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IMINO ACIDS AND N-HETEROCYCLIC AMINO ACIDS FROM PLANTS 

Leslie Fowden 
Rothamsted Experimental Station, Harpenden, Herts, United Kinqdom. 

Plants produce a large number of imino acids and amino 

acids with a N-heterocyclic group. The chemistry of these 

compounds is reviewed, and information about their 

distribution and biogenesis in plants is provided. 

This issue of 'Heterocycles' is dedicated to Professor Tsunematsu Takemato 

on the occasion of his retirement from the Faculty of Pharmaceutical Sciences 

of Tohoku University, and it is a pleasure to contribute this review article 

in appreciation of his contributions to the chemistry of naturally-occurring 

heterocyclic compounds. Takemato's researches covered many groups of 

natural products, including imino acids derived from proline by further 

substitution on the pyrcolidine ring. Compounds of this type include kainic 

and allokainic acids from a seaweed, (Diqenea simolex) which have pharma- 

ceutical importance as  anthelmintics.' The present article will survey the 

known group of imino acids of plant origin, and also give same account of 

plant amino acids containing a N-heterocyclic nucleus. 

The number af amino and imino acids characterized as plant constituents 

has increased rapidly in the past 20 years and now some 200 compaunds are 

fully idanti~isd.~ Individual compounds are often restricted (as judged 

by routine chromatographic survey techniques) to small groups of closely 

related plants, and information about the distribution of some compounds has 

been used to strengthen plant taxonomy. 



A. Imino Acids  

more t h a n  40  n a t u r a l l y - o c c u r r i n g  imino  a c i d s  a r e  known, a l t h o u g h  a  

c o n s i d e r a b l e  number o f  t h e s e  a p p e a r  c o n f i n e d  t o  micro-organisms,  e s p e c i a l l y  

t o  t h e i r  e x t r a - c e l l u l a r  a n t i b i r t i c  p r o d u c t s .  G e n e r a l l y ,  o n l y  compounds 

produced by h i g h e r  p l a n t s  w i l l  be c o n s i d e r e d  i n  t h i s  a r t i c l e ,  b u t  an 

e x c e p t i o n  i s  made w i t h  po lyox imic  a c i d .  The imino  a c i d s  form t h r e e  main 

t y p e s  when c l a s s e d  a c c o r d i n g  t o  t h e i r  N-heterocycle :  f o u r ,  f i v e  and s i x  

atom r i n g  s y s t e m s  a r e  e n c o u n t e r e d  i.8. compounds based  on t h e  a z e t i d i n e ,  

p y r r o l i d i n e  and p i p e r i d i n e  r i n g s .  I n  a l l  c a s e s  t h e  C-2 atom shows t h e  

L - c o n f i g u r a t i o n ,  b u t  a d d i t i o n a l  s u b s t i t u e n t s  i n t r o d u c e d  o n t p  o t h e r  r ing-C 

a toms  may b e  i n  9- o r  t r a n s - c o n f i g u r a t i o n s  r e l a t i v e  t o  t h e  c a r b o x y l  group.  

1. Compounds based  on  t h e  a z e t i d i n e  r i n g  

The s i m p l e s t  n a t u r a l  im ino  a c i d  is  L-azet idine-2-carboxyl icacid (AZC, I ) ,  

f i r s t  i s o l a t e d  and c o r r e c t l y  c h a r a c t e r i z e d  from C o n v a l l a r i a  m a j a l i s  ( L i l i a c e a e ) .  3 

S u b s e q u e n t l y  t h e  imina  a c i d  h a s  been r e c o g n i s e d  a s  a ma jo r  c o n s t i t u e n t  of  

many o t h e r  l i l i a c e o u s  s p e c i e s ,  same l e g ~ m e s , ~  and o f  t h e  r e d  a l g a ,  Lophoc l ad i a  

l a l l e m a n d i . 5  I t  a l s o  o c c u r s  i n  e x t r e m e l y  low c o n c e n t r a t i o n s  i n  s u g a r  bee t .  6 

