s  h e p a t o m a  5123TC c e l l s ,  30% ( 8 ) .  The 

L - t y p e  P P  f e a t u r e s  r e a c t i o n s  o f  D - 9  D - i  O c t  l , 8 - P 2 ,  D-g 0-i o c t  

8-P,  0 - 9  13-2 O c t  1,8-P2,  0 - 2  D - 2  O c t  8-P,  Seh 1,7-P2 and A r a  5-P. 

These  compounds a l l  o c c u r  as  i n t e r m e d i a t e s  d u r i n g  t h e  c o n v e r s i o n  

-- i n  v i t r o  o f  r i b o s e  5-P t o  h e x o s e  and t r S o s e  p h o s p h a t e s  b y  enzyme 

p r e p a r a t i o n s  o f  l i v e r ,  h e a r t ,  a v a r i e t y  o f  M o r r i s  h e p a t o m a s ,  

c h l o r e l l a  and s p i n a c h  c h l o r o p l a s t s .  The L - t y p e  PP h a s  n o  r o l e  

f o r  t r a n s a l d o l a s e  (EC2 .2 .1 .2 )  an enzyme o f  t h e  F - t y p e  PP, b u t  i s  

d e p e n d e n t  on  a l l  o t h e r  enzymes o f  t h e  F-PP and r e a c t i o n s  

c a t a l y z e d  b y  a l d o l a s e  (EC4.1 . 2 . 1 3 )  ( 9 )  , a new p h o s p h o t r a n s f e r a s e  

enzyme ( l o ) ,  and an enzyme w h i c h  i n t e r c o n v e r t s  D - r i b u l o s e  5-P and 

A r a  5-P w h i c h  may b e  t h e  same as 0 - a r a b i n o s e  5 - p h o s p h a t e  3 ' - k e t o l  

i s o m e r a s e  (EC5 .3 .1 .3 ) .  T h e s e  t h r e e  enzyme a c t i v i t i e s  a r e  

c h a r a c t e r i s t i c  o f  t h e  L - t y p e  P P  and c a t a l y z e  r e a c t i o n s  i n v o l v i n g  

o c t u l o s e  p h o s p h a t e s  and Seh 1,7-P2 and A r a  5-P. I n  1 9 7 8  t h e  

o c t u l o s e  p h o s p h a t e s ,  Seh 1,7-P2 w e r e  i s o l a t e d ,  c h a r a c t e r i z e d  and 

measured  i n  f r e s h  r a t  l i v e r  f o r  t h e  f i r s t  t i m e  ( 1 1 ) .  

The s t r u c t u r e s  o f  t h e  o c t u l o s e  p h o s p h a t e s  and o f  Seh 1,7-P2 

w e r e  d e t e r m i n e d  u s i n g  '3C-NMR s p e c t r o s c o p y  ( 1 2 ) .  The i n t e r -  

m e d i a c y  o f  o c t u l o s e  p h o s p h a t e s  and Seh 1,7-P2 i n  t h e  p e n t o s e  
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p a t h w a y  was r e c e n t l y  d e m o n s t r a t e d  u s i n g  l i v e r  enzyme c a t a l y z e d  

r e a c t i o n s  i n  v i t r o  ( 1 3 , 1 4 ) .  

I n v e s t i g a t i o n s  o f  t h e  p r e s e n c e ,  e n z y m a t i c  a c t i v i t y  and 

mechan ism o f  t h e  L - t y p e  p a t h w a y  r e a c t i o n s  i n  e x t r a c t s  o f  a n i m a l  

t i s s u e  p r e p a r a t i o n s ,  p l a n t s ,  m i c r o o r g a n i s m s  and n e o p l a s m s  e t c .  

has  n e c e s s i t a t e d  t h e  d e v e l o p m e n t  o f  m e t h o d s  f o r  t h e  s y n t h e s i s  and 

a n a l y s i s  o f  t h e s e  r a d i o i s o t o p i c a l l y  l a b e l l e d  compounds and t o  

t h a t  end t h e  f o l l o w i n g  p r o c e d u r e s  a r e  d e s c r i b e d .  

EXPERIMENTAL 

M a t e r i a l s  

A l l  enzymes w i t h  t h e  e x c e p t i o n  o f  y e a s t  t r a n s k e t o l a s e  w h i c h  

was o b t a i n e d  f r o m  S igma C h e m i c a l  Co. S t .  L o u i s ,  M i s s o u r i  U S A ,  

w e r e  p u r c h a s e d  f r o m  B o e h r i n g e r  Mannheim Corp . ,  FRG. A l l  s u g a r  

p h o s p h a t e s  and coenzymes  w e r e  o b t a i n e d  f r o m  t h e  S igma C h e m i c a l  

Co. S t  L o u i s .  I o n - e x c h a n g e  r e s i n s  w e r e  f r o m  B i o - R a d ,  R ichmond ,  

C a l i f o r n i a ,  USA. A l l  o t h e r  c h e m i c a l s  and s o l v e n t s  w e r e  o f  

a n a l y t i c a l  g r a d e  and w e r e  p u r c h a s e d  f r o m  e i t h e r  A j a x  C h e m i c a l s ,  

Sydney,  A u s t r a l i a  o r  f r o m  E. Merk ,  D a r m s t a d t ,  FRG o r  f r o m  BDH. 

