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Abstract  -The e a r l y  and l a t e  stages o f  i ndo le  a l k a l o i d  biosynthesis i n  

Catharanthus roseus were s tud ied by c e l l - f r e e  enzymes i s o l a t e d  from the p l a n t  

and i t s  t i s sue  cu l t u re .  The intermediacy of s t r i c t o s i d i n e  ( isov incos ide) ,  

geissoschiz ine and o ther  compounds i n  the formation o f  a j rnal ic ine i s  discussed 

V inb las t ine ,  the  ant ineop las t ic  dimeric a l ka lo id ,  was synthesized enzymical ly 

from a semi-synthet ic precursor, anhydrovinblast ine.  

Although the u l t ima te  goal of b i osyn the t i c  s tud ies  i s  the i s o l a t i o n  and purification o f  the enzymes 

responsible f o r  each o f  the steps leading t o  the  f i n a l  product, the  development o f  enzymologicrl 

s tud ies  i n  p lan ts  has been much slower than had been ant ic ipa ted. '  I n  t h i s  paper we discuss how, 

2 i n  the  f i e l d  of i ndo le  a l k a l o i d  research, a  c e l l - f r e e  system o f  Catharanthus roseus provided the 

f i r s t  entrge i n t o  the enzymology of the format ion of these b i o l o g i c a l l y  important compounds. We 

sha l l  see t h a t  al though many steps remain t o  be def ined, the  prognosis f o r  the study of the b io -  

synthesis o f  d imeric a l k a l o i d s  i s  now good. 

One o f  the  major obstacles i n  c e l l - f r e e  s tud ies  of i ndo le  a l k a l o i d  biosynthesis t o  be overcome was 

the a n a l y t i c a l  problem of i d e n t i f y i n g  t a r g e t  w l e c u l e s  from an ar ray  o f  more than 80 a l ka lo ids  i n  

the mature p l a n t .  The second d i f f i c u l t y  l a y  i n  the  r a p i d  i n a c t i v a t i o n  of the b iosyn the t i c  enzymes 

by the pheno l i , ~  compounds when the c e l l s  are ruptured. The t i ssue  c u l t u r e  o f  C. roseus produces 

approximately ten  a lka lo ids ,  mainly of the  Corynanth6 type, g r e a t l y  s imp l i f y i ng  the a n a l y t i c a l  

problem. At the  same time, a  low abundance o f  phenol ic compounds cont r ibu tes  t o  a  higher r e t e n t i o n  

o f  enzyme activity. We be l ieve t h a t  these advantageous fac tors  cont r ibu ted t o  the d isc losure  of a  
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method fo r  the  c e l l - f r e e  s tudy  i n  C. roseus i n  1 9 7 5 , ~  which n o t  o n l y  l e d  t o  subs tan t i a l  uoderstand- 

i n g  of the e a r l y  stages o f  i n d o l e  a l k a l o i d  b iosyn thes is ,  bu t  as promising c e l l  l i n e s  were selected,  

p rov ided a burgeoning source of  the  " l a t e r "  a l ka l o i ds ,  e.g. ,  catharanthine.  3 

Tryptamine and Secologanin as Precursors 

The immediate Precursors t o  the  Catharanthus a l k a l o i d s  a re  t ryp tamine  (2 )  and secologanin ( 3 ) .  I n  - - 
whole P lan t  feedings, the  f ac t  t h a t  t ryp tamine  ( 2 )  was l ess  e f f ec t i ve  than t ryptophan as a precur-  

" 
4 so r  t o  the a l k a l o i d s  and the  i s o l a t i o n  of  Sa-carboxys t r i c tos id ine  (5)'  i n  Adina c o r d i f o l i a  might  

have l e d  t o  a Premature conc lus ion  t h a t  the g l ycoa l ka l o i d  ( 4 )  i s  a decarboxy la t ion  product  o f  ( 5 ) .  - - 
14 14 

However, when [ Cl- t ryptophan and [ Cl- t ryptamine were incubated w i t h  the  c e l l - f r e e  preparat ion,  

the  amount of  a l k a l o i d s  r ad io - l abe led  from tryptamine was a t  l e a s t  f i v e  t imes h igher  than f o r  

tryptophan, showing t h a t  (Z) i s  a m r e  e f f i c i e n t  p recursor .  We suggest t h a t  nonspecific and/or 

s p e c i f i c  t ryptophan t r anspo r t  and low pe rmeab i l i t y  of  t ryptamine across the c e l l  membrane are 

l i k e l y  reasons fo r  the  low i nco rpo ra t i on  of  t ryp tamine  & *. 

CHO 
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14 3 Incorpora t ion  o f  [2- C]-tryptamine and [0-C H3]-secologanin i n t o  a jma l i c i ne  (6) - was 20 t o  40 times 

more e f f i c i e n t  w i t h  a c e l l - f r e e  enzyme prepara t ion  from the c a l l u s  c u l t u r e  ( la%, 28%, respec t i ve l y )  

than from the seedlings o r  mature p lan ts  (0.5%, 0.2%, respec t i ve l y ) .  inclusion o f  NADPH was found 

t o  p r o m t e  a l k a l o i d  formation i n  the  crude enzyme system and the absolute requirement f o r  t h i s  re -  

duced p y r i d i n e  nuc leot ide  coenzyme was confirmed subsequently. 
6 

Secologanin, the i r i d o i d  glucose precursor,  i s  der ived from mevalonic ac id  through the wel l -def ined 
7 

te rpeno id  pathway. The biosynthesis o f  t h i s  compound has been s tud ied i n  some d e t a i l  and w i l l  n o t  

be discussed here. 

