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ABSTRACT 

The o r i g i n  of  t h e  p y r i d i n e  r i n g  i n  h ighe r  p l a n t s  i s  

n o t  d e f i n i t e l y  known. In  most animals and microorganisms,  

t h e  p y r i d i n e  r i n g  a r i s e s  a s  n i c o t i n i c  a c i d  and i n  some 

h i g h e r  p l a n t s ,  t h i s  has a l s o  been shown t o  be t h e  ca se .  

N i c o t i n i c  a c i d  i t s e l f  i s  thought  t o  a r i s e  by a t  l e a s t  two 

major pathways: (a)  by deg rada t ion  of t r yp tophan ,  (b) by 

condensat ion of g lyceraldehyde and a s p a r t i c  a c i d .  

N ico t i ana  a l k a l o i d s  ( n i c o t i n e ,  n o r n i c o t i n e  and ana-  

b a s i n e  p r i m a r i l y )  a r e  syn thes i zed  i n  both  t h e  r o o t s  and 

l eaves  of d i f f e r e n t  s p e c i e s  of  Nico t iana .  Root c u l t u r e s  

o f  some s p e c i e s  use n i c o t i n i c  a c i d  a s  t h e  p recu r so r  f o r  

t h e  p y r i d i n e  moeity of  t h e  a l k a l o i d s .  Aspa r t i c  a c i d  and 

glyceraldehyde have been proposed as n e a r  p r e c u r s o r s  o f  

n i c o t i n i c  2cid  a l though some exper imental  obse rva t ions  

cannot beexp la ined  by t h i s  hypo thes i s .  The p r e s e n t  s t udy  

was under taken t o  i n v e s t i g a t e  whether t h e  l eaves  of  N .  - 

glauca  could  use n i c o t i n i c  a c i d  f o r  anabasine  b i o s y n t h e s i s  

and i f  s o ,  what p r e c u r s o r s  a r e  l i k e l y  i n  i t s  b i o s y n t h e s i s .  

Y-Methylene g lu tamic  a c i d  was proposed t o  p rov ide  a l l  t h e  

carbons f o r  n i c o t i n i c  a c i d .  S e v e r a l  y - s u b s t i t u t e d  

d e r i v a t i v e s  o f  g lu tamic  a c i d ,  i nc lud ing  t h e  

one cons idered  h e r e ,  a r e  found i n  r e l a t i v e l y  l a r g e  con- 

iii 



c e n t r a t i o n s  i n  p l a n t s  and t h e i r  b i o s y n t h e s i s  i s  thought  t o  

i n v o l v e  t h e  condensa t ion  of  two p y r u v i c  a c i d  molecu les .  

The e x c i s e d  l e a v e s  were f i r s t  checked f o r  anabas ine  
1 4  

s y n t h e s i s  by C02 f e e d i n g  and t hen  t h e  fo l l owing  compounds 

were i n t roduced  i n t o  s e p a r a t e  l e a v e s  v i a  t h e  t r a n s p i r a t i o n a l  
1 4  1 4  

s t r e am:  ( a )  n i c o t i n i c  acid-U C ;  (b )  a s p a r t i c  ac id-U-  C ;  
1 4  

( c )  Y-methylene  g lu tamic  a c i d - 2 -  C; (d) sodium p y r u v a t e - l -  
1 4  1 4  

C; (e)  sodium py ruva t e -2 -  C ;  ( f )  sodium py ruva t e -3 -  
1 4  

C. A f t e r  a  f i x e d  t ime o f  metabol ism,  anabas ine  was 

' i s o l a t e d  from each l e a f ,  o x i d i z e d  t o  n i c o t i n i c  a c i d  and 

t h e  s p e c i f i c  a c t i v i t y  determined.  

The c r i t e r i o n  used h e r e  t o  de te rmine  t h e  immediacy o f  

a  p r e c u r s o r  was t h e  " d i l u t i o n  f a c t o r " ,  which t a k e s  i n t o  

accoun t  t h e  s p e c i f i c  a c t i v i t y  of  t h e  s u b s t r a t e  a d m i n i s t e r e d ,  

i t s  poo l  s i z e  w i t h i n  t h e  l e a f ,  a s  w e l l  as  t h e  s p e c i f i c  

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

d i l u t i o n  f a c t o r ,  t h e  more immediate t h e  p r e c u r s o r .  The 

fo l l owing  d i l u t i o n  f a c t o r  v a l u e s  were ob t a ined :  n i c o t i n i c  
1 4  1 4  4  

acid-U- C = 1 1 . 5 ;  a s p a r t i c  ac id-U-  C = 1 . 0  x 10 ; 
1 4  4  I 

y-methylene g lu t amic  a c i d - 2  C = 1 . 3 ~ 1 0  ; sodium py ruva t e -  
1 4  5 1 4  4  

1- C = 1 . 1 ~ 1 0  ; sodium py r uva t e -2 -  C = 3 . 1 ~ 1 0  ; sodium 
1 4  3 

py ruva t e -3 -  C = 7 . 1 ~ 1 0  . " '~e  l a r g e s t  pool  was d e t e c t e d  

f o r  a s p a r t i c  a c i d  - -  almost  400 ug, whereas 



n i c o t i n i c  a c i d  and pyruvate  showed pools  of 1 8 4  ug and 67  

ug r e s p e c t i v e l y .  y-methylene g lu tamic  a c i d  could  n o t  be 

d e t e c t e d  w i t h i n  t h e  l e a f .  

The law d i l u t i o n  f a c t o r  of  n i c o t i n i c  a c i d  proves n o t  

on ly  t h a t  t h e  l e a f  o f  N ico t i ana  g l a u c a  could  use  t h i s  

f o r  anabasine  b i o s y n t h e s i s ,  b u t  a l s o  t h a t  i t  i s  by f a r  

t h e  most e f f i c i e n t  p r e c u r s o r .  The f a c t  t h a t  t h e  l a b e l  i s  
1 4  

i n t roduced  from C 0 2  t o  t h e  p y r i d i n e  r i n g  i n d i c a t e s  t h a t  

n i c o t i n i c  a c i d  need n o t  be t r a n s p o r t e d  from another  p a r t  

o f  t h e  p l a n t  t o  t h e  l e a f .  y-methylene g lu tamic  a c i d ,  

though n o t  d e t e c t e d  w i t h i n  t h e  l e a f ,  i s  almost  as  e f f i c i e n t  

a s  a s p a r t a t e  i n  s e r v i n g  a s  a  p r e c u r s o r  f o r  n i c o t i n i c  a c i d ,  

sugges t i ng  t h a t  t h e r e  cou ld  be ano ther  pathway invo lv ing  

o t h e r  i n t e r m e d i a t e s .  Pyruvate  could be a  major i n t e r m e d i a t e  

i n  a  second pathway s i n c e  we observe t h a t  carbon-3 

l a b e l l e d  pyruva te  i s  i nco rpo ra t ed  even more e f f i c i e n t l y  

than a s p a r t a t e .  The f a c t  t h a t  t h e  l a b e l  i s  in t roduced  from 

carboxyl  l a b e l e d  pyruva te  (though t o  a  l e s s e r  e x t e n t  l ends  

f u r t h e r  suppor t  t o  such a  h y p o t h e s i s ,  s i n c e  i f  pyruva te  were 

t o  be i nco rpo ra t ed  by convers ion t o  a s p a r t a t e ,  i t  would have 

l o s t  t h e  l a b e l  through deca rboxy la t i on .  I t  i s  of  course  

p o s s i b l e  t h a t  pyruva te  i s  conver ted t o  3-phosphoglyceralde-  

hyde by t h e  r e v e r s a l  of g l y c o l y s i s  and t h e  l a b e l  i s  

inco rpo ra t ed  v i a  t h e  3-carbon u n i t .  
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1, INTRODUCTION 



1.1 General  Survey 

The o r i g i n  o f  t h e  p y r i d i n e  r i n g  i n  n a t u r e  i s  a  problem 

t h a t  has  concerned b iochemis t s  f o r  a  long t ime.  S e v e r a l  

b i o l o g i c a l l y  important  compounds con ta in  a  p y r i d i n e  moiety ,  

t hose  o f  s p e c i a l  importance be ing :  (a)  Nico t iana  a l k a l o i d s ,  

(b) n i c o t i n i c  a c i d  (and i t s  amide) and ( c )  t h e  v i tamin  B6 

group. 

The a l k a l o i d s  p r e s e n t  i n  c e r t a i n  Nico t iana  s p e c i e s ,  
I 

commonly r e f e r r e d  t o  a s  "tobacco a l k a l o i d s " ,  a r e  o f  

r e l a t i v e l y  s imple  s t r u c t u r e ,  c o n s i s t i n g  of a  p y r i d i n e  r i n g  

s u b s t i t u t e d  i n  t h e  6 p o s i t i o n  by ano ther  n i t r o g e n - c o n t a i n i n g  

h e t e r o c y c l i c  r i n g .  The t h r e e  most abundant a l k a l o i d s  o f  

t h i s  group a r e :  n i c o t i n e ,  n o r n i c o t i n e  and anabasine .  

Another common p y r i d i n e - c o n t a i n i n g  compound r e l a t e d  t o  

t h e  tobacco a l k a l o i d s  i s  r i c i n i n e ,  found mostly i n  Ricinus  

communis. The s t r u c t u r e s  of  t h e s e  a l k a l o i d s  a r e  g iven i n  

Figure  1. D i f f e r e n t  s p e c i e s  o f  Nico t iana  c o n t a i n  t h e  t h r e e  

above-mentioned a l k a l o i d s  t o  d i f f e r e n t  e x t e n t s .  N ico t ine  

i s  t h e  major c o n s t i t u e n t  of  t h e  a l k a l o i d  f r a c t i o n  of many 

s t r a i n s  o f  - N. tabacum, and a minor c o n s t i t u e n t  of  c e r t a i n  

s t r a i n s  o f  t h i s  s p e c i e s  and of  most o t h e r  s p e c i e s  o f  

N ico t i ana  known. Norn ico t ine  i s  t h e  major a l k a l o i d  i n  most 

s p e c i e s  t h a t  c o n t a i n  n i c o t i n e  i n  smal l  q u a n t i t i e s ,  whereas 

anabasine  i s  t h e  major c o n s t i t u e n t  of  t h e  a l k a l o i d  f r a c t i o n  

i n  N .  g lauca .  These a l k a l o i d s  a r e  p r e s e n t  i n  d i f f e r e n t  - 
amounts i n  t h e  r o o t s ,  t h e  stem and t h e  l eaves  of  t h e  same 



The s t r u c t u r e s  of  n i c o t i n e ,  n o r n i c o t i n e ,  
anabasine  and r i c i n i n e .  



(a) Nicotine 

d? 
(b) Nornicotine 

(c) Anabasine (d) Ricinine 



5 .  

p l a n t  and it has  a l s o  been shown t h a t  they can be syn the -  

s i z e d  i n  t h e  r o o t s  a s  w e l l  a s  i n  t h e  l eaves .  1 

N i c o t i n i c  a c i d  ( n i a c i n ) ,  which i s  b i o l o g i c a l l y  equ iva-  

l e n t  t o  i t s  amide, i s  widely  d i s t r i b u t e d  i n  n a t u r e  b u t  

n o t  u s u a l l y  i n  t h e  f r e e  s t a t e :  i t  i s  a  c o n s t i t u e n t  o f  
+ 

two important  hydrogen t r a n s f e r  co-enzymes, NAD and 

NADP' (F igure  2 ) .  The a c i d  was f i r s t  i s o l a t e d  from y e a s t  

and from r i c e  b ran  whereas t h e  amide was ob ta ined  from 

l i v e r  c o n c e n t r a t e s .  Def ic iency of n i c o t i n i c  a c i d  ( o r  

n ico t inamide)  i n  man l eads  t o  a  cond i t i on  termed p e l l a g r a  

which i s  c h a r a c t e r i z e d  by pa tches  o f  d e r m a t i t i s ,  t h i c k e n i n g  

and abnormal p igmentat ion of t h e  s k i n ,  d i s f u n c t i o n  of  t h e  

d i g e s t i v e  and nervous sys tems,  l o s s  o f  memory, i n s a n i t y  and 

e v e n t u a l l y  dea th .  The re fo re ,  n i c o t i n i c  a c i d  i s  termed t h e  

p e l l a g r a - p r e v e n t i v e  (PP) f a c t o r .  

Vitamin B6 r e f e r s  t o  a  group of very  c l o s e l y  r e l a t e d  

compounds, py r idox ine ,  py r idoxa l  and pyridoxamine (F igure  

3 ) ,  which, i n  t h e  form of t h e i r  phosphates ,  a r e  i n t e r -  

c o n v e r t i b l e  i n  v ivo .  These a r e  involved i n  a  number o f  

ext remely important  metabol ic  r e a c t i o n s  o f  t h e  a-amino 

a c i d s  i nc lud ing  t r ansamina t ions ,  r acemiza t ions ,  decarboxyl-  

a t i o n s  and e l i m i n a t i o n s .  

The N ico t i ana  a l k a l o i d s  have been p a r t i c u l a r l y  u s e f u l  

i n  t h e  s t u d i e s  o f  p y r i d i n e  r i n g  b i o g e n e s i s ,  due t o  t h e i r  

r e l a t i v e l y  simple s t r u c t u r e  and a l s o  t h e  a v a i l a b i l i t y  o f  



FIGURE 2 

S t r u c t u r e s  o f  n i c o t i n i c  a c i d  and 
i t s  b i o l o g i c a l l y  important  d e r i v a t i v e s .  



(a) Nicotinic acid (b) Nicotinamide 

(cf R=H : Nicotinarnide - adenine dinucleotide r~ A 0'1 
L -I 

(d) R= [-0-; (OH).] : Nicotinamide - adenine dinuseieotide phosphate [NADP+] 

0 



FIGURE 3 

Vitamin B6 group.  



Pyridoxine 

CHO 

Pyridoxal 

Pyridoxamine 



s u i t a b l e  p l a n t s .  I t  i s  known t h a t  t h e  b i o s y n t h e s i s  o f  

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

p y r i d i n e  r i n g  and t h e  o t h e r  h e t e r o c y c l i c  r i n g  fo l lowed  by 

a  c o n d e n s a t i o n  o f  t h e  two. R e s u l t s  o f  p r e v i o u s  b i o s y n -  

t h e t i c  s t u d i e s  (which w i l l  be g iven  l a t e r )  s u g g e s t  t h a t  

t h e  p y r i d i n e  r i n g  a r i s e s  a s  n i c o t i n i c  a c i d  i n  most a n i m a l s ,  

microorganisms and some h i g h e r  p l a n t s .  

N i c o t i n i c  a c i d  b i o s y n t h e s i s  i s  t h e r e f o r e  o f  major 

impor tance  and a  c o n s i d e r a b l e  amount o f  work h a s  been done 

t o  a s c e r t a i n  i t s  p o s s i b l e  immediate p r e c u r s o r s  and t h e  

b i o s y n t h e t i c  pa thway(s) .  Two major  advances i n  methodology 

account  f o r  t h e  p r e s e n t  knowledge o f  t h e  pathways o f  

n i c o t i n i c  a c i d  b i o s y n t h e s i s .  The o l d e r  o f  t h e s e ,  " t h e  

induced-mutant  method", was employed t o  demons t ra te  t h e  

p o s s i b l e  sequence  o f  p r e c u r s o r s  i n  Neurospora.  The o t h e r ,  

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

y e a r s  and has  proved t o  b e  by f a r  t h e  more powerful  o f  t h e  

two. By t h e  u s e  o f  i s o t o p e s ,  i t  h a s  been shown, f o r  

I example, t h a t  t h e  Neurospora pathway i s  n o t  t h e  s o l e  

r o u t e  t o  n i c o t i n i c  a c i d  i n  n a t u r e  and t h a t  i t  may be 

r e p l a c e d  o r  a t  l e a s t  q u a n t i t a t i v e l y  overshadowed by o t h e r  

pathways i n  c e r t a i n  organisms.  