P o o l e ,  D o r s e t ,  UK. R a d i o a c t i v e  s u b s t r a t e s  w e r e  o b t a i n e d  f r o m  

e i t h e r  Amersham International p l c A m e r s h a m ,  Bucks . ,  UK o r  f r o m  New 

E n g l a n d  N u c l e a r ,  B o s t o n ,  Mass ., USA. 

C o l o r i m e t r i c  r e a c t i o n s  o f  t h e  k e t u l o s e  p h o s p h a t e s  

The o c t u l o s e  mono- and b i s p h o s p h a t e s  and Seh 1,7-P2 w e r e  

measured  u s i n g  t h e  u n i q u e  a b s o r p t i o n  s p e c t r a  o f  t h e s e  compounds 

when t h e y  w e r e  r e a c t e d  w i t h  t h e  c y s t e i n e - s u l p h u r i c  a c i d  r e a g e n t  

( 1 5 ) ( 1 6 ) ( 1 7 ) .  The s p e c t r a  o f  t h e  p r o d u c t s  o f  t h e s e  r e a c t i o n s  

w e r e  r e c o r d e d  u s i n g  a G i l f o r d  2600  s i n g l e  beam s p e c t r o p h o t o m e t e r  

c o u p l e d  w i t h  a H e w l e t t  P a c k a r d  7225A p l o t t e r .  The o r c i n o l  

r e a c t i o n  f o r  p e n t o s e  p h o s p h a t e s  ( 1 8 )  and t h e  a n t h r o n e  r e a c t i o n s  

f o r  h e x o s e  p h o s p h a t e s  ( 1 9 )  w e r e  c a r r i e d  o u t  as  d e s c r i b e d .  

I n o r g a n i c  p h o s p h a t e  was measured  b y  t h e  method o f  ( 2 0 ) .  
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R a d i o a c t i v i t y  m e a s u r e m e n t s  

R a d i o a c t i v i t y  m e a s u r e m e n t s  w e r e  made i n  an a u t o m a t i c  1 i q u i d  

s c i n t i l l a t i o n  c o u n t e r  (Beckman L S 3 5 0 ) .  A n a l y s i s  o f  t h e  r a d i o -  

a c t i v i t y  i n  t h e  f r a c t i o n s  c o l l e c t e d  d u r i n g  c o l u m n  c h r o m a t o g r a p h y  

was a c h i e v e d  By c o u n t i n g  0 .01ml  o f  a s a m p l e  i n t o  10 .0ml  o f  

s c i n t i l l a t i o n  f l u i d  (composed o f  12 .09  B u t y l  PBD, 1200ml  T o l u e n e  

and 800ml  M e t h o x y e t h a n o l ) .  A l l  r a d i o a c t i v i t y  m e a s u r e m e n t s  

( e x c e p t  t h o s e  c o n c e r n e d  w i t h  e s t a b l i s h i n g  c o l u m n  p r o f i l e s  o f  

c h r o m a t o g r a p h i c a l l y  e l u t e d  s u b s t a n c e s )  w e r e  c o n d u c t e d  a t  l e a s t  

t h r e e  t i m e s  on d u p l i c a t e  s a m p l e s  and w e r e  c o r r e c t e d  f o r  b a c k -  

g r o u n d  and q u e n c h i n g .  

P 

S y n t h e s i s  o f  1 4 C - O c t u l o s e  b i s p h o s p h a t e s  

~ 4 , 5 , 6 , 7 , 8 - 1 4 C )  D - q  D - i  O c t  1,8-P2 

I s o t o p i c a l l y  l a b e l l e d  0 - 9  0-1 O c t  l , 8 - P 2  was s y n t h e s i z e d  

u s i n g  D H A P  and [ U - I 4 C ]  A r a  5-P i n  t h e  a l d o l a s e - c a t a l y z e d  

c o n d e n s a t i o n  r e a c t i o n  o f  e q u a t i o n  ( 1 ) .  

[ U - I 4 C ]  A r a  5-P + OHAP+[4,5,6,7,8714C] 0 - q  D - i  - O c t  1,8-P2 ( 1 )  

[ U - I 4 C ]  A r a  5-P was s y n t h e s i z e d  as d e s c r i b e d  b e l o w .  F r u  

l , 6 - P 2  was used as a s o u r c e  o f  t r i o s e  p h o s p h a t e  i n  a l d o l a s e -  

m e d i a t e d  s y n t h e s e s  ( 2 1 , 2 2 ) ,  b u t  t h e  y i e l d s  w e r e  q u i t e  l o w  u n l e s s  

t r i o s e p h o s p h a t e  i s o m e r a s e  (EC5.3.1.1)  was i n c l u d e d  i n  t h e  

r e a c t i o n  m i x t u r e .  T h i s  enzyme a c t e d  t o  m a i n t a i n  a l o w  c o n c e n t r a -  

t i o n  o f  G A P ,  t h u s  d i r e c t i n g  t h e  c o n d e n s a t i o n  o f  D H A P  w i t h  

a c c e p t o r  a l d e h y d e s  s u c h  as p e n t o s e  5 - p h o s p h a t e s .  The r e a c t i o n  

m i x t u r e  i n  a f i n a l  v o l u m e  o f  10.0ml  and pH7.6 c o n t a i n e d :  T r i s -  

HC1, 500umo$; [ U - 1 4 C ]  A r a  5-P, 800pmo l  ( s p e c i f i c  r a d i o a c t i v i t y  

0 . 5 C i  m o l - l ) ;  F r u  1,6-P2,  25pmo l  ( e q u i v a l e n t  t o  50umo l  o f  

t r i o s e - P ) ;  a l d o l a s e ,  45U; and t r i o s e p h o s p h e t e  i s o m e r a s e ,  500U. 