S t r i c t o s i d i n e  ( isov incos ide)  

When tryptamine was condensed non-enzymically w i t h  secologanin a t  pH 4.5, the  Pictet-Spengler 

products were a diastereomer (60%) f i r s t  c a l l e d  "v incoside",  and a minor diastereomer (40%), 

" isov incos ide" .  Vincoside was found t o  be incorporated i n t o  a jmal ic ine  (!a_), serpent ine (7),  

v i ndo l i ne  (a) ,  catharanthine ( 9 )  and pe r i v i ne  (I!). 8 
- 

However, a l a t e r  of the C-3 stereochemistry of v incoside t o  [4; 38-HI c a l l e d  for  an 

epimerizat ion mechanism1' a t  C-3 t o  be cons is tent  w i t h  the  stereochemistry of a l l  der ived 3a indo le  

a l ka lo ids .  

When the problem was re invest iga ted i n  a c e l l - f r e e  system,' independent work i n  Texas and Wiscon- 

sin1' and a t  ~ o c h u r n ' ~  reached the same conclusion i n  1977 t h a t  s t r i c t o s i d i n e  ( isov incos ide)  ( 4 ) ,  
t h e  3a-H alkaloid,14 i s  the key intermediate lead ing t o  a l l  the  Catharanthus a l ka lo ids  bear ing a 

38-H as wel l  as o ther  known i ndo le  a l ka lo ids  bear ing 38-H. 15 

[5-14~,14-3~]-~tri~tosjdine ( i sov incos ide)  incubated w i t h  the  c a l l u s  enzymes y ie lded  a jmal ic ine  

(4.Q%), 19-epiajmal ic ine (1.3%) and te t rahydroa ls ton ine (1.2%) w h i l s t  under the same cond i t ions  

doubly labeled vincoside d i d  n o t  l abe l  any of these a l ka lo ids . "  Incorpora t ion  o f  s t r i c t o s i d i n e  

i n t o  a jma l i c i ne  (6a) (0.149%), catharanthine ( 9 )  (0.247%) and v indo l i ne  (8) (0.486%) by x m  -- , 

feeding confirmed the intermediacy of s t r i c t o s i d i n e .  The r e s u l t s  o f  t h i s  experiment are shown i n  

Table 1 .  (Th is  Table amends and supplements the data publ ished i n  a pre l iminary  report1 '  on t h i s  

14 3 
t o p i c . )  The Bochum group found t h a t  [6- C] and/or [0-methyl- H I - s t r i c t o s i d i n e  fed13 t o  C.  roseus 

p lan ts  labe led a h a l i c i n e  (6a) -- (1.53%-5.20%), serpent ine (7) (0.51%-1.4%), v i ndo l i ne  (8) (1.31%- 

1.90%) and catharanthine (9) - (2.08%- 4.51%). Incubat ion of [ ~ - ~ ~ ~ ] - t r y p t a m i n e  and secologanin a t  

pH 6.5 i n  the presence of a-0-gluconolactone which stops a l k a l o i d  synthesis a t  the g l ycoa l ka lo id  

stage yielded13 on ly  s t r i c t o s i d i n e .  A l l  c e l l - f r e e  systems from tabernaemontana, &!I@? 



Table I. I n c o r p o r a t i o n  of s t r i c t o s i d i n e a  i n t o  Catharanthus A l k a l o i d s  

s p e c i f i c  r a d i o a c t  
p roduc ts  3~ I 4 c  

3H/14Cb incorpnC 
r a t i o  ( % )  

A j m a l i c i n e  2.95 x l o 4  dpm 2.58 x l o 3  dpm 11.4 0.099 

Akuammicine 2.62 x l o 5  dpm 2.43 x l o 4  dpm 10.8 0.93 

Catharanth ine 1.35 x l o 4  dpm' 2.45 x l o 3  dpm 5.5 0.094 

V i n d o l i n e  7 . 4 2 ~ 1 0  4  dpm 1 . 2 8 ~ 1 0  4  dpm 5.8 0.49 
a  R a d i o a c t i v i t y  of [5- 14 C,14- 3  H I - s t r i c t o s i d i n e  ( i s o v i n c o s i d e )  i s  2.61 x l o 6  

7 dpm f o r  I 4 c  and 3.00 x 10  dpm f o r  3~ (T/C = 11 .5 ) ,  f e d  f o r  24 h. 

D Standard d e v i a t i o n  i s  ca.  i 0.5. 

c I n c o r p o r a t i o n  was c a l c u l a t e d  on t h e  bas is  of 14c 

5 P2 12 

Scheme 2 
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o r i e n t a l i s ,  Rhazia s t r i c t a  and Yinca minor u t i l i z e  s t r i c t o s i d i n e  (but  no t  v incoside) as a  precursor 

o f  the i ndo le  a l ka lo ids .  38-H a l ka lo ids  from Rauwolfia canescens (e.g., Reserp i l ine  11) -- and 

Mitraeyna speciosa (e.g. ,  s p e c i o c i l i a t i n e  !!),I5 and the rearranged indo le  a l ka lo id ,  camptothecin 

1 .3 , '~  i n  Camptotheca amninata have been found t o  be d e r ~ v e d  from the same intermediate,  -- 
s t r i c t o s i d i n e .  

