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Biotransformation - a useful tool in organic 
chemistry 

Abs t rac t  - Th is  r e v i e w  d iscusses  t h e  c h a r a c t e r i s t i c s ,  t h e  methodology and t h e  
a p p l i c a t i o n s  o f  b i o t r a n s f o r m a t i o n s  i n  o rgan ic  chemis t ry .  B io t rans fo rma t ions  have 
s u c c e s s f u l l y  been employed t o  i n t r o d u c e  c h i r a l  cen te rs ,  t o  r e s o l v e  racemates, t o  
conver t  a p a r t i c u l a r  f u n c t i o n a l  group among severa l  groups w i t h  s i m i l a r  
r e a c t i v i t i e s ,  t o  f u n c t i o n a l i z e  a nonac t i va ted  carbon r e g i o s e l e c t i v e l y  and t o  
conver t  l a b i l e  mo lecu les  due t o  t h e  m i l d  r e a c t i o n  c o n d i t i o n s  under which t h e y  
t a k e  p lace .  Design and r e a l i z a t i o n  o f  combined chemica l /b io techno log ica l  
syntheses r e q u i r e s  a c l o s e  i n t e r d i s c i p l i n a r y  c o l l a b o r a t i o n .  Successful  p r a c t i c a l  
examples a r e  discussed. I n  v iew o f  n a t u r e ' s  immense r e s e r v o i r  o f  enzyme 
a c t i v i t i e s  and t h e  s i g n i f i c a n t  development i n  modern b io techno logy ,  t h e  
a p p l i c a t i o n  p o t e n t i a l  o f  b i o t r a n s f o r m a t i o n s  i n  o rgan ic  chemis t r y  i s  by f a r  n o t  
y e t  exhausted. 

INTRODUCTION 

Chemical r e a c t i o n s  c a t a l y z e d  by  microorganisms o r  by enzyme p repara t i ons  de r i ved  f rom 
biomass a re  termed b io t rans fo rma t ions .  

Wi th  a m u l t i p l i c i t y  o f  c o n s t i t u t i v e  o r  i n d u c i b l e  enzymes, microorganisms a re  capable o f  
per fo rming  a vas t  number o f  chemical r e a c t i o n s  which a r e  e s s e n t i a l  f o r  m a i n t a i n i n g  t h e  
l i f e  f u n c t i o n s  o f  t h e  c e l l ,  i n c l u d i n g  growth and rep roduc t i on .  I n  f a c t ,  t h e r e  e x i s t s  an 
enzyme ca ta l yzed  e q u i v a l e n t  f o r  a lmost eve ry  t y p e  o f  chemical  r e a c t i o n  ( r e f .  1 ) .  M ic ro-  
organisms employ such enzyme c a t a l y z e d  r e a c t i o n s  which a r e  w e l l  o rgan ized i n  me tabo l i c  
pathways f o r  t h e  degrada t ion  o r  syn thes i s  o f  a g rea t  v a r i e t y  o f  chemical  compounds. Nu- 
t r i e n t s  a r e  degraded i n  c a t a b o l i c  pathways y i e l d i n g  energy and smal l  molecules as b u i l d i n g  
b locks  f o r  anabo l i c  metabol ism. The energy p rov ided  by exothermic deg rada t ion  steps i s  
needed f o r  t h e  maintenance o f  v i  abi  1 i t y  and t o  suppor t  endothermic anabo l i c  metabol i sm i n  
which a l l  t h e  c o n s t i t u e n t s  needed f o r  c e l l  growth and p ropaga t ion  a r e  syn thes ized.  

More than 2000 enzymes have been ca ta logued t i l l  now ( r e f .  2 ) .  Each o f  them accepts a c e r -  
t a i n  subs t ra te  and ca ta l yzes  a p a r t i c u l a r  r e a c t i o n  which u s u a l l y  rep resen ts  one s tep  i n  a 
me tabo l i c  pathway. Besides t h e i r  n a t u r a l  subs t ra tes ,  many enzymes a l s o  accept f o r e i g n ,  b u t  
s t r u c t u r a l l y  r e l a t e d  compounds, and thus  c a t a l y z e  "unna tu ra l "  r e a c t i o n s  w i t h  subs t ra tes  
s u p p l i e d  t o  t h e  medium. Reac t ion  p roduc ts  which a r e  n o t  f u r t h e r  degraded accumulate i n  t h e  
medium, f rom where t h e y  can be i s o l a t e d .  I n  t h i s  case, t h e  microorganism o r  one of i t s  
enzymes r e s p e c t i v e l y ,  a c t s  s imp ly  as a c a t a l y s t ,  med ia t i ng  t h e  s o - c a l l e d  b i o t r a n s f o r m a t i o n  
o f  a s u b s t r a t e  A y i e l d i n g  t h e  p roduc t  8. The scope o f  chemical r e a c t i o n  types  mediated by  
microorganisms i s  shown i n  Tab le  1 ( r e f s .  3 , 4 ) .  