The r e a c t i o n  m i x t u r e  was i n c u b a t e d  a t  25"  f o r  1 6 - 1 8 h .  The 

i n c u b a t i o n  was t e r m i n a t e d  b y  u l t r a f i l t r a t i o n  t o  r e m o v e  p r o t e i n  

u s i n g  an Amicon  PM-10 membrane ( m o l e c u l a r  w e i g h t  c u t - o f f ,  

1 0 , 0 0 0 ) .  The f i l t r a t e  was a p p l i e d  t o  a c o l u m n  ( 1 . 5  x 90cm) o f  
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an ion-exchange  r e s i n  i n  t h e  f o r m a t e  form (AG-1 X 8; 200-400 mesh) 

fo l lowed  by 1501111 of d e i o n i z e d  w a t e r .  

Sugar p h o s p h a t e s  were e l u t e d  from t h e  column u s i n g  a l i n e a r  

f o r m a t e  g r a d i e n t  (0.751111 m i n - l )  g e n e r a t e d  w i t h  t h e  a id  of an L K B  

mic rope r spex  p e r i s t a l t i c  p u m p  and c o n s i s t i n g  of 1.8L of H20 i n  a 

mixing b o t t l e  and 1.8L of 4M H C O O H  - M HCOONH4. Frac' t ions 

( 7 . 5 m l )  were c o l l e c t e d  and each  second f r a c t i o n  was t e s t e d  u s i n g  

t h e  a p p r o p r i a t e  c o l o u r  r e a g e n t s  f o r  s u g a r  p h o s p h a t e s  o r  mon i to red  

f o r  r a d i o a c t i v i t y ,  Ara 5-P was l o c a t e d  i n  t h e  f r a c t i o n s  u s i n g  t h e  

o r c i n o l  r e a g e n t  f o r  p e n t o s e s  and o c t u l o s e  b i s p h o s p h a t e s  u s i n g  the  

cysteine-HzSOq r e a g e n t .  F r a c t i o n s  c o n t a i n i n g  0 - 9  0-L Oct 1 ,8-P2  

were pooled t o g e t h e r  and passed  th rough  a column (80ml)  of Dowex 

50W ( H ' )  r e s i n  (100-200 mesh) t o g e t h e r  w i t h  1 . 5  bed-volumes of 

d e i o n i z e d  w a t e r .  The e l u a t e  was c o n c e n t r a t e d  t o  501111 a t  40' 

under reduced p r e s s u r e  u s i n g  a r o t a r y  e v a p o r a t o r  (Buchi Rotovaper  

R ) ,  t h e n  c o n t i n u o u s l y  e x t r a c t e d  w i t h  d i e t h y l e t h e r  f o r  12-14h t o  

remove f o r m i c  a c i d ,  n e u t r a l i z e d  w i t h  NaOH t o  pH6.8, and 

l y o p h i l i z e d .  T h e  r e c o v e r i e s  of  s u g a r  p h o s p h a t e s  d u r i n g  the  e the r  

e x t r a c t i o n  were 75-95%, depend ing  upon t h e  s u g a r  be ing  p r o c e s s e d .  

The y i e l d  of t h e  Oct 1 ,8 -P2  was 60-65% (based  on F r u  1 ,6 -P2  

a s p e c i f i c  r a d i o a c t i v i t y  of 0 .35  Ci mol-1. The p r o d u c t  was 

from Fru 1 ,6 -P2  a s  measured by s p e c i f i c  enzymat i c  a n a l y s i s  

A n a l y s i s  of t h e  t o t a l  and o r g a n i c  phosphorus  of t h e  D-p D-2 
l , 8 - P 2  showed t h a t  approx .  2% was n o t  accounted  f o r  by t h e  

w i t h  

f r e e  

2 3 ) .  

Oct 

a n a l y s i s  on D H A P  and Ara 5-P r e l e a s e d  w h e n  i t  w a s  c l e a v e d  i n  t h e  

a l d o l a s e  a s s a y  ( 1 5 ) .  The i d e n t i t y  and p u r i t y  of t h e  p r o d u c t  was 

f u r t h e r  conf i rmed u s i n g  mass s p e c t r o m e t r y ,  gas  l i q u i d  

chromatography of t h e  TMS d e r i v a t i v e s  of t h e  dephosphory l  a t ed  

s u g a r  ( 2 4 )  and n a t u r a l  abundance I3C-NMR. 

When Oct l , 8 - P 2  l a b e l l e d  i n  t he  f i r s t  t h r e e  ca rbon  atoms was 

r e q u i r e d ,  14C-DHAP ( e i t h e r  [U-I4C o r  Z -14C] - l abe l l ed )  were used 

a s  s u b s t r a t e s .  14C-Labelled D H A P  was p repa red  i n  s i t u  u s i n g  
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[ U - I 4 C  o r  2 - l 4 C I  g l y c e r o l  a c c o r d i n g  t o  t h e  r e a c t i o n s  o f  e q u a t i o n s  

2 - 5 .  