The c r u c i a l  enzyme, s t r i c t o s i d i n e  synthetase, which i s  presumably present i n  a l l  p l an t s  conta in ing 

indo le  a l ka lo ids ,  has been p u r i f i e d  more than 700 times t o  homogeneity by gel e lec t rophores is  and 

i s o e l e c t r i c  focusing. It has a molecular weight o f  38,000 and an i s o e l e c t r i c  p o i n t  a t  4 .6 .  

Michael is constants f o r  t ryptamine and secologanin are 0.8 mM and 0.5  mM, respect ive ly .  
17a 

Hydrolysis of S t r i c t o s i d i n e  

I n  an t o  p u r i f y  the  "a jmal ic ine  synthetase" system, f ou r  0-glucosidases (more c o r r e c t l y ,  

glycosidases owing t o  t h e i r  n o n s p e c i f i c i t y )  were found i n  the seedl ing and the mature p lant ,  and 

two i n  the  c a l l u s  system, as separated by gel f i l t r a t i o n  (Table 2 ) .  Two of the glycosidases 

Table 2. Glycosidases from Seedlings and Plants o f  C. roseus 

Km value fo r  * 
isozyme mol . w t .  ~ N P - 6 - ~ l c *  PNP-a-Glc* pNP-8-Gal PNP-8-FuC 

* 

A 182,000 2.17 mM 6.25 mM 0.125 mM 1.33 mM 

* p ~ ~ - 8 - ~ l c  = p-nitrophenyl-6-D-glucoside; pNP-a-Glc = p-ni t rophenyl-a-0- 

glucoside; pNP-6-Gal = p-nitrophenyl-E-galactoside; pNP-8-Fuc = p -n i t r o -  

phenyl-8-D-fucoside. 

(0  and C) from the p l a n t  were ac t i va ted  s l i g h t l y  by the add i t i on  o f  t ryptamine when p-n i t ropheny l -  

glycosides were used as substrates, wh i le  the o ther  two ( A  and 0) were not.  Present i n  both  the 

p l a n t  and the c a l l u s  system was a  glycosidase o f  M.W. -55,000 dal tons,  which coincides w i t h  the  

a l k a l o i d  b iosyn the t i c  a c t i v i t y .  The s i g n i f i c a n t  l o s s  of a c t i v i t y  f o r  a l k a l o i d  biosynthesis a f t e r  

gel f i l t r a t i o n  and the l a t e r  p u r i f i c a t i o n  of s t r i c t o s i d i n e  synthetase suggest t h a t  the " a l k a l o i d  

synthetase" system i s  ne i t he r  a  multienzyme complex nor  a poly funct iona l  polypept ide.  Rather, the 

a c t i v i t y  obtained on gel  f i l t r a t i o n  was tha t  o f  a  recons t i t u ted  heterogeneous mix ture  o f  enzymes o f  

s i m i l a r  molecular weights. The prox imi ty  of molecular weights o f  s t r i c t o s i d i n e  synthetase (38,000 



da l t ons )  and the  glycosidase (55,000 da l t ons )  agrees w i t h  t h i s  argument. Judging from i t s  a c t i v i t y  

toward p-n i t ropheny l  d e r i v a t i v e s  of 8-D-glucose, a-glucose, 6-galactose and 6-fucose, i t  i s  un- 

l i k e l y  t h a t  t h i s  g lycosidase i s  s p e c i f i c  towards s t r i c t o s i d i n e .  Fur ther  p u r i f i c a t i o n  and t e s t s  

f o r  s p e c i f i c i t y  a re  i n  progress.  

Hydro lys is  of  s t r i c t o s i d i n e  exposes two aldehyde func t ions  (Scheme 3).  I n  cons ide r i ng  p l a u s i b l e  

b 

CHO 

Scheme 3 

mechanisms connect ing the  l a t t e r  species w i t h  t h e  observed products,  condensation -pathway 5 

y i e l d s  an imon ium species 15 (presumably i n  e q u i l i b r i u m  w i t h  16) .  Pathway b g ives  r i s e  t o  .- -- 
val les iachotamine (17) which was found t o  be a major  product  on hyd ro l ys i s  o f  s t r i c t o s i d i n e  by -- 
almond 8-glucosidase. The imnonium species 15 has n o t  y e t  been i s o l a t e d ,  b u t  an unstable i somer i -  "- 
z a t i o n  p roduc t  dieneamine ( I ! )  could be i s o l a t e d  i n  2-3% y i e l d  by hyd ro l ys i s  o f  i sov i ncos ide  us ing  

almond 6 - g ~ u c o s i d a s e . ~ ~  I t s  s t r u c t u r e  was assigned by reduc t ion  ( c a t a l y t i c  hydrogenat ion) to  the  
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te t rahydro  compound 19 ~ d e n t i c a l  w i t h  t he  reduct ion  product  of  ge issosch iz ine  25. Fur ther  evidence "- 
was obtained'' from incubat ion  of  t ryptamine and secologanin w i t h  the  g e l - f i l t e r e d  enzyme from C. 

m. I n  a d d i t i o n  t o  val lesiachotamine (17). a compound was i s o l a t e d  w i t h  the  f o l l ow ing  mass "- 
spectrometr ic f ragmentat ion:  Mt 350, 322 (Mt - CO), 281 (M' - COOMel, 247 and 221. The non-polar 

na ture  of  t h i s  compound (Rf = 0.75 S i l i c a g e l  G/tlc/CHC13/MeOH, 9 : l )  suggests t he  dieneamine (18) -- 
r a t h e r  than the  immonium s t r u c t u r e  (15) f o r  t h i s  species. It i s  o f  i n t e r e s t  t o  no te  the  recent -- 
i s o l a t i o n  o f  16''' from na tu ra l  sources. -- 