COOH 
I 

N CH,CH, CH NH CH, CH, (NH;) COOH 
m 
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The o n l y  s i m p l e  d e r i v a t i v e  y e t  known i s  p o l y o x i m i c  a c i d  ( 1 1 1  L -3 -e thy l i dene -  

a z e t i d i n e - 2 - c a r b o x y l i c  a c i d ,  a component a f  t h e  p o l y o x i n  g roup  o f  a n t i b i o t i c s  

produced  by S t r e p t o m y c e s  cacaoi var a s ~ e n s i s . ~  S t r u c t u r e s  ( 1 1 1 )  and  ( I V ) ,  

i s o l a t e d  r e c e n t l y  f r o m  s e e d s  o f  Faqus s i l v a t i c a , '  a re  N - s u b s t i t u t e d  forms o f  

A2C: t h e y  a r e  a l s o  N - h e t e r o c y c l i c  amino a c i d s .  Compound ( I V )  i s  

con f i rmed  a s  t h e  co r r ec t  s t r u c t u r e  f o r  n i c o t i a n a m i n e ,  which was i s o l a t e d  

p r e v i o u s l y  from N i c a t i a n a  tabacum. 
9  

L a b e l l e d  p r e c u r s o r  f e e d i n g  e x p e r i m e n t s  have  shown t h a t  s e v e r a l  C4 amino 

a c i d s  c a n  be  c o n v e r t e d  i n t o  A2C i n  l i l i a c e o u s  p l a n t s .  Al though d e t a i l s  

o f  t h e  enzymic  pathway a re  s t i l l  unknown, i t  i s  c l e a r  t h a t  some form o f  

a c t i v a t i o n  o f  t h e  Y-C atom must  p r e c e d e  c y c l i z e t i o n .  I t  i s  a l s o  c l e a r  t h a t  

t h e  C  s k e l e t o n  o f  r ne th ion ine  i s  i n t r o d u c e d  i n t a c t  i n t o  A ~ c , "  and  4 

S-adenosy lms th ion ine  may f u n c t i o n  as t h e  a c t i v a t e d  i n t e r m e d i a t e .  

A r e l a t e d  s t u d y ,  i n  which s p e c i f i c a l l y - l a b e l l e d  1 4 ~ - i i s l e e c i n e  was 

i n t r a d u c e d  i n t o  t h e  medium i n  which S t r e p t o m y c e s  cacaoi was grown, h a s  

d e m o n s t r a t e d  t h a t  t h e  C  b r anched  s k e l e t o n  o f  t h e  amino a c i d  i s  i n c o r p o r a t e d  
6 

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

e t h y l i d e n e  g roup  o f  ( 11 ) .  When an aqueous s o l u t i o n  o f  A ~ C  i s  h e a t e d  a t  

loo0 f o r  24 h o u r s ,  ( 1 1 1 )  and  ( I U )  are among t h e  p r o d u c t s  recognised . '  The 

p r o d u c t i o n  o f  ( 111 )  must  t a k e  p l a c e  by a n u c l e a p h i l i c  a t t a c k  o f  one m o l e c u l e  

o f  A2C w i t h  p o s i t i v e l y  c h a r g e d  N upon a n o t h e r  w i t h  uncha rged  N. F u r t h e r  

p o l y m e r i z a t i o n  of  t h i s  t y p e  would r e s u l t  i n  ( IV)  f o l l o w i n g  a n  a t t a c k  

on ( 1 1 1 )  by a n o t h e r  m o l e c u l e  o f  A2C. I t  i s  n o t  c e r t a i n  w h e t h e r  similar 

mechanisms govern  t h e  b i o g e n e s i s  o f  ( 1 1 1 )  and  ( I V )  i n  Faqus s e e d s .  