[U-14C] G l y c e r o l  [U-'4C] G l y c e r o l  3-P ( 2 )  

ATP ADP 

[ U - I 4 C ]  G l y c e r o l  3-P ( 3 )  n[u-14c1 llHAP 

L ac t a t e *- NAuH+ Pyr u v a t  e ( 4 )  

[ U - 1 4 C ]  DHAP + A r a  5 - P w [ l , 2 , 3 - 1 4 C ]  D - 2  D-2 O c t  1,8-P2 ( 5 )  

The enzymes c a t a l y s i n g  t h e  a b o v e  r e a c t i o n s  a r e  g l y c e r o l  

k i n a s e  (EC2.7.1.30)  ( e q u a t i o n  2 ) ,  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  (EC1. l  .1 .8)  ( e q u a t i o n  3 ) ,  l a c t a t e  d e h y d r o g e n a s e  

(EC1 .1 .1 . 2 7 )  ( e q u a t i o n  4) and a l d o l a s e  ( e q u a t i o n  5 ) .  The 

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 - c a t a l y z e d  r e a c t i o n  h a s  an  

e q u i l i b r i u m  c o n s t a n t  o f  1 0 - 1 2  i n  t h e  d i r e c t i o n  o f  DHAP f o r m a t i o n  

( 2 5 ) .  Thus t h e  c o u p l i n g  o f  l a c t a t e  d e h y d r o g e n a s e  ( e q u a t i o n  3 )  

v i a  N A D +  r e d u c t i o n - N A D H  o x i d a t i o n  was n e c e s s a r y  t o  o b t a i n  

s u b s t a n t i a l  c o n v e r s i o n  o f  g l y c e r o l  3-P t o  D H A P .  F o r  t h i s  

s y n t h e s i s ,  t h e  i n c u b a t i o n  m i x t u r e  c o n t a i n e d  i n  a t o t a l  v o l u m e  o f  

20ml ( p H 7 . 6 ) :  [ U - I 4 C ]  g l y c e r o l ,  7 .8pmo l  ( t o t a l  o f  2 5 0 p C i ,  

s p e c i f i c  r a d i o a c t i v i t y  3 2 C i  m o l - 1 ) ;  A r a  5-P, 180pmo l ;  s o d i u m  

p y r u v a t e ,  200pmo l ;  ATP, 100pmo l ;  NAD', 200pmo l ;  g l y c e r o l  k i n a s e ,  

85U; 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 ,  40U; l a c t a t e  

d e h y d r o g e n a s e ,  9OU; a l d o l a s e ,  12U; T r i s - H C 1 ,  2.0mmol; and MgC12, 

400pmo l .  The m i x t u r e  was i n c u b a t e d  a t  25" f o r  20h.  [1,2,3-14C] 

D-CJ 0 - 1  O c t  l , 8 - P 2  was s e p a r a t e d  f r o m  t h e  r e a c t a n t s  as  d e s c r i b e d  

a b o v e .  The O c t  1 ,8 -P2  t h u s  r e c o v e r e d  r e p r e s e n t e d  50% o f  t h e  

o r i g i n a l  1 4 C - i s o t o p e  added t o  t h e  i n c u b a t i o n  m i x t u r e  as  [ U - I 4 C ]  

g l y c e r o l .  

[ I 4 C ]  D - q  D-a O c t  1,8-P2 was s y n t h e s i z e d  i n  e s s e n t i a l l y  t h e  
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same manner a s  the  i&-epimer,  e x c e p t  t h a t  R i b  5-P r e p l a c e d  Ara 

5-P ( s e e  e q u a t i o n  6 ) :  

[ U - 1 4 C ]  Rib 5-P + D H A P +  [ 4 , 5 , 6 , 7 , 8 - % ]  D-p D-2 Oct 1 , 8 - P ?  ( 6 )  

[ U - 1 4 C ]  Rib 5-P was f i r s t  p repa red  from [U-I4C] g l u c o s e  

(25OvCi, s p e c i f i c  r a d i o a c t i v i t y  230Ci mol-1)  a s  d e s c r i b e d  by ( 4 ) .  

The y i e l d  of t h e  r e a c t i o n  was 95% ( t h e  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  p r o d u c t  v a r i e d  between 0.52 and 0.65Ci mol -1 ) .  The 

i n c u b a t i o n  m i x t u r e  f o r  0 - g  0 - 2  Oct l , 8 - P 2  s y n t h e s i s  c o n t a i n e d  i n  

a f i n a l  volume of  20.0 m l  (pH7.6):  [0- l4C]  R i b  5-P, 2mmol; F r u  

l , 6 -P2 ,  75pmol; a l d o l a s e ,  45U; t r i o s e  phospha te  i s o m e r a s e ,  500U; 

and Tris-HC1, lmmol. The r e a c t i o n  was c a r r i e d  o u t  a t  25' f o r  3h 

by which t i m e  90% c o n v e r s i o n  of t h e  r e a c t a n t s  t o  D-p D-a 
Oct 1 , g - P ~  had o c c u r r e d  a s  i n d i c a t e d  by t h e  s p e c t r a  of t h e  

cysteine-H2SOq r e a c t i o n  p r o d u c t .  R i b  5-P was p r e v i o u s l y  shown t o  

be a b e t t e r  s u b s t r a t e  f o r  r a b b i t  musc le  a l d o l a s e  t h a n  Ara 5-P 