2,2 

Scheme 4 

23 - 24 - 
(After Stockist g! XI 1978) 



StGck ig t  e t  a l .? '  suhsequent ly  i d e n t i f i e d  t h e  i m n i u m  compound 15 (which aga in  may be  i somer ized  -" 
t o  18)  by reduc ing  i t  t o  t h e  i somer ic  substances 20 and 21, which i n  t u r n  were f u r t h e r  reduced by -- -- -- 
c a t a l y t i c  hydrogenat ion and LiA1H4 t o  g', 23 -- and 24 (Scheme 4 ) .  -- 
It i s  p a r t i c u l a r l y  g r a t i f y i n g  t o  r e c o r d  t h a t  i n  s p i t e  o f  some d i f f e r e n c e s  ( b o t h  k i n e t i c  and e q u i -  

l i b r i u m )  occasioned by t h e  techniques used by the  main l a b o r a t o r i e s  engaged i n  t h i s  work, t h e  

p r i n c i p a l  s teps  o f  t h e  enzyme-catalyzed r e a c t i o n s  now b e i n g  uncovered a r e  i n  e x c e l l e n t  accord  w i t h  

some o f  the  specu la t ions  i n  t h i s  f i e l d  o f  a  decade ago. 21 b  

Ge issosch iz ine  and Cathenamine 

Ge issosch iz ine  ( 2 5 )  was f i r s t  observed t o  be i n c o r p o r a t e d  i n t o  a j m a l i c i n e  (6a)  by k? feed- -- -- 
14 ings21a-c and l a t e r  con f i rmed by a  c e l l - f r e e  study.' Ge issosch iz ine  was formed from [2- C l -  

3 t r yp tamine  ( 1 % )  and [ O C ~ H  1 -seco logan in  (0.21%) e n z y r n ~ c a l l y ,  and [ a r y l -  H I - g e i s s o s c h i z i n e  was  3  

i n c o r p o r a t e d  i n t o  a j m a l i c i n e  a p p r e c i a b l y  ( 7 . 7 % ) .  

S tGck ig t  e t  a1." i s o l a t e d ,  i n  an NADPH-deprived enzyme i n c u b a t i o n ,  cathenamine (2'') (20,21-dehydro- 

a j m a l i c i n e ) ,  i d e n t i c a l  w i t h  m a t e r i a l  f rom Guet tarda eximia ( ~ u b i a c e a e ) . ' ~  T h i s  compound on r e i n c u -  

b a t i o n  w i t h  t h e  g. roseusenzyme and NADPH gave an i somer ic  m i x t u r e  o f  6a, 6b and 6c i n  a  t o t a l  -- -- -- 
y i e l d  of 68%. The s te reochemis t ry  a t  C-19 o f  cathenamine was assigned as ?(a-methyl )  based on i t s  

q u a n t i t a t i v e  r e d u c t i o n  t o  t e t r a h y d r o a l s t o n i n e  ( 6 c )  by NaBH4. I t s  fo rmat ion  from ?I has a l s o  been -- 
considered.22 However, t h e  f o r m a t i o n  o f  1 9 - e p i a j m a l i c i n e  6b from cathenamine 26 cannot  be exp la ined  

w i t h o u t  a  r e v e r s i o n  t o  t h e  i m o n i u m  in te rmed ia tes ,  s i n c e  t h e r e  i s  no i s o m e r i z a t i o n  observed between 

t h e  t h r e e  heteroyohimbine isomers 6a, 6b and 6c. Evidence f o r  t h e  i n d i r e c t n e s s  o f  cathenamine .- -- -- 
in te rmed iacy  i s  p rov ided  by t h e  f o l l o w i n g  exper iments.  

To r e i n v e s t i g a t e  the  q u e s t i o n  o f  g e i s s o s c h i r i n e  (25)  as an in te rmed ia te ,  a  t ime-dependent s tudy  -. 
3 14 was c a r r i e d  o u t  by i n c u b a t i n g  a  m i x t u r e  of [ a r y l -  H I -ge issosch iz ine ,  [2-  C I - t r yp tamine  and seco- 

l o g a n i n .  A j m a l i c i n e  and g e i s s o s c h i z i n e  were i s o l a t e d  a t  two h o u r l y  i n t e r v a l s ,  p u r i f i e d  and r e -  

c r y s t a l l i z e d .  The r e s u l t s  shown i n  F i g u r e  I c l e a r l y  demonstrate an i n c r e a s i n g  i n c o r p o r a t i o n  o f  

t r y p t a m i n e  i n t o  g e i s s o s c h i z i n e  and t h e  l a t t e r  i n t o  a jma lac ine .  T e t r a h y d r o a l s t o n i n e  ($2)  was a l s o  

found t o  be doubly l a b e l e d ,  b u t  1 9 - e p i a j m a l i c i n e  (6b)  was o n l y  m a r g i n a l l y  d e t e c t a b l e .  1%- -- 
I n  a  second exper iment lgb  [ 1 4 ~ ] - t r y p t a m i n e  was i n c o r p o r a t e d  i n t o  a j m a l i c i n e ,  1 9 - e p i a j m a l i c i n e  And 

t e t r a h y d r o a l s t o n i n e  t o  t h e  e x t e n t  o f  11.9%, 0.35% and 4.5%, r e s p e c t i v e l y  ( r a t i o  1:0.03:0.38), 

w h i l s t  [ 3 ~ , 1 4 ~ ] - c a t h e n a m i n e  gave 3.8%, 7.1% and 1.3% ( r a t i o  1:1.9:0.35) ,  s i m i l a r  t o  t h a t  ob ta ined  

b y  S t k k i g t  e t  a1.6 Thus t r y p t a m i n e  and g e i s s o s c h i z i n e  form a j m a l i c i n e  and i t s  isomers i n  a  
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H-19 H-20 - - 
% B  B 
% a  B 
$ a  a 