2. Compounds b a s e d  on t h e  p y r r o l i d i n e  r i n q .  

The p a r e n t  compound L - p r o l i n e  (V) i s  t h e  o n l y  i m i n o  a c i d  i n v a r i a b l y  

p r e s e n t  as a component of  p r o t e i n  m o l e c u l e s ,  where i t  p l a y s  an i m p o r t a n t  

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



and  t h u s  t h e  f i n a l  t e r t i a r y  s t r u c t u r e  o f  t h e  p r o t e i n  molecule .  Abnormal 

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

b i o l o g i c a l  a c t i v i t y .  I n  t h i s  sense A2C is  a p a r t i c u l a r l y  e f f e c t i v e  ana logue .  
12 

D e r i v a t i v e s  o f  p r o l i n e  c o n s i s t  o f  a l a r g e  g roup  h a v i n g  one  a d d i t i o n a l  

s u b s t i t u e n t  a t t a c h e d  t o  e i t h e r  t h e  C-3 o r  C-4 a toms,  b u t  a few compounds 

c a r r y  s u b s t i t u e n t s  on b o t h  atoms.  

a. Hydroxy d e r i u a t i v e s  o f  P r o l i n e  

Trans-4-hydroxy-L-proline ( V I )  i s  a  component o f  c o l l a g e n  and  a l s o  o f  some - 
p l a n t  p r o t e i n s ,  e s p e c i a l l y  t h o s e  a s s o c i a t e d  w i t h  c e l l  wa l l s . 13  The hyd foxy l  

g r o u p  is  i n t r o d u c e d  a t  C-4 by a d i r e c t  a t t a c k  by m o l e c u l a r  oxygen on a 

p r o l i n e  r e s i d u a  a l r e a d y  p r e s e n t  i n  a p o l y p e p t i d e :  t h e  enzymica l l y -  

3+ 
c a t a l y s a d  p r o c e s s  is  d e p e n d e n t  upon Fe , L - k e t o g l u t a r a t e  and  a s c o r b i c  a c i d  

a s  c o f a c t o r s .  The re  i s  no e v i d e n c e  t h a t  t h i s  i s o m e r  o f  h y d r o x y p r o l i n a  

o c c u r s  i n  an unbound s t a t e ,  b u t  ~ i e ( a l l o ) - 4 - h y d r o x y - L - ~ r o l i n e  ( V I I )  o c c u r s  

f r e e  i n  Santa lum w h i l s t  t r an s -3 -hyd roxy  -L -p ro l i ne  ( U I I I )  r e p r e s e n t s  

a m a j o r  component o f  t h e  so lub l e -N  f r a c t i o n  of  s e e d  and  s e e d l i n g s  o f  

De lon ix  &. I n  t h e  i n s t a n c e s  o f  t h e s e  unbound hydroxy p r a l i n e s ,  no 

i n f o r m a t i o n  i s  a v a i l a b l e  c o n c e r n i n g  b i o s y n t h e t i c  mechanisms: a c y c l i z a t i o n  

mechanism a k i n  t o  t h a t  r e s u l t i n g  i n  p r o l i n e  f o r m a t i o n  from g l u t a m i c  a c i d  

m i g h t  o p e r a t e  t o  form ( U I I )  from m - 7 - h y d r o x y - L - g l u t a m i c  a c i d ,  which 

i s  r e c o g n i s a d  as a p l a n t  p roduc t .  
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b. me thy l  and  s i m i l a r  d e r i v a t i v e s  o f  p r o l i n e  

Trans-4-methy l -L-pro l ine ( I X )  was f i r s t  i s o l a t e d  from a p p l e s 1 6  and  - 
occurs more w i d e l y  i n  t h e  f r u i t s  o f  s p e c i e s  a s s i g n e d  t o  t h e  f a m i l y ,  Rasaceae. 