( 1 5 ) ,  hence t h e  s y n t h e s i s  of t he  a l t r o -  ep imer  o n l y  r e q u i r e d  a 

s h o r t  i n c u b a t i o n  p e r i o d  ( 3 h ) .  A f t e r  d e p r o t e i n i z a t i o n  u s i n g  t h e  

u l t r a f i l t r a t i o n  p r o c e d u r e ,  t h e  m i x t u r e  was e l u t e d  from a f o r m a t e  

an ion  exchange  column ( 1 . 5  x 90cmj,  u s i n g  a f o r m a t e  l i n e a r  

g r a d i e n t  a s  d e s c r i b e d  above .  The f u r t h e r  p r o c e s s i n g ,  

p u r i f i c a t i o n  and a n a l y s i s  o f  t h e  compound was t h e  same a s  t h a t  

d e s c r i b e d  f o r  t h e  i&-epimer.  The y i e l d  of t h e  0 - 9  0 - 2  Oct 1 , 8 -  

P 2  was 80%-90% based on F r u  1 ,6 -P2 .  The p r o d u c t  had a s p e c i f i c  

r a d i o a c t i v i t y  of a p p r o x i m a t e l y  0.54Ci mol-1. 

Synthesis of "C-Labelled Octulose Monophosphates: r8-I4C] D-g 0-i Oct 8-P 

I s o t o p i c a l l y  l a b e l l e d  0-51 D - i  Oct 8-P and i t s  a l t r o  ep imer  

were s y n t h e s i z e d  v i a  t r a n s k e t o l a s e  ( E C 2 . 2 . 1 . 1 )  c a t a l y z e d  

r e a c t i o n s  which invo lved  c o u p l i n g  c a r b o n s  2 and 3 of B-hydroxy- 

p y r u v a t e  w i t h  t h e  a p p r o p r i a t e l y  14C l a b e l l e d  a l d o h e x o s e  

6 -phospha te s  ( s e e  eqn .  7 f o r  t h e  s y n t h e s i s  of [8- I4C]  D-p 0 - i  Oct 

8 - P ) .  

[6-14C] Glc 6-P + B-hydroxypyruvate+HCOj + [8-14C] 0-9 D - i  Oct 8-P 17)  
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The [6-14C1 g l c  6-P was p r e p a r e d  f r o m  [6-14C] g l u c o s e  

(80vmo1,  t o t a l  I4C r a d i o a c t i v i t y  5 0 u C i ,  s p e c i f i c  r a d i o a c t i v i t y  5 . 9  

Ci t n o l - I ) ,  A T P  (400u m o l )  and h e x o k i n a s e  (35U) i n  t h e  p r e s e n c e  of  

0.4M TEA-HC1 b u f f e r  c o n t a i n i n g  20mM MgC12. [ 6 - I 4 C ] G l c  6-P ( 9 5 -  

97% y i e l d )  w i t h  s p e c i f i c  r a d i o a c t i v i t y  0 . 6 2 C i  mo1-I was 

s e p a r a t e d  f r o m  [6-14C]  g l u c o s e  by f o r m a t e  a n i o n  e x c h a n g e  chroma-  

t o g r a p h y  a s  d e s c r i b e d  a b o v e .  

T h e  i n c u b a t i o n  mixture f o r  t he  s y n t h e s i s  o f  [ 8 - I 4 C ]  D-g 0-i 

Oct  8-P c o n t a i n e d  i n  a t o t a l  vo lume o f  151111 a t  pH7.6: [ 6 - I 4 C ] G l c  

6 - P ,  8 0 u m o l ;  8 - h y d r o x y p y r u v a t e ,  240umol ;  t r a n s k e t o l a s e  ( f r o m  

y e a s t ) ,  20U; TEA-HC1 ( p H 7 . 4 ) ,  1 .2mmol;  MgC12, 150umol and 

t h i a m i n e  p y r o p h o s p h a t e ,  1 . 5 u m o l .  The r e a c t i o n  was c a r r i e d  o u t  a t  

30" f o r  24h .  

I t  was t hen  n e c e s s a r y  t o  a d o p t  t h e  f o l l o w i n g  s t r a t e g y  t o  

remove  a n y  u n r e a c t e d  G l c  6-P f r o m  t h e  24h r e a c t i o n  m i x t u r e  

b e f o r e  p r o c e e d i n g  w i t h  t h e  i o n - e x c h a n g e  c h r o m a t o g r a p h i c  

s e p a r a t i o n  o f  o c t u l o s e  m o n o p h o s p h a t e .  The r e a c t i o n  m i x t u r e  was 

p l a c e d  i n  a b p i l i n g  w a t e r  b a t h  f o r  5 m i n ,  c o o l e d ,  u l t r a - f i l t e r e d  

and t h e  f i l t r a t e  i n c u b a t e d  a t  30" f o r  2h w i t h  a 2-11101 e x c e s s  of  

A T P  o v e r  t h e  amount  o f  u n r e a c t e d  G l c  6 - P ,  2 0 U  o f  g l u c o s e p h o s p h a t e  

i s o m e r a s e  ( E C 5 . 3 . 1 . 9 )  and 10U o f  6 - p h o s p h o f r u c t o k i n a s e  

(EC2.7 .1  . 1 1 ) .  P r o t e l n  was removed by u l t r a f i l t r a t i o n  and 