Scheme 5 

"na tu ra l "  r a t i o  wh i le  ca thenmine behaves "abnormally" i n  forming 19-ep ia jmal ic ine  which has never 

been repor ted as a natura l  a l k a l o i d  from C. roseus. The i s o l a t i o n  o f  t h i s  compound from Corynanth6 

m a y ~ m b e n s i s ~ ~  nevertheless demnst ra tes  i t s  presence i n  Nature. The s i t u a t i o n  i s  f u r t h e r  cornpli- 

cated by a  recent pub l i ca t i on  desc r i b i ng  the c e l l - f r e e  conversion o f  geissoschiz ine t o  19-epi- 

a jmal ic ine .  22b 

The incorpora t ion  o f  geissoschiz ine i n t o  a jma l i c i ne  was found t o  f l uc tua te  over a  wide range 

between 5.10%. and occas iona l ly  ( f o r  unknown reasons) up t o  70%.lga The low incorpora t ions  of 

t ryptamine i n t o  geissoschiz ine (compared w i th  a jma l i c i ne )  and of geissoschiz ine i n t o  a jmal ic ine  

(compared w i t h  t ryptamine as subst ra te)  are presumably a  r e s u l t  of enzyme-bound geissoschiz ine 

being r a p i d l y  turned over t o  a jmal ic ine  



I n c u b a t i o n  tlme i m i n )  

FIGURE 1 .  I n c o r p o r a t i o n  of g e i s s o s c h i z i n e  and t ryp tamine  i n t o  a j m l i c i n e  and 

14 
isomers.  I n c u b a t i o n s  were c a r r i e d  o u t  w i t h  a  m i x t u r e  o f  2 uCi 12- C]- t rypta-  

3  mine (4.0 uM) and 15 &i [ a r y l -  H I -ge issosch iz ine  (2 .0  uM) a t  37°C i n  0.05 M 

c i t r a t e  buf fered s o l u t i o n  (pH 7 .2 )  c o n t a i n i n g  10 mM mercaptoethanol ,  20 mM 

NADP, and 4.0 uM secologanin.  A l k a l o i d s  were i s o l a t e d  a t  i n t e r v a l s  and 

p u r i f i e d  by t l c  systems (CHC13/MeOH, 85:15; hexane/acetoneld iethy lamine,  

7:2:1; CHC13/acetone/hexane, 5:4:8) .  A j m a l i c i n e  and g e i s s o s c h i z i n e  i n  each 

case were r e c r y s t a l l i z e d  r e p e a t e d l y  (minimum 4 t i m e s )  t o  c o n s t a n t  s p e c i f i c  

a c t ~ v l  t y  w i t h  t h e  a u t h e n t i c  compounds 
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The in terconvers ion o f  cathenamine and ge issosch i r ine  has been examined by incubat ing  labeled 

geissoschiz ine w i t h  the  C.  roseus enzymes and t rapp ing the cathenarnine formed as i t s  El-cyano 

a d d u ~ t , ' ~  o r  by i s o l a t i o n  o f  geissoschiz ine w i t h  cathenarnine as substrate.  Nei ther o f  these 

t rapp ing experiments gave completely conclusive r e s u l t s .  

Several mechanisms f o r  the conversion of geissoschiz ine t o  ajrnal ic ine have been considered 

(Scheme 6 ) .  

A. N-ox~de mediation 

B. Concerted mechanism 

C. Stepwise mechanism 

Scheme 6 



The N-oxide mechanism (A)  was f i r s t  p o s t u l a t e d  t o  l i n k  g e i s s o s c h i r i n e  w i t h  cathenamine. The con- 

c e r t e d  mechanism ( B ) ,  shou ld  g i v e  r i s e  t o  t e t r a h y d r o a l s t o n i n e  and 1 9 - e p i a j m a l i c i n e .  Mechanism C 

i n v o l v e s  p r o t o n  a t t a c k  a t  C-20 on  t h e  fi face (+ a j m a l i c i n e )  o r  a t  t h e  re face (+ t e t r a h y d r o -  

2  a l s t o n i n e ) .  Recent work w i t h  H  l a b e l e d  ge issosch iz ine22b  appears t o  suppor t  mechanism A, b u t  i n  

o u r  hands t h e  main p roduc t  o f  t h e  r e a c t i o n  i s  a j m a l i c i n e ,  n o t  t h e  19-epimer. 

The r o l e s  o f  g e i s s o s c h i z i n e  and cathenamine as t r u e  i n t e r m e d i a t e s  i n  t h e  n a t u r a l  syn thes is  o f  t h e  

ma jo r  a l k a l o i d s  a r e  s t i l l  somewhat obscured by t h e  d i f f e r i n g  r e s u l t s  viva and 5 W o  and, as 

i n  o t h e r  pathways, these d i f f e r e n c e s  c o u l d  be exp la ined  by i n v o l v i n g  a  metabo l i c  g r i d  o r  c o u l d  be 

due t o  v a r i a t i o n s  i n  the  c e l l  l i n e s  o f  C. roseus.  F u r t h e r  work i s  o b v i o u s l y  needed i n  t h i s  d i f f i -  

c u l t  area.  