S p e c i a l  i n t e r e s t  a t t a c h e s  t o  t h e  s t u d y  of  b i o s y n t h e t i c  

r o u t e s  t o  n i c o t i n i c  a c i d  i n  h i g h e r  p l a n t s  such a s  N i c o t i a n a  
I 

s p e c i e s ,  f o r  t h e  f o l l o w i n g  r e a s o n s .  F i r s t ,  t h e  e x p e r i m e n t a l  



p l a n t s  a r e  s u f f i c i e n t l y  complex t h a t  t h e  a r r a y  of  mutants  

needed f o r  d e t e c t i o n  and i d e n t i f i c a t i o n  o f  i n t e r m e d i a t e s  

by t h e  o l d e r  methods c o u l d  n o t  have been o b t a i n e d  w i t h o u t  

enormous e f f o r t .  Second, t h e  n i c o t i n i c  a c i d  produced i n  
-.. 

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

p y r i d i n e  a l k a l o i d s ,  which s u b s e q u e n t l y  accumulate i n  v e r y  

l a r g e  q u a n t i t i e s  i n  t h e  p l a n t  o rgans .  T h i r d ,  t h e s e  p l a n t s  

do n o t  respond t o  t h e  i n t r o d u c t i o n  of  i n t e r m e d i a t e s  w i t h  

a c c e l e r a t e d  r a t e s  o f  t e r m i n a l  m e t a b o l i t e  p r o d u c t i o n .  

F o u r t h ,  c l a s s i c a l  methods o f  enzymology have n o t  been 

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

b i o s y n t h e t i c  sequences .  T h i s  b e i n g  t h e  c a s e ,  t h e  employ- 

ment o f  i s o t o p i c  t r a c e r  methods i s  b o t h  e x p e d i e n t  and 

mandatory.  

A t  t h e  same t i m e ,  i t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  

a c t u a l  pathway normal ly  used  by a  g iven  b i o l o g i c a l  sys tem 

t o  s y n t h e s i z e  a  g iven  compound may n o t  be  u n i q u e l y  

c l a r i f i e d  by means of  s t u d i e s  w i t h  i s o t o p i c a l l y  l a b e l l e d  

compounds f o r  a  number o f  r e a s o n s .  F i r s t ,  i t  is  p o s s i b l e  

t h a t  enzymat ic  a l t e r a t i o n  of t h e  compound may o c c u r  by 

metabolism p r i o r  t o  i t s  r e a c h i n g  t h e  s i t e  o f  b i o s y n t h e s i s .  

Second, i t  would be  p o s s i b l e  t h a t  t h e  compound may n o t  

r e a c h  t h e  s i t e  of  b i o s y n t h e s i s  a t  a l l ,  depending on t h e  

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

f e e d i n g  o f  t h e  compound may a l t e r  t h e  poo l  s i z e  ( i f  any) 



of t h i s  and c l o s e l y  r e l a t e d  compounds and thereby a l t e r  

t h e  normal metabolism of t h e  system. This  becomes very 

impor tan t  i f  t h e r e  a r e  s e v e r a l  poo ls  ("compartmentations") 

of t h e  same compound f o r  d i f f e r e n t  metabol ic  p roces se s  of 

t h e  sys tem under s tudy .  A s  such ,  t h e  f a c t  t h a t  t h e  l a b e l  

i s  t r a n s f e r r e d  from, f o r  example, compound "Af1 b u t  n o t  from 

compound "B" does n o t  n e c e s s a r i l y  confirm t h a t  "A" i s  a  

p r e c u r s o r l i n t e r m e d i a t e  whereas "BV i s  n o t .  "A" might be 

an a c t u a l  p r ecu r so r  o r  i t  may be an a l t e r n a t i v e  t o  i t .  

Compound "B" , al though n o t  i nco rpo ra t ed ,  could w e l l  be a  

p r e c u r s o r  which i s  unable  t o  reach t h e  s i t e  o f  b i o s y n t h e s i s  

i n t a c t ,  due t o  one o r  more reasons  given above. Neverthe- 

l e s s ,  when comparable and f a i r l y  c o n s i s t e n t  r e s u l t s  a r e  

ob t a ined  i n  s e v e r a l  d i f f e r e n t  systems and when they a r e  

based on common ub iqu i tous  compounds, i t  i s  probable  t h a t  

t h e  r e s u l t i n g  p i c t u r e  i s  a t  l e a s t  c l o s e  t o  t h e  way i n  which 

t h e s e  systems normally do s y n t h e s i z e  t h e  compound under 

s t udy  . 
Another a spec t  t h a t  should  be emphasized i s  t h a t  

t h e r e  could  be more than one pathway f o r  t h e  b i o s y n t h e s i s  

of  a  compound i n  t h e  same p l a n t .  Not a l l  p a r t s  o f  a  p l a n t  

may u t i l i z e  t h e  same b i o s y n t h e t i c  pathway f o r  t h e  s y n t h e s i s  

of  t h e  same compound. There may be d i f f e r e n t  enzyme 

systems involved and hence d i f f e r e n t  p r ecu r so r s  and 

d i f f e r e n t  r o u t e s  f o r  t h e  s y n t h e s i s  of  a  compound i n  



d i f f e r e n t  p a r t s .  Some p a r t s  may even show p a r t i a l  syn-  

t h e s i s .  This  could  be q u i t e  p o s s i b l e  i n  t h e  b iogenes i s  

o f  N ico t i ana  a l k a l o i d s ,  where one of  t h e  two h e t e r o c y c l i c  

r i n g  systems could be syn thes i zed  e lsewhere  and t r a n s p o r t e d  

t o  t h e  s i t e  of s y n t h e s i s  of  t h e  o t h e r ,  f o r  condensat ion t o  

t a k e  p l a c e .  

1 . 2  Scope of t h e  i n v e s t i g a t i o n  

The a l k a l o i d  s e l e c t e d  f o r  t h i s  s t udy  was anabasine  

(F igure  l c ) ,  t h e  major a l k a l o i d  i n  N .  g l auca ,  p r i m a r i l y  f o r  - 
two reasons .  F i r s t ,  t h e  b i o s y n t h e s i s  of  anabasine  has  n o t  

been s u b j e c t e d  t o  as  r i go rous  an i n v e s t i g a t i o n  a s  t h a t  of  

n i c o t i n e .  There have been only  a few experiments r e p o r t e d ,  

r e l a t i n g  t o  anabasine  b i o s y n t h e s i s  and i n  such c a s e s ,  

sugges ted  i n t e rmed ia t e s  o f  n i c o t i n e  b iogenes i s  have been 

admin is te red  t o  N .  g l auca  p l a n t s .  S ince  i n  most i n s t a n c e s ,  - 
s i m i l a r  i nco rpo ra t i on  p a t t e r n s  had been observed,  i t  has  

been concluded t h a t  whatever a p p l i e s  t o  t h e  p y r i d i n e  r i n g  

b i o s y n t h e s i s  of  n i c o t i n e ,  a l s o  a p p l i e s  t o  t h a t  of  anabas ine .  

Second, anabasine  i s  syn thes i zed  i n  t h e  r o o t s  a s  w e l l  a s  

i n  t h e  l eaves  of N .  g l a u c a ,  b u t  most of t h e  work has  been - 

done wi th  r o o t  c u l t u r e s ,  a s  t h i s  has  been t h e  commonly 

used exper imental  system i n  t h e  s t u d i e s  wi th  n i c o t i n e  

b iogenes i s .  A s  such,  i t  was of  i n t e r e s t  t o  f i n d  ou t  

whether t h e  l e a v e s  of  N .  g lauca  would a l s o  use t h e  sugges ted  - 



pathway f o r  anabasine  b i o s y n t h e s i s  ( r e f e r  t o  Chapter  2 )  and 

a l s o  t o  look i n t o  t h e  p o s s i b i l i t y  o f  a l t e r n a t i v e  pathways 

from d i f f e r e n t  p r e c u r s o r s .  

I t  was f i r s t  necessary  t o  e s t a b l i s h  whether t h e  p y r i d i n e  

r i n g  of anabasine  does a r i s e  from n i c o t i n i c  a c i d  even i n  

t h i s  exper imenta l  system. We then  went on t o  determine 

whether y-methyleneglutamic a c i d  could s e r v e  a s  a  d i r e c t  

p r e c u r s o r  f o r  n i c o t i n i c  a c i d  i n  an a l t e r n a t i v e  o r  probably  

a  s imul taneous  r o u t e .  This i s  i n  a  s e n s e ,  t h e  r e v e r s a l  o f  

t h e  known a l k a l i n e  degrada t ion  of n i c o t i n i c  a c i d  t o  

a -hydroxymethylg lu ta r ic  a c i d ,  which on vacuum d i s t i l l a t i o n  

i s  conver ted t o  t he  corresponding methylene d e r i v a t i v e .  

Seve ra l  Y - s u b s t i t u t e d  d e r i v a t i v e s  o f  g lu tamic  a c i d  

have been found i n  l a r g e  concen t r a t i ons  i n  p l a n t s .  These 

2 3 3  i nc lude  y-methyleneglutamic a c i d  and i t s  amiJ-e , 
4 Y-methylglutamic a c i d  ,y-methyl-Y-hydroxy g lu tamic  a c i d  4 9 5  

6 and y-hydroxyglutamic a c i d  . The s t r u c t u r a l  s i m i l a r i t y  among 

t h e s e  compounds has l e d  t o  t h e  sugges t i on  t h a t  t h e  i n i t i a l  

b i o s y n t h e t i c  pathway of t h e s e  i nvo lves  t h e  condensat ion of  

two pyruvate  molecules (one,  probably  i n  t h e  form of 

phosphenolpyruvate)  t o  y i e l d  ~-methyl-y-hydroxy-a-ketoglu- 

t a r a t e  which would be metabol i sed  f u r t h e r  e i t h e r  by dehydra- 

t i o n  o r  r educ t ion  fol lowed by t r ansamina t ion .  Shannon and 

t arc us^ have r e p o r t e d  t h e  i s o l a t i o n  of an enzyme system t h a t  

c a t a l y s e d  t h e  a l d o l  c leavage of  y-methyl-Y-hydroxy-a-keto- 



g l u t a r a t e  t o  two pyruvate  molecules .  

Consider ing t h e  above f a c t o r s ,  i t  seemed l o g i c a l  t o  

f i n d  o u t  whether pyruva te  i t s e l f  could  s e r v e  a s  a  d i r e c t  

p r e c u r s o r  f o r  n i c o t i n i c  ac id .  For t h i s  purpose ,  t h e  

i n c o r p o r a t i o n  of s p e c i f i c a l l y  l a b e l e d  pyruvate  was s t u d i e d ,  

and t h e  r e s u l t s  were compared wi th  t hose  o f  t h e  i nco rpo ra -  

t i o n  s t u d i e s  u s ing  a s p a r t i c  a c i d  ( a  sugges ted  p r e c u r s o r )  

and y-methyleneglutamic a c i d .  F igure  4 shows a  p o s s i b l e  

scheme f o r  t h e  convers ion  of  y-methylene g lu tamic  a c i d  t o  

n i c o t i n i c  a c i d  wi th  t h e  former p rov id ing  a l l  t h e  ca rbons  

wh i l e  t h e  n i t r o g e n  atom i s  picked up from t h e  ammonia pool .  



FIGURE 4 

A possible biosynthetic scheme for nicotinic acid 
starting from y-methylene glutamic acid 



r-Methyleneglutamic ac id  

-H20, -NH3 

H H2NJTcooH H" H aromatization 

Nico t in ic  ac id  



2 .  LITERATURE REVIEW 



2 . 1  Re l a t i onsh ip  between n i c o t i n i c  a c i d  and Nico t i ana  
a l k a l o i d s  

About 45  yea r s  ago, ~ r i e r ~  proposed n i c o t i n i c  

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

i n  t h e  tobacco p l a n t .  A t  t h a t  t ime t h e r e  had been 

on ly  one r e p o r t e d  i s o l a t i o n  of n i c o t i n i c  a c i d  from 

a  p l a n t  source .  ~ o b i n s o n ~  r a i s e d  s t r o n g  o b j e c t i o n  t o  t h e  

proposed r e l a t i o n  between n i c o t i n i c  a c i d  and n i c o t i n e  on 

chemical  grounds. The o b j e c t i o n s  involved:  

( i )  The i n e r t n e s s  of  t h e  3 - p o s i t i o n  of t h e  p y r i d i n e  
r i n g  towards n u c l e o p h i l e s  

( i i )  The absence of  a  recorded case  o f  d isplacement  
of  t h e  carboxyl  group of n i c o t i n i c  a c i d .  

I t  was over t h i r t y  y e a r s  l a t e r  t h a t  T r i e r ' s  hypo thes i s  

r ece ived  suppor t  from exper imenta l  evidence.  Dawson and 

co-workers1•‹ admin is te red  n i c o t i n i c  a c i d s ,  s p e c i f i c a l l y  

l a b e l l e d  wi th  t r i t i u m  a t  p o s i t i o n s  2 ,  4 ,  5 and 6 t o  tobacco 

r o o t  c u l t u r e s  and demonstrated t h e  r e t e n t i o n  of hydrogen 

atoms i n  p o s i t i o n s  2 ,  4 and 5 du r ing  t h e  t r a n s f o r m a t i o n  t o  

n i c o t i n e .  However, they no ted  t h a t  t h e  hydrogen atom a t  

p o s i t i o n  6 i s  l o s t .  Using t h e  same exper imenta l  sys tem,  
1 4  

Dawson had p rev ious ly  shown1' t h a t  t h e  C l a b e l  i s  n o t  

t r a n s f e r r e d  from t h e  ca rboxyl  carbon of n i c o t i n i c  a c i d  t o  
1 5  

n i c o t i n e .  Tso and ~ e f f r e ~ "  were a b l e  t o  show t h a t  N 

1ab.el led n i c o t i n i c  a c i d  was i nco rpo ra t ed  i n t o  n i c o t i n e  i n  
1 5  

N .  - r u s t i c a  and a l s o  t h a t  almost  a l l  t h e  N excess  was i n  



t h e  p y r i d i n e  r i n g .  These exper imenta l  d a t a  have been 

r a t i o n a l i z e d  i n  t h e  fo l lowing  manner. S ince  t h e  hydrogen 

atoms i n  t h e  p o s i t i o n s  2 ,  4 and 5 o f  n i c o t i n i c  a c i d  a r e  

r e t a i n e d  dur ing  i t s  i n c o r p o r a t i o n ,  it i s  l i k e l y  t h a t  t h e  

carbon atoms i n  those  p o s i t i o n s  a r e  a l s o  r e t a i n e d .  To 

p o s t u l a t e  o therwise  would r e q u i r e  v i r t u a l l y  q u a n t i t a t i v e  

removal from and r e s t o r a t i o n  t o  t h e s e  p o s i t i o n s ,  o f  t h e  

hydrogen i s o t o p e  a s  used i n  Dawsonts exper iments .  I t  was 

a l s o  suggested t h a t  t h e  carbon atom i n  p o s i t i o n  3 i s  

r e t a i n e d  owing t o  t h e  complex n a t u r e  of bonding a t  t h a t  

s i t e .  These r e s u l t s  l e d  t o  t h e  conc lus ion  t h a t  t h e  

p y r i d i n e  r i n g  o f  n i c o t i n i c  a c i d  condenses wi th  t h e  second 

h e t e r o c y c l i c  r i n g  a t  carbon-3 accompanied by a  decarboxyl-  

a t i o n  and a l s o  a  l o s s  o f  hydrogen a t  carbon 6 .  P o s s i b l e  

pathways and mechanisms involved i n  t h i s  condensat ion 

have been specu la t ed .  