[8-14C]  0-g D - i  O c t  8-P was i s o l a t e d ,  f r e e  f r o m  o t h e r  

c o n t a m i n a n t s ,  by f o r m a t e  i o n - e x c h a n g e  c h r o m a t o g r a p h y .  The y i e l d  

o f  [8-14C] D - g  D - i  O c t  8 - P  ( s p e c i f i c  r a d i o a c t i v i t y  0 . 4 C i  m o l - l )  

was 60% based  on t h e  I4C r a d i o a c t i v i t y  i n i t i a l l y  a p p l i e d  a s  [ 6 -  

14C]Glc 6-P.  T h e  r e m a i n i n g  I4C was r e c o v e r e d  i a  F r u  1 , 6 - P 2  ( 2 0 % )  

and i n  d e p h o s p h o r y l a t e d  p r o d u c t s  ( 2 0 % ) .  S p i n a c h  and r a t  l i v e r  

t r a n s k e t o l a s e  w e r e  a l s o  used  f o r  t h e  s y n t h e s i s  a f  [ 8 - I 4 C ]  D - 9  D-L 
O c t  8-P and a f f o r d e d  good y i e l d s  and r e q u i r e d  s h o r t e r  r e a c t i o n  

p e r i o d s  ( 2 6 ) .  .However t h e  p r e p a r a t i o n  o f  t h e s e  enzymes  was t i m e  

c o n s u m i n g  and s i g n i f i c a n t  l o s s e s  o f  t r a n s k e t o l a s e  a c t i v i t y  u s i n g  
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enzyme f r o m  t h e s e  s o u r c e s ,  was e x p e r i e n c e d  upon  p r o l o n g e d  ( 1  

m o n t h )  s t o r a g e .  An a l t e r n a t i v e  me thod  f o r  t h e  p r e p a r a t i o n  o f  

o c t u l o s e  m o n o p h o s p h a t e s  i n v o l v e d  s e l e c t i v e  a c i d  h y d r o l y s i s  o f  

t h e  o c t u l o s e  1 , 8 - b i s p h o s p h a t e s  ( 2 7 ) .  However ,  t h e  m e t h o d  was 

c a p r i c i o u s  and t h e  y i e l d s  w e r e  f r e q u e n t l y  l o w  ( 2 0 % - 4 0 % ) .  

m14C] D-q D-a O c t  8 -P  was s y n t h e s i z e d  b y  r e a c t i n g ' C 6 - 1 4 C I  

a l l o s e  6-P ( 1 0 0 p m o l )  and B - h y d r o x y p y r u v a t e  ( 3 0 0 p m o l )  w i t h  

t r a n s k e t o l a s e  ( Z O U ) ,  as  d e s c r i b e d  f o r  t h e  s y n t h e s i s  o f  t h e  m- 
e p i m e r ,  e x c e p t  t h a t  t h e  i n c u b a t i o n  o n l y  r e q u i r e d  3h. The 

d e p r o t e i n i z e d  m i x t u r e  was e l u t e d  f r o m  a c o l u m n  o f  f o r m a t e  a n i o n  

e x c h a n g e  r e s i n ,  u s i n g  a l i n e a r  g r a d i e n t  o f  f o r m i c  ac id -ammon ium 

f o r m a t e  as d e s c r i b e d  f o r  t h e  s y n t h e s i s  o f  o c t u l o s e  b i s p h o s p h a t e s ,  

t o  g i v e  D - 9  D - 2  O c t  8-P i n  80% y i e l d .  I n  c o n t r a s t  t o  t h e  

s y n t h e s i s  k i n e t i c s  o f  D-p 0-1 O c t  8-P, t h e  r a t e  o f  D - g  D - 5  O c t  8- 

P f o r m a t i o n  was r a p i d ,  p r e s u m a b l y  b e c a u s e  a l l o s e  6-P i s  a b e t t e r  

a n a l o g u e  o f  R i b  5-P ( t h e  m o s t  a c t i v e  a l d o s e  5-P f o r  

t r a n s k e t o l a s e )  t h a n  G l c  6-P. T h i s  me thod  was e f f i c i e n t ,  i n  t e r m s  

o f  b o t h  y i e l d  and p u r i t y ,  t o  t h a t  i n v o l v i n g  t h e  a c i d  h y d r o l y s i s  

o f  D - 9  D - 2  O c t  1,8-P2. 

[ 6 - I 4 C ]  A l l o s e  6-P was s y n t h e s i z e d  ( 2 8 )  f r o m  [ 5 - I 4 C ] R i b  5-P, 

w h i c h  i n  t u r n  was p r e p a r e d  f r o m  [.6-14C] g l u c o s e  ( 2 9 ) .  Condensa-  

t i o n  o f  t h e  [5 -14C]R ib  5-P w i t h  c y a n i d e  y i e l d e d  a m i x t u r e  o f  

e p i m e r i c  h e x o n i t r i l e  p h o s p h a t e s  w h i c h  w e r e  c a t a l y t i c a l l y  

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

o f  a l l o s e  and a l t r o s e  6 - p h o s p h a t e s  w e r e  s e p a r a t e d  on  a c o l u m n  

( 2 . 6  x 100  cm) o f  DEAE-Sephadex A-25, u s i n g  a 0 .05  t o  0.4M l i n e a r  

g r a d i e n t  ( 3 . 5 L )  o f  ammonium t e t r a b o r a t e  (pH8 .4 ) .  The i n d i v i d u a l  

s u g a r  p h o s p h a t e s  w e r e  t h e n  p a s s e d  t h r o u g h  a c o l u m n  (2.6 x 1 0 0  cm) 

o f  Sephadex 6 - 1 0  i n  o r d e r  t o  remove  r e s i d u a l  s a l t s .  The  a n t h r o n e  

r e a c t i o n  ( 1 9 )  i n d i c a t e d  a 20% y i e l d  o f  p u r e  a l l o s e  6 -P  ( 3 0 ) .  