(C i s -4 -  and  c i s - 3 - m e t h y l - L - p r a l i n e s  have  been  c h a r a c t e r i z e d  a s  c o n s t i t u e n t s  

o f  a n t i b i o t i c s ) .  The trans-4 i s o m e r  c o u l d  a r i s e  by m e t a b o l i c  c y c l i z a t i o n  

o f  m - 7 - m e t h y l - L - g l u t a m i c  a c i d ,  a compound o c c u r r i n g  i n  s e v e r a l  p l a n t  

f a m i l i e s  b u t  n o t  con f i rmed  i n  t h e  Rosaceae. A s i m i l a r  b i o g e n e t i c  mechanism 

m i g h t  be r e s p o n s i b l e  f o r  t h e  f o r m a t i o n  o f  4 -me thy l ene -L-p ro l i ne  (X) from 

Y-methyleneglu tamic  a c i d .  (X) was i s o l a t e d  from a n o t h e r  rasaceous f r u i t ,  

l o q u a t  ( E r i o b o t r y a  i a p o n i c a ) ;  by i s a r n e r i z a t i a n ,  i t  migh t  g i v e  r i s e  t o  

c i s -3 ,4 -me thanop ro l i ng  ( X I ) ,  a component o f  s e e d  a f  Aescu lu s  p a r v i f l o r a ,  - 
w h i l s t  a d d i t i o n  o f  a rna l s cu l e  o f  w a t e r  a c ro s s  t h e  e t h y l e n i c  l i n k  c o u l d  

y i e l d  c is -4 -hyd roxymethy l -L -p ro l i ne  ( X I I ) ,  a n o t h e r  irnino a c i d  e n c o u n t e r e d  

i n  a p p l e  f r u i t s .  
1 9  



c. Doubly s u b s t i t u t e d  p r o l i n e  d e r i v a t i v e s .  

The most  i m p o r t a n t  members o f  t h i s  c l a s s  c o n s i s t  o f  L-y -ka in i c  a c i d  

( X I I I )  and  i t s  i s o m e r ,  L - y - a l l o k a i n i c  a c i d  (XIV),  i s o l a t e d  f r o m  t h e  

seaweed,  D i senea  s i m p l e x ,  20-22 and t h e  r e l a t e d  compound, domaic a c i d  (XU), 

o b t a i n e d  from a n o t h e r  seaweed,  Chond r i a  -. 23 The re  is  no 

i n f o r m a t i o n  p r o v i d i n g  an i n s i g h t  i n t o  t h e  m e t a b o l i c  pa thways  i n v o l v e d  i n  t h e  

b i o s y n t h e s i s  o f  t h e s e  a c i d i c  d e r i v a t i v e s .  

3. Compounds ba sed  on t h e  p i p e r i d i n e  r i n g .  

The p a r e n t  im ino  a c i d  o f  t h i s  g roup ,  L-piporidine-2-carboxyl ic  a c i d  

( L - p i p s c o l i c  a c i d ,  X V I )  occurs i n  h i g h  c o n c e n t r a t i o n  i n  a few l egume s p e c i e s ,  

e s p e c i a l l y  i n  s e e d s ,  and  as a minor  component of  p l a n t s  o f  s e v e r a l  o t h e r  

f a m i l i e s .  B i o s y n t h e s i s  f r om l y s i n e  p r o c e e d s  r a p i d l y  i n  some p l a n t  t i s s u e s .  
24 
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Unlike A X ,  pipecolic acid exhibits little or no metabolic antagonism towards 

proline, never  seems to became incorporated into protein molecules, but may 

substitute f o r  proline in the actinamycin series of small antibiotic 

peptides. 25 

L-4,5-dehydropipecolic acid (baikiain, XVII) occurs together with (XUI) 

and its hydroxy derivatives ( s e e  below) in seeds o f  Baikiaea plurijuqaZ6 and 

certain other legume species. 

a. Hydroxy derivatives of pipecolic acid. 