N o n s p e c i f i c i t y  o f  t h e  A l k a l o i d  Synthetase System 

I n  s p i t e  o f  t h e  s p e c i f i c i t y  o f  t r y p t a m i n e  compared w i t h  t ryptophan,  t h e  enzyme system can t o l e r a t e  

s u b s t i t u t i o n s  on  t h e  i n d o l e  r i n g .  Thus t r y p t a m i n e  analogs w i t h  4-,  5.. 6-, 7-methyl -  and 5 - f l u o r o -  

s u b s t i t u t i o n  were conver ted  t o ,  presumably, a j m a l i c i n e  analogs which gave r e d  and p u r p l e  c o l o r s  

( i n s t e a d  o f  y e l l o w  as f o r  t h e  n a t u r a l  Corynanthe a l k a l o i d s )  w i t h  c e r i c  amnonium s u l f a t e  spray.  19a 

Imnuno-posi t ive substances were a l s o  de tec tedz6  when 5 - f luo ro ,  6 - f luo ro - ,  5-hydroxy-, 5-methoxy- 

and 7-methyl - t ryptarn ine were used as s u b s t r a t e .  Th is  n o n s p e c i f i c i t y  can be e x p l o i t e d  t o  syn thes ize  

a l k a l o i d  analogs which m i g h t  have d i f f e r e n t  pharmacological  va lue .  

The Miss ing  L i n k  between Corynanth6 and Other A l k a l o i d s  

3 3 I n  v i v a  feed ing  experiments21c have shown t h a t  [0-methyl -  H ,a ry l -  H I - g e i s s o s c h i z i n e  i s  con- -- 
v e r t e d  t o  akuammicine 27 (S t rychnos) ,  v i n d o l i n e  8 (Aspidosperma), and c a t h a r a n t h i n e  9 (Iboga). -- 

2 
[ A r y l -  H I - g e i s s o s c h i z i n e  was a l s o  i n c o r p o r a t e d  i n t o  akuammicine 27 and c o r o n a r i d i n e  28 as shown 4 -- 
by mass s p e c t r o m e t r i c  a n a l y s i s .  27 

U n f o r t u n a t e l y ,  C. roseus t i s s u e  c u l t u r e  ( u n t i l  r e c e n t l y )  has n o t  produced s u b s t a n t i a l  a m u n t s  o f  

the  a l k a l o i d s  beyond t h e  Corynanth6 type .  Attempts t o  demonstrate t h e  c e l l - f r e e  convers ion  of 

g e i s s o s c h i z i n e  t o  l a t e r  a l k a l o i d s  have been so f a r  uhsuccessfu l  w i t h  whole p l a n t s ,  thus  l e a v i n g  

v a r i o u s  h y p o t h e t i c a l  pathwayszTb un tes ted .  T h i s  s i t u a t i o n  has r e c e n t l y  been changed by t h e  d i p -  

covery  o f  % a l k a l o i d s  i n  a  c e l l  l i n e  o f  C. roseus.3 F u r t h e r  developments can now be a n t i c i -  

pated.  
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V i n b l a s t i n e  

A major component a f  t h e  e f f o r t  spent  on i n d o l e  a l k a l o i d  r e s e a r c h  has been a?rned a t  an improved 

y i e l d  o f  v i n b l a s t i n e  (VLB; 29)  and v i n c r i s t i n e  (VLC; 30) ,  t h e  two most e f f e c t i v e  a n t i n e o p l a s t i c  -- .- 
p l a n t  products,  which have n a t u r a l  abundance a t  p a r t s  per  m i l l i o n .  

Al though v i n d o l i n e  8 and c a t h a r a n t h i n e  9  had l o n g  been assumed t o  be t h e  p r e c u r s o r s  f o r  VLE, - 
v i v o  feed ing  r e F u l t s  were o n l y  m a r g i n a l l y  p o s i t ~ v e  (0.005%).  28'2g However, t h e  d i s c o v e r y  o f  an 

u n s t a b l e  d i m e r i c  a l k a l o i d ,  a n h y d r o v i n b l a s t i n e  ( 3 1 ) ,  i n  these  feed ings  suggested t h e  l a t t e r  as an .- 
14 i n t e r m e d i a t e .  The i n c o r p o r a t i o n  o f  [ a c e t y l -  C ] - v i n d o l i n e  in to  .1VLEwaS i n c r e a s e d  t o  2.63% when a  

supplement o f  c a t h a r a n t h i n e  ( 9 )  w a s  added t o  t h e  f e e d i n g  s o l u t i o n ,  i m p l y i n g  t h a t  an enr i ched  

c a t h a r a n t h i n e  pool i s  e s s e n t i a l  f o r  the  i s o l a t i o n  o f  t h i s  compound (Tab le  3 ) .  S i m i l a r  i n c o r p o r a -  

38 t i o n s  o f  v i n d o l i n e  and c a t h a r a n t h i n e  I n t o  3! have been r e p o r t e d  by S t u a r t  e t  a l .  