E n z y m a t i c  a n a l y s i s  o f  o c t u l o s e  p h o s p h a t e s  

( a )  O c t u l o s e  b i s p h o s p h a t e s  w e r e  d e t e r m i n e d  b y  m e a s u r i n g  t h e  D H A P  
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l i b e r a t e d  b y  t h e  a l d o l a s e  c a t a l y z e d  r e a c t i o n s  o f  e q u a t i o n s  ( 1  and 

6 ) .  The r e a c t i o n  m i x t u r e  a t  30' and i n  a t o t a l  v o l u m e  o f  1 .0ml  

c o n t a i n e d :  100pmo l  TEA-HC1 b u f f e r  ( p H 7 . 6 ) ,  0 .16pmo l  NADH, 1.7U 

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 ,  1.8U r a b b i t  m u s c l e  a l d o l a s e ,  

0 . 0 4 - 0 . l p m o l  O c t  1 ,8-P2.  9 U n i t s  o f  a l d o l a s e  w e r e  used  f o r  t h e  

a s s a y s  o f  t h e  a - e p i m e r ,  t o  e n s u r e  r a p i d  c o m p l e t i o n  o f  t h e  

r e a c t  i o n .  

( b )  O c t u l o s e  8 - p h o s p h a t e s  w e r e  a s s a y e d  b y  m e a s u r i n g  t h e  

amount  o f  F r u  6-P and G l c  6-P f o r m e d  i n  a t r a n s k e t o l a s e - m e d i a t e d  

r e a c t i o n  w i t h  E ry  4-P as  t h e  a l d e h y d e  a c c e p t o r  ( e q u a t i o n  8 ) .  The 

r e a c t i o n  m i x t u r e  i n  a t o t a l  v o l u m e  o f  1 .0ml  and a t  3 0 "  c o n t a i n e d :  

80pmo l  TEA-HC1 b u f f e r  (pH7 .6 ) ,  0 .3pmo l  NADP', 0 .3pmol  Ery 4-P, 

lOpmo l  MgC12, O . l p m o l  t h i a m i n e  p y r o p h o s p h a t e ,  0.5U y e a s t  

t r a n s k e t o l a s e ,  1.7U g l u c o s e p h o s p h a t e  i s o m e r a s e ,  1.4U g l u c o s e  

6 - p h o s p h a t e  d e h y d r o g e n a s e  (EC1 .1 .1 .49) and 0 .02 -0 .05pmo l  D - 9  D - i  

O c t  8 - P .  

D - 9  D - i  - O c t  8 -P  + Ery 4-P+Glc 6-P + F r u  6-P ( 8 )  

S y n t h e s i s  o f  I 4 C  S e d o h e p t u l o s e  1,7-P2 

[1 ,2,3-14C]  Seh 1,7-P2 was p r e p a r e d  f r o m  [ U - I 4 C ]  DHAP and 

E ry  4-P i n  t h e  a l d o l a s e - c a t a l y z e d  r e a c t i o n  o f  e q u a t i o n  9 .  

[ U - 1 4 C ] D H A P  + Ery 4 - P e [ 1 , 2 , 3 - 1 4 C ] S e h  1,7-P2 (9) 

When [ 4 , 5 , 6 , 7 - l 4 C 1  Seh 1 , T - p ~  was r e q u i r e d ,  [ U - I 4 C ] E r y  4-P 

was used ,  w h i c h  i n  t u r n  was p r e p a r e d  f r o m  [U-19C]Glc 6-P b y  t h e  

me thod  o f  ( 3 1 ) .  The r e a c t i o n  m i x t u r e  f o r  [1,2,3-14C]Seh 1,7-P2 

s y n t h e s i s  was c o n t a i n e d  i n  a t o t a l  v o l u m e  o f  15 .0ml  a t  2 5 O  and 

c o n s i s t e d  o f :  [ U - 1 4 C ] D H A P  ( p r e p a r e d  f r o m  [U-14C] g l y c e r q l  i n  s i t u  

as d e s c r i b e d  f o r  t h e  s y n t h e s i s  o f  [1,2,3-14C] 0 - 9  0 - L  O c t  1,8- 

P 2 ) .  40umol ;  E r y  4-P, 40umo l ;  TEA-HC1, 2.0mmo1, pH7.6; a l d o l a s e ,  

2OU. The i n c u b a t i o n  was c a r r i e d  o u t  f o r  l h  and t h e  r e a c t i o n  

s t o p p e d  b y  u l t r a f i l t r a t i o n  as d e s c r i b e d  above .  The d e p r o t e i n i s e d  

m i x t u r e  was l o a d e d  o n t o  a f o r m a t e  a n i o n  e x c h a n g e  c o l u m n  ( 1 . 5  x 

90cm) and Seh 1,7-P2 was e l u t e d  u s i n g  a l i n e a r  g r a d i e n t  o f  f o r m i c  