2 . 2  N i c o t i n i c  a c i d  b i o s y n t h e s i s  

The fundamental obse rva t ion  made by Elvehj  em and 

h i s  co l leagues  t h a t  t ryp tophan  (Figure  5a) i s  conver ted  

t o  n i c o t i n i c  a c i d  i n  mammalian t i s s u e s  seemed t o  e x p l a i n  

why symptoms o f  n i c o t i n i c  a c i d  d e f i c i e n c y  i n  man could  be 

r e l i e v e d  by the  a d m i n i s t r a t i o n  of t ryp tophan .  The i n  v ivo  

convers ion of t ryp tophan  i n t o  n i c o t i n i c  a c i d  i s  shown i n  

14 F igure  5 and i s  f u l l y  d i s c u s s e d  by Goodwin . Tryptophan 



FIGURE 5 

Tryptophan d e g r a d a t i o n  pathway f o r  
n i c o t i n i c  a c i d  b i o s y n t h e s i s  
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i s  f i r s t  c o n v e r t e d  t o  N-formyl kynuren ine  (5b) o x i d a t i v e l y  

by an  i r o n - p o r p h y r i n  enzyme sys tem;  i t  then  l o s e s  i t s  

formyl  group t o  g i v e  kynuren ine  ( 5 c ) .  This  i s  

h y d r o x y l a t e d  t o  3-hydroxy kynuren ine  ( S d ) ,  t h e  r e a c t i o n  

r e q u i r i n g  NADPH and t h e n  degraded t o  3-hydroxy a n t h r a n i l i c  

a c i d  (5e)  by a  p y r i d o x a l  dependent  enzyme. Enzymatic  

o x i d a t i o n  o f  t h i s  y i e l d s  1-amino-4-formylbutadiene- 1 , 2 -  

d i c a r b o x y l i c  a c i d  ( S f ) ,  which i s  t h e n  c o n v e r t e d  t o  

n i c o t i n i c  a c i d  p robab ly  v i a  q u i n o l i n i c  a c i d  (5g) .  

I t  i s  g e n e r a l l y  ag reed  a t  p r e s e n t  t h a t  i n  mammals, 

c h i c k s ,  some f u n g i  and s e l e c t e d  b a c t e r i a ,  n i c o t i n i c  a c i d  

b i o s y n t h e s i s  p roceeds  v i a  t h i s  pathway. I n  f a c t ,  f o r  some 

t i m e ,  t h i s  pathway was assumed t o  be  t h e  only  one o p e r a t i v e  

i n  microorganisms.  S u b s e q u e n t l y ,  a  pathway i n v o l v i n g  a  3 

carbon u n i t  ( g l y c e r o l  o r  i t s  e q u i v a l e n t )  and a  4 ca rbon  

d i c a r b o x y l i c  a c i d  ( p r o b a b l y  a s p a r t i c  a c i d )  has  been 

i m p l i c a t e d  i n  n i c o t i n i c  a c i d  b i o s y n t h e s i s  of  some mic ro -  

organisms ( F i g u r e  6 ) .  

Evidence  from i s o t o p i c  exper iments  s u g g e s t s  t h e  

p o s s i b l e  absence  o f  t h e  t r y p t o p h a n  d e g r a d a t i o n  pathway 

f o r  n i c o t i n i c  a c i d  b i o s y n t h e s i s  i n  h i g h e r  p l a n t s ,  a t  l e a s t  
1 4  

i n  t h e  p l a n t s  s t u d i e d ,  C l a b e l l e d  t r y p t o p h a n  as w e l l  

a s  3-hydroxy a n t h r a n i l i c  a c i d  were n o t  i n c o r p o r a t e d  i n t o  

n i c o t i n i c  a c i d  i n  g e r m i n a t i n g  whole c o r n  s e e d s  a s  w e l l  a s  



F I G U R E  6 

Glyceraldehyde-aspartic acid pathway for 
nicotinic acid biosynthesis 
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exc i sed  soybean l eaves .  Most o f  t h e  evidence sugges t s  t h e  

g lycera ldehyde-aspar ta te  pathway o r  a  r e l a t e d  one t o  be 

p r e s e n t  f o r  t h e  n i c o t i n i c  a c i d  b i o s y n t h e s i s  i n  N ico t i ana  

s p e c i e s  s t u d i e d .  

Byerrum and h i s  col leagues1S exposed s o i l  grown 
1 4  

N.  g l u t i n o s a  and N .  r u s t i c a  p l a n t s  t o  C02, and when r a d i o -  - - 
l a b e l l e d  n i c o t i n e  was i s o l a t e d  and degraded,  observed t h a t  

carbon atoms 4 ,  5  and 6  were l a b e l l e d  e s s e n t i a l l y  e q u a l l y ,  

a s  were carbons 2 and 3. This  sugges ted  t h e  p o s s i b l e  

occur rence  of  two immediate p r e c u r s o r s ,  one a  two-carbon 

u n i t  and t h e  o t h e r  a  t h r ee -ca rbon  u n i t .  As sugges ted  

e a r l i e r ,  carbon atoms 2 and 3  were thought  t o  a r i s e  from 

a  four -carbon  d i c a r b o x y l i c  a c i d ,  e i t h e r  s u c c i n i c  o r  a s p a r t i c  

a c i d ,  

(i) 

( i i )  

( i i i )  

based on t h e  fo l lowing  exper imenta l  evidence:  

1 4  
Aceta te  2 -  C showed equa l  i n c o r p o r a t i o n  of t h e  l a b e l  

a t  carbons 2 and 3  i n  both  n i c o t i n e 1 6  and 

anabas i n e  . 1 7  

1 4  
Succ ina te  2 ,3-  C a s  p r e c u r s o r ,  showed almost  equa l  

i nco rpo ra t i on  a t  carbons  2 and 3  of  t h e  p y r i d i n e  r i n g ,  

w i th  n e g l i g i b l e  i n c o r p o r a t i o n  a t  carbons 4 ,  5  and 

1 4  1 4  
Aspar t a t e  3- C and malate  3- C admin is te red  t o  

N .  r u s t i c a  p l a n t s  showed almost  e x c l u s i v e  i n c o r -  - 
p o r a t i o n  of l a b e l  i n t o  carbons 2 and 3  of  t h e  



p y r i d i n e  r i n g  of n i c o t i n e  wi th  approximately 60% 

a t  C-3 and 40% a t  C - 2 .  18 

Observat ion ( i i i )  above sugges ted  t h a t  an unsymmetri- 

c a l  i n t e rmed ia t e  r e l a t e d  t o  a s p a r t i c  a c i d  could be t h e  

immediate p r e c u r s o r ,  r a t h e r  than  a  symmetrical  one such a s  

s u c c i n i c  ac id .  A s  po in t ed  o u t  by Byerrum e t  a1 .19,  whether 

o r  n o t  a s p a r t i c  a c i d  i s  t h e  a c t u a l  immediate p r e c u r s o r  f o r  

carbons 2 and 3  i s  open t o  q u e s t i o n .  With tobacco and 

c a s t o r  p l a n t s ,  when t h e  f eed ings  were over  long t ime 
1 5  

p e r i o d s ,  no excess  i n c o r p o r a t i o n  of N l a b e l  was observed 

wi th  a s p a r t i c  a c i d .  This was sugges ted  t o  be due t o  an 

e q u i l i b r a t i o n  of t h e  i s o t o p i c  n i t r o g e n  atoms wi th  t h e  

ammonia pool .  Ace t a t e ,  s u c c i n a t e ,  mala te  and a s p a r t a t e  a l l  

s e r v e  a s  p r e c u r s o r s  t o  carbons  2  and 3 ,  a  f e a t u r e  which i s  

exp la ined  by invo lv ing  t h e  Kreb ' s  T r i c a r b o x y l i c  Acid (TCA) 

Cycle through which a l l  t h e s e  a r e  i n t e r c o n v e r t i b l e .  

Carbon atoms 4 ,  5 and 6  a r e  sugges ted  t o  be de r ived  

from glyceraldehyde , based on t h e  fo l lowing  exper imenta l  

evidence.  

( i )  Both carbon atoms 4 and 6  o f  t h e  p y r i d i n e  r i n g  of  
1 4  

n i c o t i n e  a r e  e q u a l l y  l a b e l l e d  when g l y c e r o l  1- C  

i s  admin is te red  t o  N .  r u s t i c a .  20 - 
1 4  

( d i )  Carbon 5 i s  h e a v i l y  l a b e l l e d  when g l y c e r o l  2 -  C 

i s  used.  2 0  



1 4  
( i i i )  Glyceraldehyde 3 -  C admin is te red  t o  t h e  same 

exper imenta l  system showed t h a t  over h a l f  o f  t h e  
1 4  

C i nco rpo ra t ed  i n t o  n i c o t i n e  was i n  p o s i t i o n  4 of 

t h e  p y r i d i n e  r i n g  whi le  t h e  remainder was almost  

e q u a l l y  d i s t r i b u t e d  among carbons 2 ,  3 and 6.  2 1  

The l a c k  of randomization of t h e  l a b e l  i n  p o s i t i o n s  

4 ,  5 and 6 i n d i c a t e s  t h a t  a  non-symmetrical i n t e rmed ia t e  

condenses w i th  t h e  C - 2  u n i t  t o  form t h e  p y r i d i n e  r i n g .  
1 4  

F u r t h e r ,  t h e  i n c o r p o r a t i o n  of g lyceraldehyde 3 -  C w i th  a 

lower d i l u t i o n  than  l a b e l l e d  g l y c e r o l  was taken t o  sugges t  

t h a t  t h e  former i s  a  more immediate p r e c u r s o r  than t h e  

l a t t e r .  The appearance o f  t h e  l a b e l  on carbons 2 and 3 

was thought  t o  be due t o  g lycera ldehyde  be ing  metabol ized 

through g l y c o l y s i s  t o  a c e t y l  CoA and then be ing  conver ted 

t o  s u c c i n a t e  ( o r  a s p a r t a t e )  v i a  t h e  TCA cyc l e .  

Thus i t  appears  a s  if t h e  problem of  t h e  o r i g i n  o f  

n i c o t i n i c  a c i d  i n  h ighe r  p l a n t s  i s  f u l l y  so lved ,  wi th  t h e  

g lycera ldehyde-aspar ta te  pathway be ing  t h e  most l i k e l y  and 

probably  t h e  only  one o p e r a t i v e .  However, a s  po in t ed  o u t  

by ~ ~ e r r u m ' ~ ,  t h e r e  a r e  some r e s u l t s  t h a t  cannot be  e a s i l y  

f i t t e d  i n t o  t h i s  p i c t u r e .  The most apparen t  a r e  from t h e  

group c o n s i s t i n g  of a l a n i n e ,  6 - a l a n i n e  and p rop ion i c  a c i d  

which show a  l a b e l l i n g  p a t t e r n  d i s t i n c t l y  d i f f e r e n t  from 

t h a t  shown f o r  any o t h e r  compound when inco rpo ra t ed  i n t o  

n i c o t i n e  o r  r i c i n i n e .  Most exper imenta l  evidence sugges t  



t h a t  t h e  2-pyridone r i n g  of  r i c i n i n e  (F igure  1 .d )  is  a l s o  

d e r i v e d  from n i c o t i n i c  a c i d  v i a  t h e  glyceraldehyde-  

a s p a r t a t e  pathway. Marion and co-worker5 2 2  thought i t  

would be of i n t e r e s t  t o  f i n d  o u t  whether t h e  s imp le r  

compounds and amino a c i d s  (which a r e  i n t e r c o n v e r t i b l e  

wi th  o t h e r  p r ecu r so r s  v i a  t h e  TCA cyc le )  could  a l s o  a c t  
1 4  

as  p r e c u r s o r s  f o r  r i c i n i n e .  When B-alanine  2- C and 
1 4  

p r o p i o n i c  a c i d  2 -  C were admin is te red  t o  Ricinus communis 

p l a n t s  and r i c i n i n e  i s o l a t e d ,  carbon atom 3 conta ined  

almost  twice  t h e  a c t i v i t y  o f  carbon 2 ,  t h e  

l a b e l l i n g  p a t t e r n  be ing  q u i t e  d i f f e r e n t  from t h a t  observed 

w i t h  a c e t a t e  and s u c c i n a t e  feed ing .  Thus i t  seems t h a t  

n e i t h e r  B-alanine  nor  p rop iona t e  i s  conver ted t o  a  f o u r -  

carbon d i c a r b o x y l i c  a c i d  p r i o r  t o  i n c o r p o r a t i o n .  A t  t h e  

same t ime ,  t h e  h igh  radiochemical  y i e l d  of  a l k a l o i d  given 

by 6 -a l an ine  sugges t  t h a t  i t  a c t s  a s  an immediate p r e c u r s o r .  

There fore  t h e  b i o s y n t h e t i c  pathway through which 6 - a l a n i n e  

i s  i nco rpo ra t ed  i n t o  r i c i n i n e  must be very  d i s t i n c t  fi-om 

t h a t  invo lv ing  a c e t a t e .  

Although t h e s e  r e s u l t s  have more o r  l e s s  been ove r -  

looked,  they  may be of  some s i g n i f i c a n c e .  I t  sugges t s  

t h a t  a l though t h e  g lyce ra ldehyde -aspa r t a t e  pathway i s  

q u i t e  l i k e l y ,  i t  need n o t  be t h e  only  one o p e r a t i n g  i n  a l l  

h i g h e r  p l a n t s .  F u r t h e r ,  it  has  been shownz3 t h a t  i n  t h e  

y e a s t  Saccharomyces c e r e v i s i a e ,  i n c o r p o r a t i o n  of r a d i o -  



1 4  1 4  
a c t i v i t y  occurs  from C- a s p a r t a t e  and C-glutamate i n t o  

n i c o t i n i c  a c i d  under anaerob ic  c o n d i t i o n s ,  bu t  when grown 

a e r o b i c a l l y ,  t h e  t r a n s f e r  of  t h e  l a b e l  was markedly 

reduced.  On t h e  o t h e r  hand,  a  r e v e r s e  e f f e c t  was observed 

w i t h  t ryp tophan  and 3-hydroxy a n t h r a n i l i c  a c i d ,  where t h e  

t r a n s f e r  o f  r a d i o a c t i v i t y  was observed under a e r o b i c  

c o n d i t i o n s  which was reduced under anaerob ic  c o n d i t i o n s .  

Although i t  has  n o t  been e s t a b l i s h e d  whether t h e  two 

pathways do e x i s t  s imul taneous ly  t o  t h e  same e x t e n t  under 

f o r  example, low oxygen p r e s s u r e ,  t h i s  c l e a r l y  i n d i c a t e s  

t h a t  two d i f f e r e n t  pathways can e x i s t  i n  t h e  same organism 

and t h e  e s t ab l i shmen t  o f  one does n o t  exclude t h e  p o s s i -  

b i l i t y  o f  ano ther  one e x i s t i n g .  