Trans-4- and trans-5-hydroxy-L-pipecolic acids (XVIII and XIX, respectively) - 
conceivably arise by addition of a molecule of water across the C=C linkage 

of (XVII). The initial isolation o f  the trans-5 derivative was from the 

palm, Rhapis flabellifo~rnis,~~ and Baikiaaa p l ~ r i j u q a , ~ ~  whilst the 4-hydroxy 

isomer was obtained f rom Acacia species. 2g More recently, two dihydroxy- 

pipecolic acids have been characterized: a-4,5-dihydroxy-L pipscolic acid 

(2(5), 4(R), 5(S)) (xX) is a constituent of  leaves o f  Calliandra haematocaphala 

(llim~saceaa)~~ whilst the trans-4,5-dihydroxy derivative ( 2 ( S ) ,  4(S), 5(5)) (XXI) 

is present in leaves of the legume, Derris slli~tica,~' together with (XVI), 

(XVIII), (XIX) and (xX). 

0. H 

XVI 

0 H 

XVII 

. . 
H 

XIX 



b. Amino d e r i v a t i v e s  o f  p i ~ e c a l i c  a c i d  

A 4 - a m i n o p i p e c o l i c  a c i d  (XXII)  o f  unknown s t e r e o c h e m i c a l  c o n f i g u r a t i o n  

was i s o l a t e d  f rom S t r o p h a n t h u p  scan den^,^^ a  s p e c i e s  t h a t  a l s o  c o n t a i n s  

t rans-4-hydroxy-L-p ipecol ic  a c i d .  A r e c a n t  r e p o r t  h a s  shown t h a t  - 
t rans-4-acetylamino-L-pipecol ic  a c i d  (XXI I I )  o c c u r s  i n  C. haema tocepha l a  -- 
l e a v e ~ . ~ '  The s i m p l e  4-amino d e r i v a t i v e  is t h e n  l i k e l y  t o  be  t h e  t r a n s - L  

i somer .  

W h i l s t  4 - k e t o p i p e c o l i c  a c i d ,  which c o u l d  f u n c t i o n  as a n  i n t e r m e d i a t e  

be tween t h e  4-hydroxy and  4-amino d e r i v a t i v e s ,  has n o t  been  i d e n t i f i e d  a s  

a c o n s t i t u e n t  o f  h i g h e r  p l a n t s ,  i t  is  a p r o d u c t  o f  m i c r o b i a l  metabol i sm.  

8. N-He te rocyc l i c  Amino Ac id s  

Two amino a c i d s ,  h i s t i d i n e  and  t r y p t o p h a n ,  c o n t a i n i n g  N - h a t e r a c y c l e s  a r e  

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

s y n t h e s i z e d  by p l a n t s .  Normal ly ,  t h e y  are e n c o u n t e r e d  f r e e  i n  o n l y  

s m a l l  c o n c e n t r a t i o n s  r e l a t i v e  t o  o t h e r  p r o t e i n  amino a c i d s .  The a-N-malonyl 

d e r i v a t i v e  o f  D-tryptophan a l s o  occurs  f r e e  i n  p l a n t s .  Both h i s t i d i n e  and  

t r y p t o p h a n  may be r e g a r d e d  as  exampl s s  o f  P - s u b s t i t u t e d  a l a n i n e s ,  and  

many o f  t h e  o t h e r  known N - h e t e r o c y c l i c  amino a c i d s  i s o l a t e d  from p l a n t s  a r e  

a l s o  o f  t h i s  type .  
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1. Compounds with one rinq-N atom 

5-Hydcoxy-L-tryptophan (XXIV) was isolated from leaves of the legume 

species, Griffonia simpli~ifolia.~~ There is evidence suggesting that it 

is formed by direct hydroxylatian o f  tryptophan. Decarboxylation produces 

the physiologically active mine, 5-hydroxytryptamine. 