Table 3. I nco rpo ra t i on  of  V indo l ine  8  and Catharanthine 9  i n t o  ~ im; r i c  . - 
A lka lo i ds  i n  C. roseus P lan ts  

a l k a l o i d  i s o l a t e d  ( %  incorpn)  
feeding t ime, anhydro- l eu ros i ne  

expt .  precursor days VLB (31) VLB (28) (32) 

1  [ a ~ y l - ~ ~ l - g ~  - 7  0.037 0.005 0.072 

3  b  2  [-C02C H3]-9 6  0.031 0.001 0.055 

3  3  [-C02C ~ ~ 1 - 9 ~  9 0.47 

14 d  4  [ ace t y l -  Cl-8 7  0.04 0.005 0.13 
" 

14 5  [ ace t y l -  CI-8 + ge 6f 2.63 -0.005 0.50 

a  3  
Prepared by t reatment of  ca tharan th ine  hydroch lo r ide  (30 mg) i n  H20 (0.1 

mL, 100 mCi)/H20 (0.09 mL) w i t h  (CF3C0)20 (0.93 mL)  (5"C, 5  h ) ;  14 mg 
7  

(6.6 x  10 dpmlmg) were fed t o  4  shoots of  C.  roseus fo l lowed by i s o l a t i o n  

and d i l u t i o n  w i t h  32, 29 and 5; and c r y s t a l l i z a t i o n  t o  cons tan t  a c t i v i t y .  -- 
b ~ r e p a r e d  by hyd ro l ys i s  o f  ca tharan th lne  (KOH-EtOH, r e f l u x ,  8 h )  and re- 

7 e s t e r i f i c a t i o n  (DMF/T20/CH2N2/Et20); 13.6 mg (6.99 x  10  dpmlrng) were 

administered as descr ibed i n  footnote a. 

'AS i n  f oo tno te  b  bu t  longer  feeding t ime.  

d ~ i n d o l i n e  (100 mg) hydrolyzed w i t h  concentrated HC1 ( 3  mL) ( 5  min, r e f l u x )  
14 and the  p u r i f i e d  deacety l  compound (21 mg) r eace t y l a t ed  w i t h  [I- C]-Ac20 

7  (250 uC i )  i n  d r y  py r i d i ne ;  6.5 mg (2.13 x  10 dpmlmg) were administered as 

i n  f oo tno te  a. 

7  
e ~ s  i n  footnote d  us ing  11.8 mg (5.71 x  10 dpmlmg) w i t h  the  a d d i t i o n  o f  

ca tharan th ine  (11 mg). 

f ~ o t a l  workup t ime, 3  h. 

Owing t o  the  f a c i l e  o x i d a t i o n  of  anhydrov inb las t ine  t o  l eu ros i ne  (32) i n  a i r , 3 0  feeding i t  t o  the -- 
3  i n t a c t  p l a n t  proved u n f r u i t f u l .  However, feed ing  of  121 ' -  H I -anhydrov inb las t ine  t o  t h e  c e l l - f r e e  

system gave cons i s t en t  incorporations o f  between 1.3 and 1.9% i n t o  v inb las t ine .31  A s i m i l a r  r e s u l t  

has a l s o  been repo r t ed  by Kvtney e t  a].?' who have developed a  c e l l  f ree  e x t r a c t  capable o f  f o n i n g  
32,39 v i n d o l i n e  f rom t ryp tamine  . 

The t ransformat ion of  23 t o  v i n b l a s t i n e  can be regarded as a r i s i n g  by a )  d i r e c t  hyd ra t i on  of t h e  

15',20' double bond, b )  o x i d a t i o n  t o  2: fo l lowed by r educ t i ve  opening of  the  15',20' epoxide, 

c )  r educ t i on  t o  deoxyv inb las t ine  (55)  fo l lowed by hyd roxy l a t i on  o r  d )  r educ t i on  t o  deoxy leuros i -  

d i ne  (34) fo l lowed by Polonovski t ype  e l i m i n a t i o n  of  t h e  corresponding N-oxide a f f o r d i n g  the  -- 
A ~ " ~ ' ~ '  enam;ne which i s  then ox id ized .  While sequence <has  been c a r r i e d  o u t  chemical ly ,  33 

e f f o r t s  t o  e f f ec t  hyd ra t i on  o f  the  15' ,20 '  double bond under a  v a r i e t y  of  cond i t i ons  have been 

unsuccessful .  
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C H 3 0  OAc 

R 3  C02Me 

? V L B  RI = O H .  R 2 = E t .  R 3 = C H 3 .  R 4 = H  

20 VLC RI = O H :  R2 = E l .  R 3  'CHO. R 4 = H  

31 AnhydroVLB RI  = E l :  R 3 = C H 3 ;  R L ; H :  ,IS.20' 

L2 Lcurosine Rl = E l ;  R 2  - R L =  , R 3 = C H 3  

23 OcoxyVLB R l = H .  R 2  = E l ;  R 3 = C H 3 ,  R 1 = H  

3-4 Deoxyleurosidnne RI  = E l :  R 2  = H ;  R 3  = C H ~ ;  R~ ;H 

25 Rl = E l .  R J  =CHI; R 4  = H .  A ~ ~ , ~ "  

Scheme 8 

3 3 
Whereas [21'-  HI- leurosine i s  no t  incorporated i n t o  v i n b ~ a s t i n e , ~ ~  [ a r y l -  HI-deoxyleurosidine i s  

incorporated t o  the  ex tent  o f  0.6% by i n t a c t  p lan ts .35 While the l a t t e r  r e s u l t  i s  i n d i c a t i v e  of 

sequence d i n  vivo, i t  should be noted t h a t  [acetyl-C~~~~~~]-deoxyleurosidine showed approximately 

3 h a l f  the above incorpora t ion  i n  t h i s  system. When [21 ' -  H,acetyl-CH~~~COI-anhydrovinblastine was 

fed t o  c e l l - f r e e  preparat ions a drop i n  1 4 c 1 3 ~  r a t i o  from 1/10 ( f o r  anhydrovinblast lne) t o  1/22 