3. EXPERIMENTAL 



3 .1  Growth o f  Nico t iana  g l a u c a  p l a n t s  

N.  g l a u c a  p l a n t s  were grown i n  s o i l  c o n t a i n i n g  p o t s  - 
i n  a  growth chamber under c o n t r o l l e d  day l eng th  and 

temperature  c o n d i t i o n s .  The p l a n t s  cont inued i n  vege t a -  

t i v e  growth when t h e  day l eng th  was 11 hours .  A daytime 

temperature  o f  2 7 "  C and a  n i g h t  temperature  of  13" C 

were s u i t a b l e  f o r  optimum growth of  t h e s e  p l a n t s .  They 

were con t inuous ly  supp l i ed  w i t h  a n u t r i e n t  s o l u t i o n  of t h e  

fo l lowing  composit ion:  2 4  

- 3 
Ca(N03) 2 .  4H20 3 x 1 0  M 

- 3 
KNO 3 2 x 1 0  M 

i 3 
MgSO4.7Hz0 2 x 1 0  M 

- 3 
KH2P04 2 x 1 0  M 

The fol lowing compounds were supp l i ed  i n  m i c r o q u a n t i t i e s :  

- 1 
mg.L 

Fe (EDTA) 5.0 

CuS04.5H20 0.08 

Na2M03t+. 2H20 0.025 

Day temperatures  l e s s  than  2 1 "  C llad an adverse  e f f e c t  

on t h e  growths o f  t h e  p l a n t s ,  e s p e c i a l l y  t h e  l eaves .  The 



s p o t s  and were a l s o  found t o  g e t  i n f e c t e d  r a t h e r  e a s i l y .  

F u r t h e r ,  t h e  a l k a l o i d  con ten t  was diminished g r e a t l y ;  

indeed anabasine  was then p r e s e n t  only  i n  t r a c e  q u a n t i t i e s .  

3 . 2  Labeled compounds 
1 4  

The fo l lowing  C- labe led  compounds were used f o r  t h i s  

s t udy  : 
1 4  

(i) [ U -  C] N i c o t i n i c  a c i d  
1 4  

( i i )  v-Methylene D,L- [2-  C]  g lu tamic  ac id  
1 4  

( i i i )  Sodium [ I -  C] pyruva te  
1 4  

( i v )  Sodium (2- C] pyruva te  
1 4  

(v) Sodium ( 3 -  C ]  p y r w a t e  
1 4  

( v i )  L -  [U-  C] A s p a r t i c  a c i d  

Compounds ( i i i )  t o  ( v i )  were purchased from New 

England Nuclear ,  Canada, and s t o r e d  a t  -10' C u n t i l  used.  

y-methylene glutamic  a c i d  was custom syn thes i zed  by N E N ,  

Boston, Massachuset tes .  The radiochemical  p u r i t y  of  t h i s  

sample was determined by two-way ascending chromatography 

and autoradiography.  A 1 0 ~ R a l i q u o t  of  an aqueous s o l u t i o n  

( con ta in ing  1 mg. of t h e  compound i n  1 ml.) was s p o t t e d  on a  

Whatmann 3 MM paper  (8.5" x 8.5") and developed f o r  6 h r s .  

i n  80% aqueous phenol .  (Rf = 0.5) The paper  was d r i e d  

and run i n  p r o p i o n i c  ac id -n -bu tano l -wa te r  ( 2  : 2 : 1) f o r  

3 h r s . ,  a t  r i g h t  ang les  t o  t h e  o r i g i n a l  d i r e c t i o n  (Rf = 

0.38) .  The chromatogram was used f o r  autoradiography wi th  



No Screen X-ray f i l m  and then  sprayed wi th  t h e  co iou r  

r e a g e n t :  0.1% n inhydr in  i n  bu t ano l  s a t u r a t e d  wa te r ,  wi th  

1% g l a c i a l  a c e t i c  ac id .  The X-ray f i l m  showed a  s i n g l e  

da rk  s p o t  corresponding t o  t h e  s i n g l e  coloured s p o t  on t h e  

paper  chromatogram. This  s p o t  a l s o  corresponded t o  t h e  

s t a n d a r d  (non - r ad ioac t ive )  y-methylene g lu tamic  a c i d  s p o t  

run i n  t h e  same s o l v e n t .  

Ring l a b e l e d  n i c o t i n i c  a c i d  was n o t  a v a i l a b l e  com- 

m e r c i a l l y  and was ob t a ined  by ox ida t ion  of b i o s y n t h e t i c  

n i c o t i n e .  For t h i s  purpose ,  t h r e e  young pot-grown N .  - 

tabacum p l a n t s  were exposed t o  approximately 1 . 3  m C i  of 
1 4  

C 0 2  f o r  1 day,  u s ing  t h e  method desc r ibed  below, and 

then  t r a n s f e r r e d  t o  a  normal atmosphere and allowed t o  

grow f o r  one week. N ico t ine  was then i s o l a t e d  from t h e  

l e a v e s ,  ox id i s ed  t o  n i c o t i n i c  a c i d  and p u r i f i e d  by t h e  

method given below. The sample was considered t o  be 

uniformly l a b e l e d .  

3 . 3  Adminis t ra t ion  of  l a b e l e d  compounds 

The l eaves  used i n  a l l  t h e  feed ing  experiments were 

a t  t h e  same s t a g e  of  growth, approximately 1 1 / 2  t o  2 

months o ld .  Pre l iminary  exp lo ra to ry  experiments showed 

t h a t  l eaves  o f  t h i s  age showed t h e  h i g h e s t  i n c o r p o r a t i o n  
1 4  

o f ,  t h e  l a b e l  from GO2 i n t o  anabas ine .  



1 4  
3.3 .1  C02 f eed ing  

An exc i sed  l e a f , w i t h  t h e  c u t  end of i t s  p e t i o l e  i n  

d i s t i l l e d  w a t e r ,  was p l aced  i n  an i l l u m i n a t e d  g l a s s  chamber 

and a  c l o s e d  system was s e t  up a s  shown i n  Figure  7 .  A 
1 4  1 4  

known weight  of Ba C 0 3  was p l aced  a s  shown and t h e  C02 

was gene ra t ed  by i n j e c t i n g  1 m l  o f  10% p e r c h l o r i c  a c i d .  

The pump was subsequent ly  s t a r t e d  t o  main ta in  a  c o n s t a n t  

c i r c u l a t i o n  of  a i r  w i t h i n  t h e  sys tem and t h e  dec rease  i n  

r a d i o a c t i v i t y  was monitored u s i n g  a  Geiger-Muller  coun te r .  
1 4  

When t h e  chamber showed a  9 9 . 5 %  a s s i m i l a t i o n  of C 0 2 ,  

t h e  system was exhausted i n t o  anNaOH s o l u t i o n  t o  t r a p  
1 4  

t h e  excess  C02, The l e a f  was r e t u r n e d  t o  a  normal 

atmosphere,  kept  i l l u m i n a t e d  f o r  a  f u r t h e r  5 h r s . ,  

and then  kep t  i n  t h e  dark  ove rn igh t  u n t i l  anabasine  was 

e x t r a c t e d  t h e  fo l lowing  day. 

3 . 3 . 2  Feeding of  o t h e r  l a b e l l e d  compounds 

Each of t h e  o t h e r  r a d i o a c t i v e  compounds was admini-  

s t e r e d  t o  an exc i sed  l e a f  through t h e  c u t  end of t h e  

p e t i o l e ,  v i a  t h e  t r a n s p i r a t i o n a l  s t ream.  The f eed ing  

procedure  was t h e  same f o r  a l l  compounds. 

The l e a f  was c a r e f u l l y  de tached  from t h e  p l a n t ,  making 

s u r e  t h a t  no a i r  bubbles  e n t e r e d  t h e  t r a n s p i r a t i o n a l  s t ream.  

With t h e  c u t  end of t h e  p e t i o l e  i n  d i s t i l l e d  w a t e r ,  t h e  

l e a f  was i l l u m i n a t e d  f o r  approximately  1 h r .  A known 



FIGURE 7 
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Apparatus for C 0 2  feed ing  
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amount o f  t h e  compound t o  be f e d  was d i s s o l v e d  i n  300 p a  

o f  d i s t i l l e d  wa t e r  and t h e  l e a f  was t r a n s f e r r e d  i n t o  t h i s  

s o l u t i o n .  When almost  a l l  t h e  s o l u t i o n  was sucked up i n t o  

t h e  l e a f ,  a  f u r t h e r  300 v k  o f  w a t e r  was added. Th i s  was 

r e p e a t e d  s e v e r a l  t imes  u n t i l  t h e  remaining s o l u t i o n  showed 

l e s s  than  0 . 5 %  of  t h e  t o t a l  a c t i v i t y  s u p p l i e d  (approximate-  

l y  2-  3  h r s . ) .  The l e a f  was t hen  t r a n s f e r r e d  back t o  

d i s t i l l e d  wa t e r  and i l l u m i n a t i o n w a s  con t inued  f o r  a t o t a l o f  

10 h r s . ,  a f t e r  which i t  was l e f t  i n  t h e  d a r k ,  o v e r n i g h t  

u n t i l  anabas ine  was e x t r a c t e d  t h e  fo l l owing  day. 
1 4  

[ U -  C] A s p a r t i c  a c i d  was o b t a i n e d  a s  a  s o l u t i o n  

i n  0 .01 N h y d r o c h l o r i c  a c i d  (SO u C i  i n  500 p a )  and t h e r e -  

f o r e  had t o  be t r e a t e d  i n  a  d i f f e r e n t  way. A 50 P R  a l i q u o t  

o f  t h i s  s o l u t i o n  was p i p e t t e d  o u t  i n t o  a  5 m l ,  p e a r -  

shaped f l a s k ,  200 p a  o f  d i s t i l l e d  wa t e r  added and t h e n  

d r i e d  i n  a  vacuum. Th is  p r o c e s s  was r e p e a t e d  ( 5  x 200 v a  wa- 

t e r )  t o  en su re  complete removal o f  H C I .  The remaining 

s o l i d  was d i s s o l v e d  i n  500 ~a of  w a t e r ,  from which a 5 v a  

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

and t h e  ba l ance  admin i s t e r ed  t o  t h e  l e a f  a s  d e s c r i b e d  

above. 

3 . 4  E x t r a c t i o n  and i s o l a t i o n  o f  anabas ine  

- The t e s t  l e a f  was ground i n  20 m l .  of 80% e t h a n o l  a t  

room tempera tu re  and t h e  e x t r a c t  c e n t r i f u g e d  t o  remove 



t h e  d e b r i s .  The supe rna t an t  was removed and t h e  d e b r i s  r e -  

e x t r a c t e d  and cen t r i fuged .  An a l i q u o t  o f  t h e  combined 

s u p e r n a t a n t s  was used t o  determine t h e  t o t a l  r a d i o a c t i v i t y  

of t h e  e x t r a c t .  The r e s t  (around 40 ml.) was d i l u t e d  w i t h  

1 5  m l  o f  wate r  and reduced t o  35 m l  i n  vacuo a t  room 

tempera ture .  This was e x t r a c t e d  wi th  5 x 20  m l  pe t roleum 

e t h e r  (30•‹ - 60') t o  remove c h l o r o p h y l l s  and o t h e r  p i g -  

ments. 

The aqueous s o l u t i o n  remaining a f t e r  t h e  removal of  

pigments was concen t r a t ed  down t o  3 - 4 m l .  i n  vacuo, 

made b a s i c  (pH = 10.5)  wi th  d i l u t e  NaOH s o l u t i o n ,  and 

e x t r a c t e d  con t inuous ly  w i th  e t h e r  f o r  7 2  h r s .  The e t h e r  

e x t r a c t  was d r i e d  wi th  anhydrous MgS04 and concen t r a t ed  i n  

a  f l a s h  evapora to r .  Th is  was a p p l i e d  a s  a  band on Whatmann 

3  MM chromatography paper (9" x 2 2 " ;  p r e t r e a t e d  wi th  0 .1  M . ,  

pH 6.5  phosphate b u f f e r )  and developed [descending) i n  a  

s o l u t i o n  con ta in ing  100 m l .  n -bu t ano l  and 20 m l .  0 .1  M ,  pH 

6.5  phosphate b u f f e r  f o r  40  h r s .  A s t a n d a r d  s o l u t i o n  of 

anabasine  i n  e thano l  was s p o t t e d  a s  r e f e r e n c e .  The band 

corresponding t o  s t a n d a r d  anabasine  was d e t e c t e d  under UV 

l i g h t ,  removed and e l u t e d  w i th  methanol.  The methanol ic  

s o l u t i o n  was evapora ted  t o  a  known volume and t h e  anabasine  

c o n c e n t r a t i o n  determined spec t ropho tome t r i ca l l y .  A t y p i -  

c a l  UV spectrum i s  shown i n  F igure  8 .  (Amax = 261 nm; 

l o g  'max = 3.46) This s o l u t i o n  was concen t r a t ed  t o  a  
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s m a l l e r  volume and 1 m l  removed f o r  count ing.  The s p e c i f i c  

a c t i v i t y  o f  anabasine  e x t r a c t e d  was determined from t h e  

above r e s u l t s .  

3 .5  Oxidat ion of anabasine  

The methanol ic  anabasine  s o l u t i o n  was evapora ted  t o  
I 

remove t h e  s o l v e n t ,  10 m l  of  wate r  added and then evapora ted  

aga in  i n  vacuo t o  remove t h e  l a s t  t r a c e s  of a l c o h o l .  The 

r e s i d u a l  anabasine  was d i s s o l v e d  i n  10 m l  o f  wate r  and a  

known amount o f  s t anda rd  anabasine  ( 5  p e  o r  10 V R )  was 

added. Twenty mg. NaOH and 120 mg KMnOt, were added and 

t h e  s o l u t i o n  was hea ted  on a steam ba th  f o r  1 8  h r s .  w i t h  

o c c a s i o n a l  mixing. A 37% formaldehyde s o l u t i o n  was added 

dropwise t o  t h e  cooled r e a c t i o n  mixture  u n t i l  t h e  

permanganate co lou r  was d i scharged .  The r e s u l t i n g  

brown suspension was d i g e s t e d  on a  steam ba th  and f i l t e r e d  

under s u c t i o n .  The s o l i d  r e s i d u e  was resuspended i n  5 m l  

wa t e r ,  hea t ed  t o  b o i l i n g  and f i l t e r e d .  The combined 

f i l t r a t e  was a c i d i f i e d  (pH = 1 o r  2 )  wi th  cone. H C 1  

warmed t o  remove C02 and then  reduced almost t o  dryness  i n  

vacuo. The r e s i d u e  was d i s s o l v e d  i n  about 3 m l .  of wate r  

and a  d i l u t e  s o l u t i o n  of  NaOH added u n t i l  t h e  pH reached 

4 . 5  t o  5 .0 .  The r e s u l t i n g  s o l u t i o n  was taken t o  d ryness  

under a  s t ream of  dry a i r .  The r e s i d u a l  s a l t s  were sub- 

limed a t  160•‹C/0.1 t o r r  p r e s s u r e ,  a f t e r  t h e  a d d i t i o n  of a  

known q u a n t i t y  of c a r r i e r  n i c o t i n i c  a c i d .  The sub l imate  was 

d i s s o l v e d  i n  methanol,  d i l u t e d  t o  a  known volume and t h e  



43 .  
n i c o t i n i c  a c i d  concen t r a t i on  determined spec t ropho tome t r i ca l l y .  