The pyridine nucleus is encountered in rnirnosine (XXV), first isolated 

f r o m  Mimosa p ~ d i c a , ~ ~  and later shown to be present in high concentration 

in leaves and seed of many Leucaena species. The amino acid accumulates 

in seed of C. leucacephala to represent 6-8% o f  the dry weight. It is toxic 

ta animals causing shedding of the fleece in sheep. lass of hair in cattle, 

and loss of the tail hair in horses. Liver lesions also occur in sheep 

after prolonged grazing of Leucaena foliage. The 0-0-glucoside derivative 

may coexist with mimosine. 

2. Compounds with two rinq-N atoms 

Three emino acids of this class contain a pyrimidine nucleus. Willardiine 

(XXVI) was isolated first from seed of Acacia ~ i l l a r d i a n a . ~ ~  Subsequently, 

it was identified in a few additanal- spp. and it is also a 

constituent of peas.36 The isomeric compound, ieowillardiine (XXUII), also 

occurs in peas. Lathyrine (XXVIII) is a characteristic component of a 

sub-generic group of species of Lathvrus (Leguminaceae), being isolated 

and characterized initially from C. t i n q i t a n ~ s . ~ ~  The ring-NH group confers 
2 

basic properties on lathyrine, and the compound gives an unusual red 



chromophore when r e a c t e d  w i t h  n inhydr in .  

L-P-pyraza l -1-y la lanine  ( X X I X )  i s  an  i s o m e r  of  h i s t i d i n e .  The compound 

was i s o l a t e d  f i r s t  from s e e d  of  watermelon,  C i t r u l l u s  v ~ l q a r i s ; ~ '  s u b s e q u e n t l y .  

i t  h a s  been r e c o g n i s e d  as a component of  some, b u t  n o t  a l l  members of  t h e  

C u c u r b i t a c a a e ,  where i t s  d i s t r i b u t i o n  a c c o r d s  w i t h  t h e  u s u a l  taxonomic  

c l a s s i f i c a t i o n  o f  t h e  f ami ly .  The amino a c i d  was t h a  f i r s t  n a t u r a l  p r o d u c t  

t o  be c h a r a c t e r i z e d  p o s s e s s i n g  t h e  p y r a z o l e  r i n g  sys t em ( s u b s e q u e n t l y  a l k a l o i d s  

c o n t a i n i n g  a p y r a z o l e n u c l e u s  have  been i d e n t i f i e d ) .  C u c u r b i t  s e e d s  no rma l ly  

c o n t a i n  s i g n i f i c a n t  amounts of  y-L-glutamyl-P-pyrazolylalanine t o g e t h e r  w i t h  

t h e  f r e e  amino a c i d .  

3. Compounds w i t h  r i n q s  c a n t a i n i n q  N and 0 a toms  

Amino a c i d s  c o n t a i n i n g  t h e  i s o x a z o l i n o n e  n u c l e u s  were f i r s t  i s o l a t e d  from 

s e e d l i n g s  of  Pisum sa t i vum ( p e a ) .  I n i t i a l l y ,  P-isoxazclin-5-one-2-ylalanine 

(XXX) and ~ - ( 2 - ~ - D - g l u c o p y r a n o s y l ) - i s o x a z o l i n - 5 - o n e - 4 - y l a l a i n e  ( X X X I )  were 

o b t a i n e d .  L ike  o t h e r  members of  t h i s  g roup ,  t h e y  a r e  c h a r a c t e r i s t i c a l l y  

O n s t a b l e  i n  a l k a l i n e  s o l u t i o n  and unde r  UU i r r a d i a t i o n .  Both compounds a r e  

, 
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found a l s o  i n  s e e d l i n g s  of  c u l i n a r i s ,  Pisum a r v e n s e  and L a t h y r u s  a d o r a t u s .  
39 