-- 
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acid-ammonium f o r m a t e  a s  d e s c r i b e d  f o r  t h e  i s o l a t i o n  of o c t u l o s e  

p h o s p h a t e s .  T h e  y i e l d  of Seh 1 ,7 -P2  was g r e a t e r  t h a n  90% and the  

p r o d u c t  was f r e e  from s u g a r  monophosphates .  When I4C-Ery 4-P cwas 

used ,  t h e n  u n l a b e l l e d  D H A P  was r e p l a c e d  by Fru 1 ,6-P2  ( a s  t h e  

t r i o s e - P  s o u r c e ) .  A l t e r n a t i v e l y ,  Seh 1 ,7 -P2  was p repa red  by 

p h o s p h o r y l a t i o n  of Seh  7 - P  w i t h  [1-32P]ATP, c a t a l y z e d  by r a b b i t  

musc le  6 - p h o s p h o f r u c t o k i n a s e  fo l lowed  by i s o l a t i o n  and 

p u r i f i c a t i o n  of t he  p r o d u c t  from o t h e r  r e a c t a n t s  by f o r m a t e  

an ion-exchange  chromatography.  The s y n t h e s i s  of [ 1-32P]Seh 

1,7-P2 from Ery 4-P and [1-32P]Fru 1 ,6-P2  was descr ibed  by ( 3 2 ) .  

S y n t h e s i s  of [U-l4C] a r a b i n o s e  5-p 

[U-14C]Ara 5-P (0 .5Ci  mol-1)  was p repa red  from [U-I4C] 

g lucosamine  b y  t he  f o l l o w i n g  v a r i a n t  of t he  method of ( 3 3 ) .  

[U-14C]glucosamine 6-P was f i r s t  p repa red  from [U-14C]glucosamine 

a s  f o l l o w s :  t he  r e a c t i o n  m i x t u r e  c o n t a i n e d  i n  a t o t a l  volume of 

2.0ml a t  30': [U-14C]glucosarnine-HCl , 0.21pmol (50uCi , s p e c i f i c  

r a d i o a c t i v i t y  239Ci mol-1) ;  g lycylg lyc ine-KOH b u f f e r  (pH7.4)  , 
0.25mmol; A T P ,  2 . 0 ~ 1 o l ;  MgC12, 4.01.1mol; and hexok inase  

(EC2.7 .1 .1) ,  1OU. A f t e r  30 m i n  t h e  e n t i r e  r e a c t i o n  m i x t u r e  was 

a p p l i e d  t o  3MM Whatman chromatography pape r  ( 4 0  x 40cm) and 

chromatographed i n  s o l v e n t  GW3 ( 3 4 ) .  The [U-14C]glucosamine 6-P 

was l o c a t e d  on t h e  chromatogram by s c a n n i n g  t h e  pape r  f o r  r a d i o -  

a c t i v i t y  u s i n g  a r ad iochromatogram s c a n n e r  (Packard  Model 7201)  

and 99% of t h e  14C was found t o  be c o i n c i d e n t  w i t h  a u t h e n t i c  

g lucosamine  6-P. 

from t h e  p a p e r ,  was added t o  100wnol of u n l a b e l l e d  g lucosamine  

6-P i n  a t o t a l  volume of 30.0ml t o g e t h e r  w i t h  n i n h y d r i n  (500vrnol ) ,  

c i t r a t e  b u f f e r ,  pH4.7 (0.75mmol), and hea ted  a t  100' f o r  40 m i n .  

The r e a c t i o n  mixture was cooled  t o  O', f i l t e r e d  t h r o u g h  a Whatman 

N o  1 f i l t e r  and t h e n  a p p l i e d  t o  a f o r m a t e  an ion  exchange  column 

( 1 . 5  x 90cm). [U-I4C]Ara 5-P was i s o l a t e d  u s i n g  a l i n e a r  

g r a d i e n t  of 4M f o r m i c  acid-1M ammonium f o r m a t e  (4L)  a s  d e s c r i b e d  

The [U-14C]glucosamine 6-P ,  f o l l o w i n g  e l u t i o n  
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a b o v e .  The y i e l d  o f  t h e  f i n a l  p r o d u c t  was 80%-90% based  on  t h e  

o r i g i n a l  r e a c t a n t s .  A s m a l l  peak  ( l e s s  t h a n  1 % )  o f  t h e  t o t a l  

o r c i n o l  p o s i t i v e  m a t e r i a l  was c o n s i s t e n t l y  o b s e r v e d  b e f o r e  t h e  

A r a  5-P peak  and was i d e n t i f i e d  as R i b  5-P. C a r e  was e x e r c i s e d  

t o  k e e p  R i b  5-P f r o m  c o n t a m i n a t i n g  t h e  A r a  5 -P  p r o d u c t .  B u l k  

p r e p a r a t i o n s  o f  [ U - I 4 C ] A r a  5-P, i s o l a t e d  u s i n g  l a r g e r  v o l u m e s  on 

i o n - e x c h a n g e  r e s i n  and e l u t i n g  s o l v e n t ,  was shown t o  b e  f r e e  o f  

R i b  5-P, X l u  5-P and Rub 5 - P  b y  s p e c i f i c  e n z y m a t i c  a n a l y s i s  ( 3 5 ) ,  

b y  NMR s p e c t r o s c o p y  and by gas  l i q u i d  c h r o m a t o g r a p h i c  a n a l y s i s  o f  

t h e  d e p h o s p h o r y l a t e d  d e r i v a t i z e d  p r o d u c t  ( 2 4 ) .  
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