A t y p i c a l  UV abso rp t ion  spectrum i s  given i n  F igure  9 .  [Amax = 

262 nm. ; l og  E = 3.42. The amount of n i c o t i n i c  a c i d  max 
ob ta ined  from anabas ine  o x i d a t i o n  was eva lua t ed  by s u b t r a c t i n g  

t h e  amount o f  c a r r i e r  added from t h e  t o t a l  n i c o t i n i c  a c i d  i n  

t h e  sub l imate .  This was p o s s i b l e  s i n c e  t h e r e  i s  complete 

recovery of the  c a r r i e r  dur ing  sub l ima t ion .  

The methanol ic  s o l u t i o n  was t hen  concen t r a t ed  down t o  

1 m l  and used f o r  r a d i o a c t i v i t y  de t e rmina t ion .  

3.6 Pool s i z e  de t e rmina t ion  
The pool s i z e  w i t h i n  t h e  l e a f  o f  each compound 

admin is te red  a s  a  s u b s t r a t e ,  was determined by an i s o t o p e  

d i l u t i o n  technique .  A 1 1/2- to-2-month o l d  l e a f  was used 

i n  each ca se .  Four s e p a r a t e  l e a f  e x t r a c t i o n s  were c a r r i e d  

o u t  f o r  t h e  f o u r  s u b s t r a t e s :  n i c o t i n i c  a c i d ,  a s p a r t i c  

a c i d ,  y-methylene g lu tamic  a c i d  and pyruv ic  a c i d .  I n  each 

c a s e ,  a  known amount o f  r a d i o a c t i v e  compound was added a t  

t h e  i n i t i a l  s t a g e  of e x t 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  

each compound e x t r a c t e d  was compared wi th  t h a t  of  t h e  

l a b e l e d  compound added, i n  o r d e r  t o  determine t h e  d i l u t i o n  

due t o  t h e  i n h e r e n t  poo l .The  pool  s i z e  was e s t i m a t e d  i n  

each case  u s i n g  t h e  fo l lowing  r e l a t i o n s h i p :  

where 

MU 
= Unknown amount of  compound i n  l e a f  

(pool  s i z e )  

Mo = Amount of  t r a c e r  added 
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S.A.o = S p e c i f i c  a c t i v i t y  of t r a c e r  added 

S.A. 1 = S p e c i f i c  a c t i v i t y  of compound i s o l a t e d  

3 .6 .1  N i c o t i n i c  a c i d  

The l e a f  was e x t r a c t e d  wi th  2 x  20 m l  80% e t h a n o l  

and t h e  d e b r i s  c e n t r i f u g e d  down. A known amount o f  
1 4  

n i c o t i n i c  a c i d  - C (U) was d i s s o l v e d  i n  t h e  combined 

s u p e r n a t a n t ,  d i l u t e d  w i th  1 5  m l .  o f  wate r  and t h e  volume 

reduced t o  35 m l  a t  room temperature  i n  vacuo. The p i g -  

ments were removed by e x t r a c t i o n  wi th  5  x  15 m l  pe t roleum 

e t h e r  (30•‹ - 60') and t h e  aqueous s o l u t i o n  concen t r a t ed .  

The concen t r a t e  was a p p l i e d  a s  bands on two 9" x 21"  

Whatmann 3 MM paper  along wi th  a  s t a n d a r d  n i c o t i n i c  a c i d  

s o l u t i o n  and chromatographed (descending) f o r  1 5  1 / 2  h r s .  

i n  s o l v e n t  1, t h e  upper phase o f  a  mixture  of  n - b u t a n o l ,  

g l a c i a l  a c e t i c  a c i d  and d i s t i l l e d  wate r  (25:6:25) .  2 5  The 

papers  were examined under UV l i g h t ,  and t h e  dark  bands 

corresponding t o  s t anda rd  n i c o t i n i c  a c i d  (Rf = 0.748) were 

c u t  o f f ,  c u t  i n t o  smal l  p i e c e s  and e l u t e d  w i th  3 x  30 m l  

b o i l i n g  methanol. The combined methanol e l u a t e  was 

f i l t e r e d  through a  s i n t e r e d  g l a s s  funne l  t o  remove paper 

f i b r e s ,  concen t r a t ed  down and r e a p p l i e d  a s  a  band a longs ide  

s t a n d a r d  n i c o t i n i c  a c i d  on a 9" x  21" Whatmann 3  MM paper .  

This  was developed f o r  10 h r s . ,  descending i n  s o l v e n t  2 ,  

a  mix ture  of  95% e thano l  and 58% ammonium hydroxide (95:5) .  2 5 



The band cor respond ing  t o  s t a n d a r d  n i c o t i n i c  a c i d  ( R f  = 

0.516) was e l u t e d  a s  b e f o r e  i n  me thano l ,  made u p t o  a  

known volume and t h e  c o n c e n t r a t i o n  of  n i c o t i n i c  a c i d  

de te rmined  s p e c t r o p h o t o m e t r i c a l l y .  The t o t a l  a c t i v i t y  was 

de te rmined  by l i q u i d  s c i n t i l l a t i o n  c o u n t i n g  o f  t h e  above 

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

3 .6 .2  P y r u v i c  a c i d  

The method used  h e r e  was a d a p t e d  from E l  Nawary and 

Thompson's p rocedure26  f o r  t h e  s e p a r a t i o n  and e s t i m a t i o n  

o f  b l o o d  ,ke to  a c i d s .  The r e l a t i v e  i n s t a b i l i t y  o f  p y r u v i c  

a c i d  n e c e s s i t a t e s  i t s  e x t r a c t i o n  a s  a  d e r i v a t i v e ,  i n  t h i s  

c a s e  t h e  2,4-dinitrophenylhydrazone. A known amount o f  
1 4  

C - l a b e l e d  sodium p y r u v a t e  was added i n t o  t h e  t i s s u e  

g r i n d e r  c o n t a i n i n g  20 m l  of 2 N  h y d r o c h l o r i c  ac id ,  and t h e  

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

fuged and t h e  s u p e r n a t a n t  added t o  40  m l .  o f  a  s o l u t i o n  

o f  2,4-dinitrophenylhydrazine i n  2 N H C 1  ( 2  mg/ml). 

The d e b r i s  was r e e x t r a c t e d  w i t h  a  f u r t h e r  20 m l  p o r t i o n  

o f  2 N .  H C 1 ,  c e n t r i f u g e d  and t h e  s u p e r n a t a n t  added t o  t h e  

above s o l u t i o n .  The combined e x t r a c t s  ( i n  2 , 4 - d i n i t r o -  

pheny lhydraz ine )  were i n c u b a t e d  f o r  4 5  min. a t  38" C ,  

e x t r a c t e d  w i t h  5  x 25 m l  of e t h y l  a c e t a t e ,  

and t h e  combined o r g a n i c  l a y e r s  ( i n  t h e  form o f  an emuls ion)  

- 1 w e r e c e n t r i f u g e d  f o r  20 min. a t  2500 r e v .  min . The upper  



o r g a n i c  phase was p i p e t t e d  o u t  and t h e  lower aqueous phase 

r e e x t r a c t e d  wi th  f r e s h  e t h y l  a c e t a t e  (4 x  10 ml . ) .  This  

was c e n t r i f u g e d  a s  b e f o r e  and t h e  o r g a n i c  l a y e r  combined 

w i t h  t h e  p rev ious  e t h y l  a c e t a t e  e x t r a c t .  The combined 

e x t r a c t s  were concen t r a t ed  down t o  approximately 40 m l .  

and t hen  e x t r a c t e d  wi th  6  x 15 m l  o f  10% Na2C03 s o l u t i o n .  

The combined Na2C03 e x t r a c t s w e r e  washed once w i th  10 m l  

e t h y l  a c e t a t e  t o  remove any t r a c e  o f  unreac ted  2 ,4 -  

d in i t ropheny lhydraz ine  and then a c i d i f i e d  dropwise 

w i t h  i c e - c o l d  conc. H C 1  u n t i l  no evo lu t ion  of C02 could 

be  observed.  The hydrazones were r e e x t r a c t e d  i n t o  e t h y l  

a c e t a t e  (6 x  20 ml ) ,  d r i e d  wi th  anhydrous MgS04 and t h e  

s o l v e n t  evapora ted  i n  vacuo. The s o l i d  r e s i d u e  was d i s -  

so lved  i n  a  few drops o f  phosphate b u f f e r  ( 0 . 1  M ;  pH = 

7.2) and app l i ed  as  a  band on 8" x  8" Whatmann 3 MM 

chromatographic paper  wi th  s t a n d a r d  pyruv ic  a c i d  - 2 , 4 -  

d i n i t r ~ ~ h e n y l h y d r a z o n e  on e i t h e r  s i d e .  The chromatogram 

was developed ascendingly  f o r  4 1 / 2  h r s .  i n  a  mixture  of 

n -bu t ano l ,  e t h a n o l ,  0.5N ammonium hydroxide (7 : 1 : 2) . The 

band corresponding t o  t h e  s t a n d a r d  compound (Rf = 0.35)  

was c u t  o f f ,  e l u t e d  wi th  e t h y l  a c e t a t e ,  t h e  s o l v e n t  

evapora ted  and rechromatographed a s  de sc r ibed  p r e v i o u s l y .  

The paper  was autoradiographed and t h e  r a d i o a c t i v e  
i 

band c u t  o f f ,  c u t  i n t o  smal l  p i e c e s  and 



p l a c e d  i n  a  1 5  m l  s i n t e r e d  g l a s s  funne l  connected t o  a  

f i l t e r  tube .  Three m l  of  10% Na2C03 s o l u t i o n w e r e  added and 

t h e  paper  was al lowed t o  d i s i n t e g r a t e *  The mixture  was then 

f i l t e r e d  under s u c t i o n .  Two m l .  of  2 N. NaOH s o l u t i o n  were 

added t o  t h e  r e s i d u e  on t h e  f u n n e l ,  s t i r r e d  and f i l t e r e d .  

This  was repea ted  wi th  a  f u r t h e r  2 m l  of  NaOH s o l u t i o n  and 

t h e  combined f i l t r a t e  d i l u t e d t o  10 m l  w i t h  d i s t i l l e d  w a t e r .  

A known a l i q u o t  of  t h i s  s o l u t i o n  was used f o r  r a d i o a c t i v i t y  

de t e rmina t ion .  The v i s i b l e  abso rp t ion  spectrum of sodium 

pyruva te  - 2,4-dinitrophenylhydrazone i n  s t r o n g l y  b a s i c  

medium shows a  hmax a t  442 nm. (F igu re lo )  , which was used 

t o  e s t i m a t e  i t s  concen t r a t i on  i n  t h e  e x t r a c t .  A s t a n d a r d  

curve of  A k k 2  VS.  concen t r a t i on  of t h e  s y n t h e t i c  s t dnda rd  

compound was made and a t  each c o n c e n t r a t i o n ,  a  v i s i b l e  

spectrum was recorded t o  ensure  t h e  p resence  of t h e  

absorbance maximum a t  x = 4 4 2  nm. From t h e s e  r e s u l t s ,  

t h e  s p e c i f i c  a c t i v i t y  o f  py ruv ic  a c i d  e x t r a c t e d  was 

computed and subsequent ly  used f o r  t h e  e s t i m a t i o n  of t h e  

p o o l - s i z e .  

P r e p a r a t i o n  of pyruv ic  a c i d  - 2,4-dinitrophenylhydrazone 

Two hundred and f i f t y  mg. o f  sodium pyruvate  were 

d i s s o l v e d  i n  5 m l  o f  wate r  and t h e  s o l u t i o n  combined wi th  

75 m l  of a  s a t u r a t e d  s o l u t i o n  of  2 , 4  d i n i 7 ; r o r ~ ~ e ~ 1 y l h y d r a -  

z ine  i n  2 N.  H C 1 .  The mixture  was s t i r r e d  and al lowed t o  



FIGURE 10 

Visible absorption spectrum of pyruvic acid- 
2,4-dinitrophenylhydrazone in strongly 

basic solution 
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s t a n d  f o r  30 min. The yel low s o l i d  was f i l t e r e d  under 

s u c t i o n  and r e c r y s t a l l i s e d  twice  from ho t  g l a c i a l  a c e t i c  

26 a c i d :  m.  p t .  = 2 1 7 "  C - 218" C [Found: C = 40 .2%:  H = 3 . 0 % ;  

N = 20.7%. Ca lcu l a t ed  f o r  C 9 H 8 O 6 N 4  : C = 40 .9%;  H = 3 . 0 % ;  

N = 20.9%] 

3 . 6 . 3  A s p a r t i c  a c i d  and Y-methylene glutamic  a c i d  

The pool  s i z e s  o f  t h e  two amino a c i d s  under s t udy  

were eva lua t ed  s e p a r a t e l y  u s ing  t h e  same exper imenta l  

procedure .  I n  each c a s e ,  t h e  l e a f  was ground i n  2 x  20 

m l  80% e t h a n o l ,  d e b r i s  c e n t r i f u g e d  ou t  and a  known amount 

of  r a d i o a c t i v e  amino a c i d  mixed wi th  t h e  supe rna t an t .  

The pigments were removed wi th  30" - 60•‹ pet roleum e t h e r  

a s  de sc r ibed  p r e v i o u s l y ,  t h e  aqueous p o r t i o n  concen t r a t ed  

and a p p l i e d  a s  a  band on a  8" x  8" Whatmann 3 MM chromato- 

g r a p h i c  paper .  The chromatogram was developed ascending ly  

i n  80% aqueous phenol f o r  6  h r s ,  d r i e d  and autoradiographed 

i n  o rde r  t o  l o c a t e  t h e  r a d i o a c t i v e  band. The band was c u t  

o f f ,  c u t  i n t o  smal l  p i e c e s ,  p l aced  i n  a  60 m l  s i n t e r e d  

g l a s s  funne l  connected t o  a  buchner f l a s k  and d i s i n t e g r a t e d  

w i t h  30 m l .  d i s t i l l e d  wate r .  The e x t r a c t  was f i l t e r e d  by 

s u c t i o n  and t h e  p rocess  r epea t ed  wi th  2 x  20 m l  of  wate r .  

The combined wate r  e x t r a c t s  were f r e e z e - d r i e d ,  t h e  

re.sidue d i s s o l v e d  i n  a  few drops  o f  water  and rechrdmato- 

graphed i n  80% aqueous phenol.  The r a d i o a c t i v e  band was 



e l u t e d  i n  t h e  manner desc r ibed  p r e v i o u s l y ,  a f t e r  l o c a t i n g  

i t  by autoradiography.  The c o n t e n t s  o f  t h i s  band were 

n e x t  chromatographed i n  a  second s o l v e n t ,  a  mixture  of 

b u t y r i c  a c i d ,  bu tano l  and wa te r  (2:2:1) f o r  4 h r s .  The 

r a d i o a c t i v e  band was l o c a t e d  by autoradiography and t h e  

amino a c i d  e l u t e d  as  b e f o r e .  The e l u a t e  was concen t r a t ed  

t o  a  known volume and an a l i q u o t  removed f o r  r a d i o a c t i v i t y  

measurements. The remaining s o l u t i o n  was f r e e z e - d r i e d ,  

d i s s o l v e d  i n  1 m l  wa te r  and i t s  concen t r a t i on  determined 

calorimetrically a s  given below. 