A member o f  o t h e r  i s o x a z a l i n o n e  d e r i v a t i v e s  have  been i d e n t i f i e d  as 

c o n s t i t u e n t s  a f  L a t h v r u s  o d o r a t u s  s e e d l i n g s :  t h e  new coinpounds i n c l u d e  

a-amino-Y-isoxazolin-5-one-2-ylbutyric a c i d  ( X X X I I ,  t h e  h i g h e r  harnologue 

of  X X X ) ,  2-aminoe thy l i saxazo l in -5 -om ( t h e  d e c a r b o x y l a t i o n  p r o d u c t  of  X X X )  

and i t s  Y-glutarnyl d e r i v a t i v e ,  2 - c y e n o e t h y l i s o x a z o l i n - 5 - o n e  and 

2 - ca rboxyma thy l i s anazo l i n -5 -one .  p - A m i n o p r a p i o n i t r i l e ,  a l a t h y r o g e n i c  

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

2-cyanoethy l isoxazol in-5-one.  

Three  o t h e r  amino a c i d s  p o s s e s s  a g l y c i n e  r e s i d u e  s u b s t i t u t e d  on t h e  

a-C atom by a h e t e r o c y c l i c  r i n g  system: t h e y  a r e  t r i c h o l o m i c  a c i d ,  

i b o t a n i c  a c i d  and muscazone,  p r o d u c t s  o f  macro-fungi  t h a t  are t o x i c  t o  

h o u s e f l i e s .  

4. B i o s v n t h e s i s  of  @ - s u b s t i t u t e d  a l a n i n e s  

Work i n  s e v e r a l  l a b o r a t o r i e s  h a s  e s t a b l i s h e d  t h a t  t h e  C3 s i d e - c h a i n  

of  many P - s u b s t i t u t e d  a l a n i n e s  h a s  i t s  b i o g e n s t i c  o r i g i n  i n  a m o l e c u l e  of  



serine. The experimental evidence is of two types. Precursor feeding 

experiments using 14~-labelled serina has confirmed that the C3 skeleton 

is introduced into compounds (XXV), (XXVI), (XXVII) and (XXIX). For 

synthesis to proceed efficiently, activation of the serine molecule is 

probably necessary. In the case of compounds (XXX) and (XXXI), enzymic 

synthesis in pea seedling extracts requires g-acetylserine as the C donor, 
3'3,40 

3 

and possibly this mechanism is mare general. 

Biosynthesis of lathyrine follows a quits distinct route. Homoerginine 

end y-hydroxyhomoarginine act as precursors, cyclization presumably occurring 

from the latter by elimination of a molecule of water from the 7-hydroxy and 

terminal guanidino group. 41 

C. General Considerations 

The foregoing account has described more than thirty heterocyclic-N 

compounds elaborated by plants, and indicated the v e r y  diverse biosynthetic 

pathways utilized by plants. Many of the compounds accumulate particularly 

in seeds, where they may act as temporary N-storage products, being 

degraded on germination and growth of the seedling. However, more 

generally the compounds seem to be metabolized (synthesized or degraded) rather 

slowly in comparison with most protsin amino acids. 

A number of compounds show physialogical activity, being inhibitory 

to the growth of bacteria or fungi or toxic to higher forms of life. 

Therefore, although their precise role in the physiology of the plants 

producing them frequently remains uncertain, there is an increasing amount of 

indirect evidence of suggesting they have evolutionary importance in pfouiding 

a degree of protection against predating insects or other snimal life, or in 

enhancing the competitive ability of the producer plant when establishing 

a particular niche in the vegetation of a given area. 
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The compounds desc r ibed  have been recogn ised  l a r g e l y  i n  t h e  l a s t  20 years, 

end s e v e r a l  new compounds are desc r ibed  each year. Given t h e  i n c r e a s i n g  

s e n s i t i v i t y  o f  chromatographic  techniques,  i t  would seem c e r t a i n  t h a t  t h e  

numbers o f  i m i n o  a c i d s  and N - h e t e r o c y c l i c  amino a c i d s  known as  p l a n t  

p r o d u c t s  w i l l  i n c r e a s e  c o n s i d e r a b l y  i n  t h e  n e x t  decade. 
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