( f o r  v i nb las t i ne )  was observed.34 Although the observed l a b i l i t y  o f  the acety l  group of 31 -- and 34 -- 
i n  v i v o  may merely r e f l e c t  the presence o f  a "on-speci f ic  acylase, the  p o s s i b i l i t y  o f  desacetyl -- 

precursors being invo lved i n  a b iosynthet ic  g r i d  cannot be ignored. Obviously, f u r t h e r  m u l t i p l e  

labe led experiments a re  requ i red t o  s e t t l e  t h i s  po in t  

Since v indo l i ne  and catharanthine, which are r e a d i l y  ava i l ab le  as the major a l ka lo ids  of C.  roseus, 

can be chemical ly coupled by the modified Polonovski r eac t i on  and reduced t o  anhydrovinblast ine i n  

good the enzymatic hydra t ion  of t h i s  compound may prove important as a f i n a l  step i n  

the  fu ture  product ion of the  dimeric ant i tumor a l ka lo ids .  



Prepara t ion  o f  crude enzyme system was c a r r i e d  o u t  as p r e v i o u s l y  i n d i c a t e d . '  The p l a n t  m a t e r i a l  

was homogenized (Omnimixer) w i t h  e i t h e r  0.05 M t r i s  o r  phosphate b u f f e r  a t  pH 7.0 i n  t h e  p r o p o r t i o n  

o f  1  :3  ( w l v )  and i n  the  presence o f  10 mM 3-rnercaptoethanol and P o l y c l a r  AT (50% b y  w e i g h t  o f  

p l a n t ) .  T h i s  can be o m i t t e d  when c a l l u s  o r  suspension i s  used. A f t e r  c e n t r i f u g i n g  a t  37,000 g  

f o r  20 min, t h e  supernatant  was used f o r  most o f  t h e  incuba t ions .  When necessary, t rea tment  w i t h  

a c t i v e  charcoal  ( 5  mg1100 ml superna tan t )  o r  gel  f i l t r a t i o n  through Sephadex 625 was used t o  

e l i m i n a t e  a l k a l o i d s  and c o f a c t o r s .  F r a c t i o n a t i o n  o f  t h e  g lycos idases  was c a r r i e d  o u t  by ge l  

f i l t r a t i o n  through U l t r o g e l  AcA 34. 

3 [ A r y l -  H I - g e i s s o s c h i z i n e  was prepared by c a t a l y t i c  i s o t o p i c  exchange o f  a romat i c  hydrogen atoms i n  

t r i t i a t e d  wate r  w i t h  t r i f l u o r o a c e t i c  a c i d  (48 h  a t  0°C). The t r i t i a t e d  p r o d u c t  was p u r i f i e d  by 

14  3  14 3  p r e p a r a t i v e  t i c .  [5- C,14- H I - S t r i c t o s i d i n e  and [5-  C.14- H I - v i n c o s i d e  were g i f t s  o f  D r .  C. R. 

14 3 Hutchinson.  [ 2 -  C1-Tryptamine was purchased f rom New England Nuclear .  [O-C H3]-Secologanin was 

3  
prepared by C  H2N2 t rea tment  o f  seco logan ic  a c i d  ob ta ined  by c a r e f u l  h y d r o l y s i s  o f  secologanin.  

3  [ HI -Anhydrov inb las t ine  was syn thes ized  by Polonovski  c o u p l i n g  o f  ca tharan th ine-Nb-ox ide  w i t h  

v i n d o l i n e  i n  t h e  presence o f  t r i f l u o r o a c e t i c  anhydr ide.  The p roduc t  was reduced by NaBT4. 
32 

I d e n t i f i c a t i o n s  o f  a l k a l o i d s  were c a r r i e d  o u t  by a t  l e a s t  two o r  more of t h e  f o l l o w i n g  chromato- 

g raph ic  systems. ( 1 )  TLC: ( a )  CHC13-MeOH ( 9 : 1 ) ,  ( b )  e t h e r ,  ( c )  acetone-pet .  e t h e r - d i e t h y l a m i n e  

(2:7:1) ,  ( d l  acetone-Me0H-diethylamine (7:2:1) ,  ( e )  CHC13-acetone-n-hexane (10:8:1.5). ( f )  7% MeOH 

i n  CHC13. Systems ( a ) ,  ( b )  and ( c )  were f o r  general  a l k a l o i d  separa t ion ,  ( d )  f o r  s t r i c t o s i d i n e  

and v incos ide ,  ( e )  f o r  a j m a l i c i n e  and isomers, ( f )  f o r  d i m e r i c  a l k a l o i d s .  ( 2 )  HPLC: ( 9 )  uC18, 

e l u t e d  w i t h  MeOH-H20 (55:45)  w i t h  0.14 M (NH4)2C03, f o r  Corynanthg a l k a l o i d s ,  ( h )  u - a l k y l p h e n y l ,  

MeOH-H20 ( 4 : l )  w i t h  0.14 M (NHq)2C03, f o r  d i m e r i c  a l k a l o i d s .  Except f o r  1 9 - e p i a j m a l i c i n e  and 

t e t r a h y d r o a l s t o n i n e ,  which were n o t  a v a i l a b l e  i n  s u f f i c i e n t  q u a n t i t i e s ,  i d e n t i t y  o f  a l l  o t h e r  

p roduc t  a l k a l o i d s  was conf i rmed by repeated c o - c r y s t a l l i z a t i o n  w i t h  a u t h e n t i c  samples t o  c o n s t a n t  

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