The procedure  used f o r  t h e  e s t i m a t i o n  of t h e  amino 

a c i d  concen t r a t i on  was a  modif ied  n inhydr in  c o l o r i m q t r i c  

a n a l y s i s  developed by Rosen. 2 7  The 1-ml.  sample ob t a ined  

a f t e r  chromatographic p u r i f i c a t i o n  was t r e a t e d  i n  t h e  same 

way a s  1 m l  samples o f  known concen t r a t i ons  from which a 

s t anda rd  curve was made. 

Reagents used:  

( a )  Cyanide-ace ta te  b u f f e r  

( i )  An NaCN s o l u t i o n  was prepared  by d i s s o l v i n g  

4 . 9  mg i n  1 0 0  m l  d i s t i l l e d  wate r .  

( i i )  An a c e t a t e  b u f f e r  s o l u t i o n  was prepared  b y  

d i s s o l v i n g  2 7  g. sodium a c e t a t e  t r i h y d r a t e  

i n  20 m l  o f  d i s t i l l e d  w a t e r ,  adding 5  m l  

g l a c i a l  a c e t i c  a c i d  and d i l u t i n g  t h e  

s o l u t i o n  t o  7 5  m l .  



One m l  of t h e  cyanide s h l u t i o n  ( i)  was d i l u t e d  t o  

50 m l  w i th  a c e t a t e  b u f f e r  s o l u t i o n  ( i i ) .  

(b) ' 3% Ninhydrin s o l u t i o n  

Three g. o f  n inhydr in  were d i s s o l v e d  i n  e thy l ene  

g l y c o l  monomethyl e t h e r  (methyl c e l l o s o l v e )  and 

t h e  volume a d j u s t e d  t o  100 m l .  

( c )  Di luen t  

This  c o n s i s t e d  o f  a  s o l u t i o n  con ta in ing  equa l  

volumes of d i s t i l l e d  wa te r  and i sopropyl  

a l coho l .  

To 1 m l  s o l u t i o n  of amino a c i d ,  0 . 5  m l .  of t h e  

c y a n i d e - a c e t a t e  b u f f e r  and 0 .5  m l  o f  n inyd r in  s o l u t i o n  

were added and t h e  mixture  washea t ed  i n a  s t o p p e r e d t u b e  f o r  

15 min. i n  a  wa te r  ba th  a t  100' C .  Immediately a f t e r  

removal from t h e  b a t h ,  5  m l  of  t h e  d i l u e n t  were added, 

mixed thoroughly w i th  a Vortex mixer and allowed t o  coo l  

t o  room tempera ture .  Each s o l u t i o n  was d i l u t e d t o  1 0  m l w i t h  

t h e  d i l u e n t  and t h e  absorbance determined a t  A = 570 nm. 

A l l  amino a c i d s  (except  p r o l i n e  and hydroxyprol ine)  show 

a  c h a r a c t e r i s t i c  abso rp t ion  band wi th  a  a t  570 nm. max 

(F igure  11 ) .  The c o n c e n t r a t i o n  of  t h e  amino a c i d  i n  

t h e  f i n a l  chromatographica l ly -pure  e x t r a c t  was determined 

by.comparisonwith t h e  corresponding s t a n d a r d  curve  o f  A S 7 *  

vs  . amino a c i d  c o n c e n t r a t i o n .  



FIGURE 11 

V i s i b l e  a b s o r p t i o n  spect rum of  
aspar t ic  a c i d - n i n h y d r i n  complex 

i n  c y a n i d e - a c e t a t e  b u f f e r :  pH 5 . 0  t o  5 . 2  
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3 . 7  R a d i o a c t i v i t y  de t e rmina t ions  

I n  a l l  l e a f  e x t r a c t i o n s ,  t h e  r a d i o a c t i v i t y  of  t h e  

i n i t i a l  a l coho l  e x t r a c t  a s  w e l l  as  t h a t  of t h e  aqueous 

s o l u t i o n  l e f t  a f t e r  t h e  removal o f  pigments were d e t e r -  

mined us ing  a  Nuclear Chicago model 8775  counte r  o p e r a t i n g  

w i t h  an e x t e r n a l  d e t e c t o r  ( ~ e i g e r - ~ u l l e r  end window t y p e ) .  

Twenty o r  fo r ty -minu te  counts  were recorded and t h e  

count ing  e r r o r s  were determined a t  a  9 5 %  conf idence l e v e l  

u s i n g  t h e  fol lowing r e l a t i o n s h i p s :  

where : r 5 ,  and 'b+s a r e  t h e  count ing  e r r o r s  o f  

sample on ly ,  background on ly  and background p l u s  sample 

r e s p e c t i v e l y ,  

Nb and Nb+s a r e  t h e  t o t a l  counts  o f  background a lone 

and background p l u s  sample r e s p e c t i v e l y ,  

T i  and T2 a r e  t h e  t o t a l  count ing  t imes f o r  sample 

p l u s  background and background a lone r e s p e c t i v e l y .  

~ l l  samples f o r  t h e s e  count ings  were p repared  on c o n c e n t r i c  
i' 

copper p l a n c h e t s ,  



R a d i o a c t i v i t y  of t h e  o t h e r  s o l u t i o n s  was determined 

u s i n g  a  Beckmann LS - 250 l i q u i d  s c i n t i l l a t i o n  system. 

A l l  counts  were taken wi th  t h e  window s e t t i n g s  shown i n  

F igure  1 2 .  A l l  samples were counted f o r  100 min o r  t o  a 
1 4  

0.3% e r r o r  (20) , t o  minimize t h e  count ing e r r o r .  The C 
3 

count  was ob t a ined  from t h e  B channel  r ead ing ,  s i n c e  no H 
- 1 

was p r e s e n t  i n  any of t h e  samples. The d i s .min  i n  each 
1 

ca se  was eva lua t ed  from t h e  counts.min- o f  B channe l ,  
- 1 

e x t e r n a l  s t a n d a r d  r a t i o  S and background counts .min. , 

u s i n g  a  p r e w r i t t e n  computer programme f o r  t h e  cond i t i ons  

used.  2 8  The c o c k t a i l  used throughout  t h e s e  exneriments 

had t h e  fo l lowing  composi t ion:  
g . ~ - l  

2 , s -d ipheny l  oxazole (ppo)  7.0 

p - b i s  [2 -  (phenyl oxazo ly l )  ] -benzene 0 . 3  

Naphthalene 100.0 

The s o l u t i o n  was made i n  s c i n t i l l a t i o n - q u a l i t y  d ioxane.  

Each v i a l  was f i r s t  counted wi th  20  m l .  of  c o c k t a i l  t o  

o b t a i n  t h e  background count f o r  t h e  s p e c i f i c  sample. 

T h e r e a f t e r ,  1 9  m l  o f  t h e  same s o l u t i o n  were counted wi th  

1 m l  of  sample. 

3 . 8  Absorbance measurements 

A l l  UV-vis ible  s p e c t r a  were recorded on a  Cary 1 7  

model r eco rd ing  spec t rophotometer .  The A max va lues  f o r  

pool  s i z e  de t e rmina t ions  were measured u s ing  a  Var ian-  



FIGURE 1 2  

Typica l  s p e c t r a  of  r e l a t i v e  i n t e n s i t  vs  
3 1x 3 2 

p u l s e  h e i g h t  f o r  t h e  t h r e e  i s o t o p e s  H ,  C and P 
showing t h e  window s e t t i n g s  f o r  channels  A ,  B and C .  



P
U

LS
E

 H
E

IG
H

T 



Tech t ron  model 635 u v - v i s i b l e  s p e c t r o p h o t o m e t e r .  

3 . 9  Autoradiography 

The chromatogram on which t h e  r a d i o a c t i v e  r e g i o n  i s  

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

r a d i o a c t i v e  ink .  Kodak No-Screen X-ray f i l m  was c u t  

i n t o  t h e  s i z e  o f  t h e  chromatogram and exposed i n  

an X-ray c a s s e t t e  f o r  a  s u f f i c i e n t  l e n g t h  o f  t ime .  The 

f i l m  was t h e n  developed,  a l l i g n e d  w i t h  t h e  chromatogram 

u s i n g  t h e  f o u r  marker  s p o t s  and t h e  r e g i o n  cor respond ing  

t o  t h e  d a r k  band on t h e  f i l m  was c u t  o f f .  



4 .  R E S U L T S  AND D I S C U S S I O N  



4 . 1  Feeding of  r a d i o l a b e l e d  compounds 

Table I g ives  t h e  q u a n t i t i e s ,  t h e  s p e c i f i c  a c t i v i t i e s  

and t h e  corresponding t o t a l  a c t i v i t y  of each s u b s t r a t e  

admin is te red .  I t  could be s een  t h a t  approximately 5 D C ~  o f  

t o t a l  a c t i v i t y  was f ed  i n  each c a s e ,  excep t  f o r  n i c o t i n i c  

a c i d .  Due t o  t h e  low s p e c i f i c  a c t i v i t y  of t h e  b i o s y n t h e t i -  

c a l l y  p repared  n i c o t i n i c  a c i d ,  i t  would have been necessary  

t o  i n t roduce  over  25  mg of m a t e r i a l  i n t o  a  s i n g l e  l e a f  i n  

o r d e r  t o  admin i s t e r  5 p C i .  This  amount would n o t  only have 

u p s e t  t h e  normal metabolism of t h e  l e a f ,  b u t  a l s o  would 

have had a  t o x i c  e f f e c t .  

The r a d i o a c t i v i t y  measurements o f  t h e  i n i t i a l  e x t r a c t s  

o f  t h e  s i x  f eed ing  experiments a r e  g iven i n  Tables I1 t o  VII. , 

The r e s t  of  t h e  r e s u l t s  and t h e  important  in format ion  

ob ta ined  from them a r e  p re sen t ed  i n  t h e  form of  t h e  fo l low-  

i n g  equa t ions  : 

( i )  The t o t a l  amount o f  anabasine  e x t r a c t e d  (Ma) 

a f t e r  t h e  feed ing  of t h e  l abe l ed  compound i s  

given by: 

where A 2 6 1  = Absorbance a t  X = 2 6 1  nm. 

'a = T o t a l  ( e f f e c t i v e )  volume of  e x t r a c t  
(mu 

E = Molar e x t i n c t i o n  c o e f f i  i e n t  a t  = 
a 261 nm. (2884 cm2 
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1 = Pa th  l e n g t h  of  UV c e l l  ( I  cmj 

( i i )  S p e c i f i c  a c t i v i t y  of  anabasine  e x t r a c t e d  (Sa) 

i s  given by: 

where Da = R a d i o a c t i v i t y  o f  sample counted 
- 1 

( d i s  .min ) 

vu = Volume of sample used f o r  count ing  
(ml> 

Vt = T o t a l  volume o f  e x t r a c t  be fo re  
count ing  (ml) 

( i i i )  The t o t a l  amount of  n i c o t i n i c  a c i d  ob ta ined  by 

t h e  ox ida t ion  of anabasine  e x t r a c t e d  from t h e  

l e a f  (Mn) i s  given by: 

where A Z 6 2  = Absorbance a t  X = 262 nm 

V n  = T o t a l  ( e f f e c t i v e )  volume of 
n i c o t i n i c  a c i d  s o l u t i o n  used f o r  
A 2  2 measurement ( m l )  

E = Molar e x t i n c t i o n  c o e f f i c i e n t  a t  n  A = 262 nm. (2630 cm2.mole-l) 

1 = Path  l eng th  

W = Weight of n i c t o t i n i c  a c i d  added n  p r i o r  t o  sub l imat ion  (mg) 

MW = Molecular  weight  of  n i c o t i n i c  n  a c i d  (123.1) 



M = T o t a l  anabas ine  e x t r a c t  from (1)  (mmoles) 
a  

MWa = Molecular  weight  o f  anabas ine  (162) 

= Volume of  s t a n d a r d  anabas ine  added p r i o r  
t o  o x i d a t i o n  ( u a )  

'a = Densi ty  of  anabas ine  (1.045) 

( i v )  The s p e c i f i c  a c t i v i t y  o f  n i c o t i n i c  a c i d  

ob t a ined  from t h e  l e a f  (Sn) i s  g iven by: 

- 1  
S ( d i s . m i n v l .  mmole ) = Dn n  - ( 4 )  

Mn 

where Dn = T o t a l  r a d i o a c t i v i t y  o f  n i c o t i n i c  a c i d  - 1 
( d i s  . min ) 

Mn o b t a i n e d  from (3)  

1 4  
4 . 1 . 1  [ U -  C ]  N i c o t i n i c  a c i d  f e e d i n g  

Table  I1 g ive s  t h e  r a d i o a c t i v i t y  measurements o f  t h e  

i n i t i a l  e x t r a c t s .  

From e q u a t i o n  (1)  above,  

Ma = P.97 x 50 = 1 . 7  x  mmoles 

2884 

From equa t i on  ( 2 )  

6 - 1 - 1 
- - 11813 x 5.0 = 3.5 x  10 d i s .min  . mmole - 2 -  

1 .0  x 1 . 7 ~ 1 0  

From e q u a t i o n  (3)  
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- 4  
= 1 .8  x 10 mmoles. 

From equa t ion  (4) 

1 4  
4.1.2 [U- C ]  A s p a r t i c  a c i d  f eed ing  

Table I11 gives  t h e  r a d i o a c t i v i t y  measurements lof t h e  

i n i t i a l  e x t r a c t s .  

From equa t ion  (1) above, 

- 2 
= 2 . 2  x 10 mmoles. 

From equa t ion  (2) , 

From equa t ion  ( 3 ) ,  

- 3 
= 2.0 x 10 mmole. 

From equa t ion  (4) , 
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5 - 1 - 1 
= 4.5 x 10 dis.min . mmole 

1 4  
4.1.3 y-Methylene [ 2 -  C ]  glutamic acid feeding 

Table I V  gives the radioactivity measurements of the 

initial extracts. 

From equation (I), 

- L 

= 1.3 x 10 mmoles 

From equation (2) , 

4 - 1 - 1 
= 9.8 x 10 dis.min . mmole 

From equation (3) , 

- 2 
= 0.58 x 50 - 0.755 

Mn ( 2630 
1.3~10 x 162 

m-) ( 1 . 3 ~ 1 0 - ~ ~ 1 6 2 + 1 . 0 4 5 ~ ~  
- 3 

= 1.4 x 10 mmole 

From equation (4) , 

4 - 1 - 1 
= 9.6 x 10 dis.min . mmole 

1 4  
4.1.4 Sodium [I- C] pyruvate feeding 

Table V gives the radioactivity measurements of the 
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From equa t ion  ( I ) ,  

- 2 
= 3 . 0  x 1 0  mmoles. 

From equa t ion  ( 2 ) ,  

4  - 1 - 1 
= 9 .6  x 1 0  d is .min . mmole 

From equa t ion  ( J ) ,  

- 3 
= 5.9 x 10 mmole 

From equat ion ( 4 ) ,  

1 4  
4.1.5 Sodium 1 2 -  C ]  pyruva te  feed ing  

Table V I  g ives  t h e  r a d i o a c t i v e  measurements of  t h e  

i n i t i a l  e x t r a c t s .  

From equa t ion  (1) 

= 6 . 5  x mmole. 
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From equation (23, 

'a = 322 x 27 
- 2 

0.5 x 6.5~10 

5 - 1  - 1 
= 2.7 x 10 dis.min . mmole 

From equation ( 3 ) ,  

- 2  
= 1 . 2 x 1 0  mmole 

From equation (4) , 

5 - 1 - 1  
= 2.0 x 10 dis.min . mmole 

1 4  
4.1.6 Sodium [3- C ]  pyruvate feeding 

Table VII gives the radioactivity measurements of the 

initial extracts. 

From equation (I), 

- 3 
= 7.1 x 10 mmole 

From equation (2) , 

6 - 1 - 1 
= 2.0 x 10 dis. min . mmole 
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From equa t ion  (3) , 

- 3 
= 1 .9  x 10 mmole. 

From equa t ion  (4)  , 
6 - 1 - 1 

S = 3230 = 1 . 7  x 10 dis .min . mmole n  
1.9 

4 . 2  P o o l - s i z e  de te rmina t ion  

The p o o l - s i z e s  of t h e  f o u r  s u b s t r a t e s ,  n i c o t i n i c  a c i d ,  

a s p a r t i c  a c i d ,  y-methylene g lu tamic  a c i d  and sodium 

pyruva te  were e s t ima ted  u s ing  t h e  fo l lowing  r e l a t i o n s h i p :  

where MU = Pool s i z e  

M o = Amount of t r a c e r  added 

S.A.o = S p e c i f i c  a c t i v i t y  of  t r a c e r  added 

S . A . l  = S p e c i f i c  a c t i v i t y  of  compound i s o l a t e d  

4 . 2 . 1  N i c o t i n i c  a c i d  

The t o t a l  amount of  n i c o t i n i c  a c i d  i n  t h e  l e a f  e x t r a c t  

Ne i s  given by: 

N (mmoles) = A 2 6 2  Ve 
e  

E n  



7 8 .  

where Ve = T o t a l  volume o f  e x t r a c t  

= Absorbance o f  t h i s  s o l u t i o n  a t  X = 262 nm. 

'n = Molar e x t i n c t i o n  c o e f f i c i e n t  a t  X = 262 nm. 

From t h e  r e s u l t s ,  

- 3 
= 5.5 10 mmole. 

The s p e c i f i c  a c t i v i t y  (S.A. 1) i s  g iven  by:  

S.A. - - 1 - De . Ve 
( d i s . m i n  mmole ) 

'c Ne  
- 1 

where De = R a d i o a c t i v i t y  o f  sample counted  ( d i s . m i n  .) 

Vc = Volume used  f o r  c o u n t i n g  

I From t h e  r e s u l t s  

Using e q u a t i o n  (5) above 
7 

Pool  s i z e  (MU) = 

- 
0.755 

3 . 7  l o 7  

= 0 ,184  mg, 

4.2.2 A s p a r t i c  a c i d  

F i g u r e  13shows t h e  s t a n d a r d  curve  f o r  t h e  n i n h y d r i n -  

a s p a r t i c  a c i d  r e a c t i o n  p r o d u c t .  An absorbance  o f  0.470 

v corresponded t o  45 pg a s p a r t i c  a c i d  i n  t h e  sample.  
* 



FIGURE 1 3  

Standard curve for the ninhydrin complex with 
aspartic acid 

Absorbance at A = 570 nm vs concentration o f  
aspartic acid 
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The concen t r a t i on  of t h e  amino a c i d  was c a l c u l a t e d  i n  

t h e  fo l lowing  manner. 

D . V  
T o t a l  r a d i o a c t i v i t y  of  e x t r a c t  = e e 

vc 

where Dc = R a d i o a c t i v i t y  of  sample counted 
- 1  

( d i s  . min ) 

Ve (ml) = T o t a l  volume of e x t r a c t  

Vc (ml) = Volume used f o r  count ing  

T o t a l  amount of  amino a c i d  
w ve 

i n  t h e  e x t r a c t  (m.mole) = MbV . (Ve-VEr 

where W (mg) = Weight of  amino a c i d  from s t anda rd  
curve 

MW = Molecular  weight of amino a c i d  

S p e c i f i c  a c t i v i t y  of  amino a c i d  

i n  e x t r a c t  D .MW. (Ve-Vc) e  - 1 - 1 
(dis .min .m.mole ) W . Vc 

Using equa t ion  (6)  above, t h e  

S p e c i f i c  a c t i v i t y  S.A. 1 of a s p a r t i c  a c i d  i s  

given by: 



From equation (5) above: 
1 1  

Pool size (M ) = u 
4 . 5 ~ 1 0  - 1) 0.00105 

1.9 lo9 

4.2.3 Y-methylene glutamic acid 

Figure 14 shows the standard curve for the ninhydrin- 

y-methylene glutamic acid reaction product. 

Using equation (5) above 

From equation (5) above 
9 

Pool size (MU) 1.2 x 10 0.270 

1.2 lo9 

= Nil. 

4.2.4 Sodium pyruvate 

Figure 15 shows the standard curve for pyruvic acid - 

2,4,dinitrophenylhydrazone in basic solution. 

The specific activity of pyruvate in the extract 

(S.A.l) is given by: 



FIGURE 14 

Standard curve for the ninhydrin complex with 
y-methylene glutamic acid 

Absorbance at X = 570 nm vs concentration of 
amino acid 
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FIGURE 1 5  

Standard curve for pyruvic acid- 
2,4 dinitrophenylhydrazone 

Absorbance at X = 442 nm vs 
concentration of hydrazone 
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1 

where De (dis.min- ) = Radioactivitity of sample 
counted 

ve ( m u  = Total volume of extract 

vc ( m u  = Volume used for counting 

w (mg) = Weight of the hydrazone from 
the standard curve 

= Molecular weight of the 
hydrazone 

From the results, 

9 - 1 - 1 
= 8.1 x 10 dis.min . mmole 

From equation (5) above, 
1 0  

Pool size ( M )  = 
U 9 - )  0.05,  

8.1 x 10 I 



I t  should  be no ted  t h a t  uniform feed ing  c o n d i t i o n s  

were employed throughout t h e  s e r i e s  o f  experiments w i th  

d i f f e r e n t  s u b s t r a t e s  and d i f f e r e n t  l e aves .  A s  such ,  any 

d i f f e r e n c e  i n  t h e  amount of s u b s t r a t e  i nco rpo ra t ed  may be 

due t o  a  d i f f e r e n c e  i n  u t i l i z a t i o n ,  i nc lud ing  anabasine  

b i o s y n t h e s i s .  

The c r i t e r i o n  used i n  t h i s  s t udy  t o  determine t h e  

immediacy of a  p r e c u r s o r  was t h e  " d i l u t i o n  f ac to r " .  In  a  

r a d i o l a b e l e d - s u b s t r a t e  f eed ing  exper iment ,  t h e  d i l u t i o n  

f a c t o r  i s  t h e  r a t i o  of  t h e  s p e c i f i c  a c t i v i t y  of t h e  s u b s t r a t e  

t o  t h e  s p e c i f i c  a c t i v i t y  of t h e  p roduc t  i s o l a t e d .  By 

comparing t h e  d i l u t i o n  v a l u e s ,  one can determine t h e  

r e l a t i v e  e f f i c i e n c y  wi th  which each s u b s t r a t e  i s  i n c o r -  

po ra t ed  i n t o  a  p a r t i c u l a r  end p roduc t .  With c e r t a i n  

assumptions ,  i t  a l s o  g ives  an i d e a  of  how f a r  a p r e c u r s o r  

i s  from t h e  f i n a l  product  i n  a  b i o s y n t h e t i c  pathway. One 

assumes, e . g . ,  t h a t  any d i l u t i o n  of t h e  a c t i v i t y  o f  t h e  

s u b s t r a t e  i n i t i a l l y  o r  a long t h e  pathway t o  t h e  product  

i s  due t o  non - r ad ioac t ive  m a t e r i a l  a l r eady  p r e s e n t .  

This means t h a t  t h e  s p e c i f i c  a c t i v i t y  o f  t h e  s u b s t r a t e  

admin is te red  i s  n o t  t h e  important  va lue  i n  e s t i m a t i n g  t h e  

d i l u t i o n  f a c t o r .  One has  t o  e v a l u a t e  t h e  s n e c i f i c  a c t i v i t y  

o f  each s u b s t r a t e  w i t h i n  t h e  l e a f ,  a f t e r  f eed ing  

b u t  be fo re  i n c o r p o r a t i o n  i n t o  t h e  p roduc t .  For t h i s  



purpose ,  one must know t h e  pool  s i z e  of each.  

A s  de sc r ibed  p r e v i o u s l y ,  t h e  pool  s i z e s  were d e t e r -  

mined by an i s o t o p e  d i l u t i o n  method. The advantage i n  

t h i s  i s  t h a t  one need n o t  worry about t h e  e f f i c i e n c y  of 

t h e  e x t r a c t i o n  procedure  used ;  i . e .  i t  i s  no t  important  

whether  a l l  t h e  compound was e x t r a c t e d  o r  n o t .  I n s t e a d ,  

one has  t o  make s u r e  t h a t  t h e  compound i s o l a t e d  i s  pu re .  

The pool  s i z e  o f  a  compound w i t h i n  an organism could  vary  

depending on a  number of f a c t o r s ,  an important  one be ing  

i t s  age. There fore ,  t h e  l e a v e s  used f o r  p o o l - s i z e  

de te rmina t ions  were approximately o f  t h e  same ma tu r i t y  ( a s  

judged by b l ade  a r ea )  as  t hose  used f o r  f eed ing  e x p e r i -  

ments;  i . e .  1 1 / 2  t c  2 months o l d .  I t  i s  assumed t h a t  t h e  

p o o l - s i z e s  determined f o r  each s u b s t r a t e  corresponded 

t o  t h e  pool  s i z e s  a t  t h e  t ime of f eed ing  r a d i o - l a b e l e d  

compounds. I t  i s  a l s o  assumed t h a t  a l l  of  t h e  r a d i o a c t i v e  

compound admin is te red  would f i n d  i t s  way t o  a  common pool  , 

and ge t  d i l u t e d  un i formly ,  b e f o r e  "compartmentation" i n t o  

d i f f e r e n t  poo ls  ( i f  i t  occurs )  supply ing  d i f f e r e n t  b i o -  

s y n t h e t i c  pathways. 

The s p e c i f i c  a c t i v i t y  of t h e  "pool" of  each s u b s t r a t e  

(S.A.D)  was eva lua t ed  u s ing  t h e  fo l l owing  r e l a t i o n s h i p :  



where S.Aef = S p e c i f i c  a c t i v i t y  o f  s u b s t r a t e  f e d  
- 1  - 1 

(d i s .min  .m.mole ) 

Wf 
= Amount o f  s u b s t r a t e  f e d  (mg) 

W = Pool s i z e  (mg) 
P  

Using t h e  S.A. v a l u e s ,  t h e  " d i l u t i o n  f a c t o r s 7 '  (D .F )  
P  

were determined a s :  

D.F. = S.A 'P 

where S*A,, = S p e c i f i c  a c t i v i t y  of  n i c o t i n i c  a c i d  
i s o l a t e d  

The r e s u l t s  a r e  summarized i n  Table V I I I .  

The d i l u t i o n  f a c t o r  of  11 .5  f o r  n i c o t i n i c  a c i d  i s  

a lmost  t h r e e  o r d e r s  o f  magnitude s m a l l e r  t han  t h a t  o f  any 

o t h e r  p r e c u r s o r  t r i e d .  Th i s  shows bo th  t h a t  t h e  l e a v e s  of  

N ico t i ana  g l a u c a  cou ld  u se  n i c o t i n i c  a c i d  f o r  anabas ine  

b i o s y n t h e s i s  and t h a t  i n  t h i s  s y s  tern i t  i s  p robab ly  u t i l i z e d $ l \ r i t h o u t  

deg rada t i on  o f  t h e  r i n g .  The d i l u t i o n  v a l u e  o f  11 .5  

cou ld  be t aken  a s  an i n d i c a t i o n  t h a t  t h e r e  i s  on ly  a  

s i n g l e  poo l  between n i c o t i n i c  a c i d  and anabas ine ;  p robab ly  

an a c t i v a t i o n  poo l  b u t  t h e  major p o r t i o n  o f  t h e  

t h e  d i l u t i o n  v a l u e  may be due t o  t h e  p r e s y n t h e s i z e d  non- 

r a d i o a c t i v e  anabas ine  s t o r e d  w i t h i n  t h e  l e a f  which would 



TABLE VIII 

S p e c i f i c  a c t i v i t y  of  each s u b s t r a t e  a t  t h e  poo l  and 
t h e  cor respond ing  d i l u t i o n  f a c t o r  v a l u e s .  
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d i l u t e  t h a t  syn thes i zed  from r a d i o a c t i v e  s u b s t r a t e .  The 

s p e c i f i c  a c t i v i t y  of  anabasine  e x t r a c t e d  (hence t h a t  of  

n i c o t i n i c  a c i d  by i t s  o x i d a t i o n )  would t h e r e f o r e  be 

reduced caus ing  a  corresponding i n c r e a s e  i n  t h e  d i l u t i o n  

f a c t o r .  
1 4  

Pre l imina ry  f eed ing  exper iments  wi th  C 0 2  gave 

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

sugges t i ng  t h a t  t h e  l e a f  could  make i t s  own n i c o t i n i c  a c i d  

and need n o t  be t r a n s p o r t e d  from another  p a r t  of  t h e  p l a n t .  

Table VIII shows t h a t y - m e t h y l e n e  g lu tamic  a c i d  and 
1 4  

sodium [ 2 -  C ]  pyruvate  have s l i g h t l y  h ighe r  d i l u t i o n  

f a c t o r  va lues  t han  t h a t  of  a s p a r t i c  a c i d ,  whereas sodium 
1 4  

[ 3 -  C ]  pysuvate  has  a  s l i g h t l y  lower va lue .  The 

s i m i l a r  d i l u t i o n  va lues  of  a s p a r t a t e ,  y-methylene g l u t a -  

mate and pyruvate  imply t h a t  each i s  approximately a s  

e f f i c i e n t  a s  t h e  o t h e r  i n  s e r v i n g  a s  a  p r e c u r s o r  f o r  

n i c o t i n i c  a c i d .  This obse rva t ion  can be i n t e r p r e t e d  i n  

two ways, i n  view of t h e  sugges ted  glyceraldehyde - 

a s p a r t a t e  pathway f o r  n i c o t i n i c  a c i d  b iogenes i s  

( i )  Aspa r t a t e  i s  n o t  t h e  immediate p r e c u r s o r  f o r  

n i c o t i n i c  a c i d ,  i . e .  a s p a r t a t e  does n o t  undergo 

a  d i r e c t  condensat ion w i th  ano ther  compound t o  

p rov ide  t h e  r e q u i r e d  carbons and n i t r o g e n  of 
I 

n i c o t i n i c  ac id .  



( i i )  Aspa r t a t e  may be a  d i r e c t  p r e c u r s o r  b u t  t h e r e  

could  we l l  be o t h e r  pathways invo lv ing  o t h e r  

p r ecu r so r s  such a s  pyruva te  o r  a  d e r i v a t i v e  of  

y-methylene g lu tamate .  

I t  i s  d i f f i c u l t  t o  argue c o n c l u s i v e l y ,  f o r  o r  a g a i n s t  

e i t h e r  of  t h e  above p o s s i b i l i t i e s  w i th  t h e  r e s u l t s  p r e -  

s e n t e d  h e r e ,  b u t  t h i s  c l e a r l y  opens up a  new a s p e c t  o f  t h e  

problem; i . e ,  it i s  neces sa ry  t o  look i n t o  o t h e r  compounds 

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

t o  unders tand t h i s  b i o s y n t h e s i s  f u l l y .  

One of t h e  more s i g n i f i c a n t  r e s u l t s  p r e sen t ed  h e r e  

i s  t h e  va lue  of  t h e  d i l u t i o n  f a c t o r  f o r  y-methylene 
1 

glu tamic  a c i d ,  compared t o  t h a t  of a s p a r t i c  a c i d ,  I t  was 

mentioned i n  Chapter 1, t h a t  y -methylene glutamate  was 

t r i e d  s i n c e  i t  was a  p o s s i b l e  p r e c u r s o r  f o r  n i c o t i n i c  

a c i d  a s  opposed t o  t h e  g lyce ra ldehyde -a spa r t a t e  condensa- 

t i o n .  This compound was sugges ted  t o  p rov ide  a l l  t h e  

ca rbons ,  i nc lud ing  t h e  carboxyl  carbon f o r  

n i c o t i n i c  a c i d .  I f  t h i s  were t h e  c a s e ,  we would have 

expected t o  g e t  a  much lower d i l u t i o n  f a c t o r  f o r  t h i s  when 

compared wi th  a s p a r t a t e .  Th is  i s  e s p e c i a l l y  so  when one 

cons ide r s  t h e  f a c t  t h a t  a s p a r t a t e  i s  a  common compound 

w i t h i n  t h e  p l a n t  system and a l s o  an i n t e rmed ia t e  i n  s e v e r a l  

b i o s y n t h e t i c  schemes, whereas y-methylene glutamate  i s  n o t .  



I n  a d d i t i o n  t o  t h a t ,  we c o u l d  n o t  d e t e c t  any f r e e  

Y -methyleneglutamate  w i t h i n  t h e  l e a f .  Thus one woul'd n o t  

a r g u e  s t r o n g l y  t h e  p o s s i b i l i t y  o f  t h i s  compound undergoing 

a c y c l i z a t i o n  t o  produce  n i c o t i n i c  a c i d .  Yet one canno t  

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

d i r e c t  p r e c u r s o r  s i n c e  a  h i g h  t u r n o v e r  r a t e  would make i t  

i m p o s s i b l e  f o r  one t o  d e t e c t  i t s  p r e s e n c e  w i t h i n  t h e  l e a f ,  

The o t h e r  p o s s i b i l i t y  i s  t h a t  y -methy leneg lu tamic  a c i d  

i s  conver ted  t o  some o t h e r  compound which i n  t u r n  i s  c a p a b l e  

o f  s e r v i n g  a s  a  d i r e c t  p r e c u r s o r  f o r  n i c o t i n i c  a c i d .  Y e t ,  

i f  i t  i s  metabo l i zed  i n t o  something e l s e  p r i o r  t o  i n c o r p o r -  

a t i o n  and i t  c o u l d  s t i l l  be  a lmost  a s  e f f i c i e n t  a s  a s p a r t a t e  

i n  p roduc ing  n i c o t i n i c  a c i d ,  t h e n  i t  i s  q u i t e  p o s s i b l e  t h a t  

t h e r e  i s  some compound o t h e r  t h a n  a s p a r t a t e  t h a t  c o u l d  

w e l l  b e  t h e  immediate p r e c u r s o r .  Thus t h e r e  c o u l d  be t h e  

s imul taneous  occurence  o f  one o r  more pathways o t h e r  t h a n  

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

N .  - g l a u c a  l e a v e s .  

The d i l u t i o n  f a c t o r s  g iven  i n  Table  VIII i n d i c a t e  t h a t  

p y r u v a t e  c o u l d  be  a key i n t e r m e d i a t e  i n  a  second pathway. 

I f  p y r u v a t e  were t o  b e  c o n v e r t e d  t o  a s p a r t a t e  e i t h e r  by 

d e c a r b o x y l a t i o n  t o  a c e t y l  CoA and v i a  t h e  TCA c y c l e  

i n t e r m e d i a t e s  o r  by convers ion  t o  phosphoenol p y r u v a t e  and 

by c a r b o x y l a t i o n  t o  o x a l o a c e t a t e  fo l lowed  by t r a n s a m i n a t i o n ,  



9 6 ,  

p r i o r  t o  i n c o r p o r a t i o n  i n t o  n i c o t i n i c  a c i d ,  i t  i s  u n l i k e l y  

t h a t  i t  would show an a lmos t  i d e n t i c a l  d i l u t i o n  f a c t o r  v a l u e  
1 4  

t o  a s p a r t a t e .  Table  VIII  a l s o  shows t h a t  [ l -  C ]  p y r u v a t e  

i s  i n c o r p o r a t e d  i n t o  n i c o t i n i c  a c i d ,  though w i t h  a  lower  

e f f i c i e n c y  t h a n  a s p a r t a t e ,  i n  N .  - g l a u c a  l e a v e s .  T h i s  canno t  

b e  e x p l a i n e d  i f  one assumed t h a t  p y r u v a t e  i s  i n c o r p o r a t e d  

i n t o  t h e  p y r i d i n e  r i n g  by a  p r i o r  m e t a b o l i z a t i o n  t o  a s p a r -  1 1  

1 4  
t a t e ,  s i n c e  t h e  C l a b e l  would be  l o s t  i n  going t o  n i c o t i n i c  

a c i d  ( F i g u r e  1 6 ) .  But one canno t  r u l e  o u t  t h e  p o s s i b i l i t y  o f  

p y r u v a t e  b e i n g  i n c o r p o r a t e d  by i t s  c o n v e r s i o n  t o  3-phospho- 

g l y c e r a l d e h y d e  v i a  t h e  r e v e r s a l  o f  g l y c o l y s i s .  Th i s  would 

mean t h a t  p y r u v a t e  would supp ly  t h e  l a b e l  t o  t h e  3-carbon u n i t  

t h a t  g i v e s  r i s e  t o  carbons  4 ,  5 and 6 o f  n i c o t i n i c  a c i d  and 

n o t  t o  t h e  2 -ca rbon  u n i t  g i v i n g  r i s e  t o  ca rbons  2 and 3. 

But t h i s  canno t  e x p l a i n  t h e  s i g n i f i c a n t l y  d i f f e r e n t  d i l u t i o n  

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

f e e d i n g s  s i n c e  i f  t h e y  were s u p p l y i n g  t h e  3 -ca rbon  u n i t ,  one 

would e x p e c t  s i m i l a r  v a l u e s ,  On t h e  o t h e r  hand,  t h e  o r d e r  o f  

i n c r e a s e  o f  t h e  d i l u t i o n  v a l u e s  f o r  t h e  t h r e e  p y r u v a t e s  
1 4  1 4  1 4  

(1 -  C > 2 -  C ) 3 -  C) s u g g e s t s  i t s  m e t a b o l i z a t i o n  v i a  t h e  

TCA c y c l e  a l t h o u g h  a s  mentioned b e f o r e ,  t h i s  would n o t  
1 4  

account  f o r  t h e  t r a n s f e r  of t h e  l a b e l  from [ l -  C] p y r u v a t e .  

T h i s  seems t o  s u g g e s t  t h a t  p y r u v a t e  i t s e l f  cou ld  be  a  d i r e c t  

p r e c u r s o r  f o r  n i c o t i n i c  a c i d  i n  an a l t e r n a t i v e  pathway. 

I t  i s  a l s o  wor th  ment ion ing  t h a t  t h e r e  a r e  some c o n t r a -  

d i c t o r y  r e s u l t s  o b t a i n e d  w i t h  t h e  s u b s t r a t e s  used  i n  o u r  



FIGURE 16 

The possible alternative pathways for the conversion 
of pyruvic acid to nicotinic acid via aspartate 
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exper iments ,  e s p e c i a l l y  wi th  a s p a r t a t e .  YartT anc 

JVallerZ9 f ed  a s p a r t a t e  - 4 - "c,15N t o  --- Ricinus  p lanes  
1 4  

and observed t h e  i n c o r p o r a t i o n  of C i n t o  t h e  CN group 
1 5  

and N i n t o  t h e r i n g n i t r o g e n o f r i c i n i n e  a p p r o x i m a t e l y i n t h e  

r a t i o  o f  1:1, sugges t i ng  t h a t  t h i s  compound i s  i nco rpo ra t ed  i n t o  

t h e  product  molecule a s  a  u n i t .  On t h c  o t h e r  hand, Johns 
1 4  

and ~ a r i o n ~ ~ r e ~ o r t e d  t h a t  a s p a r t a t e -  3 -  C f eed ing  g ives  almost  

equa l  l a b e l l i n g  a t  C - 2  and C-3 o f  r i c i n i n e  w i th  C - 7  a l s o  

be ing  l a b e l e d  i n  an o v e r a l l  r a t i o  o f  2 : 2 : 1 .  They a l s o  

observed t h a t  a s p a r t a t e  5~ f eed ing  g ives  t h e  same 15N 

excess  i n  bo th  t h e  pyr idone and n i t r i l e  n i t r o g e n s .  

These r e s u l t s  sugges t  t h e  removal o f  t h e  amino group 

from a s p a r t a t e  and passage through a  symmetrical i n t e r -  

mediate  such a s  s u c c i n i c  a c i d  ( v i a  t h e  TCA cyc le )  be fo re  

i n c o r p o r a t i o n .  S i m i l a r  obse rva t ions  have been made i n  

s t u d i e s  wi th  tobacco p l a n t s .  I f  one cons ide r s  t h e  time 

p e r i o d s  allowed f o r  metabolism i n  t h e  above s t u d i e s ,  i t  can 

be unders tood t h a t  i n  s h o r t  term feed ing  experiments 

t h e r e  may w e l l  be only  p a r t i a l  e q u i l i b r a t i o n  of t h e  amine 

n i t r o g e n  wi th  t h e  n i t r o g e n  pool and a t  l e a s t  some a s p a r t a t e  

a p p e a z n o t  t o  be i nco rpo ra t ed  v i a  a  symmetrical i n t e r -  

mediate .  When t h e  feed ings  a r e  over longer  t ime p e r i o d s ,  

t h e  a s p a r t a t e  n i t r o g e n  seems t o  become e q u i l i b r a t e d  w i th  

t h e  ammonia pool  and t h e  2-and 3-carbons g e t  e q u a l l y  

l a b e l e d  by pas s ing  through a  symmetrical  i n t e rmed ia t e .  



I n  o u r  e x p e r i m e n t s ,  t h e  t o t a l  f e e d i n g  t i m e ,  a s  w e l l  

a s  t h e  t o t a l  m e t a b o l i c  t i m e  were k e p t  c o n s t a n t  i n  o r d e r  t o  

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

t o  compare t h e  r e s u l t s  o b t a i n e d  w i t h  d i f f e r e n t  s u b s t r a t e s .  But i t  

would be  i n t e r e s t i n g  t o  f i n d  o u t  how t h e  s p e c i f i c  a c t i v i t i e s  

o f  t h e  s u b s t r a t e s  v a r y  w i t h  t ime  a s  r e l a t e d  t o  t h e  same 

v a r i a t i o n  o f  t h e  p r o d u c t .  I f  t h e  sequence  of  t h e  p r e c u r s o r s  

i n  a b i o s y n t h e t i c  pathway c o u l d  b e  r e p r e s e n t e d  by :  

S 3  - S 2  - S1 - P 

where S 3 ,  S 2 ,  S1 a r e  p r e c u r s o r s  and P i s  t h e  p r o d u c t ,  

t h e  v a r i a t i o n  o f  t h e  s p e c i f i c  a c t i v i t i e s  w i t h  t i m e ,  o f  

l a b e l e d  s u b s t r a t e s  and o f  t h e  p r o d u c t  fo rmed ,  cou ld  be 

shown by t h e  c u r v e s ,  S g  , S2 , S 1  , and P i n  F i g u r e  17. 

A s  would b e  n o t i c e d ,  t h e  c u r v e  f o r  t h e  immediate  p r e c u r s o r  

S1 c u t s  t h e  p r o d u c t  c u r v e  a t  i t s  maximum p o i n t  whereas 

t h o s e  f o r  S 2  and S3  do s o  on t h e  l e f t  o f  t h e  maximum. 

Thus a  s t u d y  o f  t h i s  n a t u r e  would g i v e  much more 

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

cursor, t h a n  of d i l u t i o n  f a c t o r  v a l u e s .  



FIGURE 1 7  

Variation of specific activities with time, 
of l a b e l e d  p r e c u r s o r s  and of p roduc t  formed. 
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CONCLUSION: 

The r e s u l t s  p r e sen t ed  h e r e  i n d i c a t e  t h a t  exc i sed  

l eaves  o f  N ico t i ana  g l a u c a  can use  n i c o t i n i c  a c i d  f o r  

anabasine  b i o s y n t h e s i s  and i t  i s  by f a r  t h e  most e f f i c i e n t  

p r e c u r s o r  o f  any one t r i e d  h e r e .  The low d i l u t i o n  f a c t o r  

of  11.5 sugges t s  t h a t  i t  g i v e s  r i s e  t o  t h e  p y r i d i n e  r i n g  

w i thou t  any degrada t ion  and may be t h e  immediate p r e c u r s o r  

(pos s ib ly  i n  an a c t i v a t e d  form).  y-Methylene g lu tamic  

a c i d ,  though n o t  d e t e c t e d  w i t h i n  t h e  l e a f ,  was almost a s  

e f f i c i e n t  a s  a s p a r t a t e  i n  s e r v i n g  a s  a  p r ecu r so r  f o r  

n i c o t i n i c  a c i d ,  sugges t i ng  t h a t  t h e r e  may be  a l t e r n a t i v e  

pathways invo lv ing  p r e c u r s o r s  o t h e r  than  a s p a r t a t e  and 

glyceraldehyde.  E.g. pyruva te  could  be a  major i n t e r -  
1 4  

mediate  i n  a  second pathway a s  we observe t h a t  [ Z -  C J  
1 4  

pyruva te  and [ 3 -  C]  pyruva te  t r a n s f e r  t h e  l a b e l  i n t o  

n i c o t i n i c  a c i d  almost  a s  e f f i c i e n t l y  as  a s p a r t i c  ac id .  

The obse rva t ion  t h a t  t h e  l a b e l  i s  t r a n s f e r r e d  from 

carboxyl  l a b e l e d  pyruva te  (even though t o  a  l e s s e r  e x t e n t )  

l ends  f u r t h e r  suppa r t  t o  such a  hypo thes i s  s i n c e  i f  i t  were 

t o  be i nco rpo ra t ed  v i a  a s p a r t a t e ,  i t  would l o s e  t h e  l a b e l  

through deca rboxy la t i on .  I t  i s  p o s s i b l e  t h a t  pyruvate  

s u p p l i e s  t he  l a b e l  v i a  t h e  3-carbon u n i t  (3-phosphoglycer-  

aldehyde] by t h e  r e v e r s a l  of  g l y c o l y s i s  a l though t h i s  

should  r e s u l t  i n  s i m i l a r  d i l u t i o n  va lues  f o r  t h e  t h r e e  



s p e c i f i c a l l y  l a b e l e d  p y r u v a t e s .  Th i s  i s  n o t  obse rved .  

This  means t h a t  t h e  o r i g i n  o f  t h e  p y r i d i n e  r i n g  i n  

N i c o t i a n a  a l k a l o i d s ,  a t  l e a s t  i n  t h e  system s t u d i e d ,  i s  

s t i l l  an  open problem. The p o s t u l a t e d  g l y c e r a l d e h y d e -  

a s p a r t a t e  pathway may w e l l  e x i s t  b u t  o t h e r s  ( e . g .  i n v o l v i n g  

p y r u v a t e  o r  Y-methy leneg lu tamate )  a r e  e q u a l l y  p o s s i b l e .  
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