TABLE 1. C l a s s i f i c a t i o n  o f  chemical r e a c t i o n  t ypes  ca ta l yzed  by enzymes 

Ox ida t i ons  Hydroxy la t ion ,  epox ida t i on ,  dehydrogenat ion o f  C-C bonds. 
Ox ida t i on  o f  a l c o h o l s  and aldehydes, o x i d a t i v e  degrada t ion  
o f  a l k y l ,  ca rboxya lky l  o r  oxoa lky l  cha ins ,  o x i d a t i v e  removal 
o f  subs t i t uen ts ,  o x i d a t i v e  deaminat ion,  o x i d a t i o n  o f  
he te ro - func t i ons ,  o x i d a t i v e  r i n g  f i s s i o n .  

Reduct ions 

H y d r o l y s i s  

Reduct ion  o f  o rgan ic  ac ids ,  aldehydes, ketones and hydro-  
gena t ion  o f  C=C bonds, r e d u c t i o n  o f  he te ro - func t i ons ,  dehy- 
d r o x y l a t i o n ,  r e d u c t i v e  e l i m i n a t i o n  o f  subs t i t uen ts .  

H y d r o l y s i s  o f  es te rs ,  amines, amides, lac tones ,  e the rs ,  l a c -  
tams e t c .  
Hyd ra t i on  o f  C=C bonds and epoxides. 

Condensat ion Dehydrat ion,  0- and N-acy la t i on ,  g l y c o s i d a t i o n ,  e s t e r i f i -  

I s o m e r i z a t i o n  M i g r a t i o n  o f  double bonds o r  oxygen f u n c t i o n s ,  racemiza t ion ,  

Format ion  o f  C - C  bonds o r  hetero-atom bonds. 

c a t i o n ,  1 a c t o n i z a t i  on, ami n a t i o n .  

rearrangements. 
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Innumerable b io t rans fo rma t ions  have been r e p o r t e d  and reviewed i n  t h e  l i t e r a t u r e  
( r e f s .  1,4-14). Several  o f  them have been a p p l i e d  s u c c e s s f u l l y  on a p r e p a r a t i v e  o r  even an 
i n d u s t r i a l  s c a l e  as favourab le  a l t e r n a t i v e s  t o  pure chemical methods o r  even as t h e  un ique 
access t o  c e r t a i n  u s e f u l  p roduc ts .  B io t rans fo rma t ion  techno logy  has proven t o  be an ad- 
d i t i o n a l  u s e f u l  t o o l  i n  s y n t h e t i c  o rgan ic  chemis t ry .  I n  t h i s  paper, t h e  advantages o f  
b i o t r a n s f o r m a t i o n s  over  chemical procedures w i l l  be reviewed and t h e i r  a p p l i c a t i o n  
p o t e n t i a l  w i l l  be i l l u s t r a t e d  w i t h  se lec ted  p r a c t i c a l  examples. 

CHARACTERISTICS OF BIOTRANSFORMATIONS 

Enzymes a re  b i o c a t a l y s t s  which acce le ra te  r e a c t i o n  r a t e  i n  t h e  same way as chemical  
c a t a l y s t s .  The s a l i e n t  f e a t u r e s  by which b i o c a t a l y s t s  a re  favourab ly  d i s t i n g u i s h e d  f rom 
common chemical  c a t a l y s t s  i s  t h e i r  h i g h  s p e c i f i c i t y ,  n o t  o n l y  w i t h  respec t  t o  t h e  r e a c t i o n  
they  c a t a l y z e  b u t  a l s o  w i t h  respec t  t o  t h e  s t r u c t u r e  and even t h e  s te reochemis t ry  o f  t h e  
subs t ra te  they  accept and t h e  produc t  they  form. Furthermore, h i g h  r e a c t i o n  r a t e s  a re  ob- 
t a i n e d  under m i l d  r e a c t i o n  c o n d i t i o n s  due t o  a s i q n i f i c a n t  decrease o f  t h e  a c t i v a t i o n  
energy o f  chemical r e a c t i o n s  i n  t h e  enzyme/substrate complex. 
t rans fo rma t ions  a re  summarized i n  t h e  f o l l o w i n g :  

Reaction specificity 
The c a t a l y t i c  a c t i v i t y  o f  an enzyme i s  u s u a l l y  l i m i t e d  t o  one 
i n g  a homogeneous produc t .  Th i s  means t h a t  no s i d e  r e a c t i o n s  
have t o  be expected as l ong  as o n l y  one enzyme i s  i n v o l v e d  i n  

The main advantages o f  b i o -  

s i n g l e  r e a c t i o n  t y p e  y i e l d -  
o r  by-produc ts  r e s p e c t i v e l y )  
a b i  o t rans fo rma t ion .  

Stereospecificity 
The r e a c t i o n  s i t e  o f  an enzyme rep resen ts  a complex, th ree-d imens iona l  and asymmetric en- 
v i ronment which enables t h e  enzyme t o  d i s p l a y  h i g h  s e l e c t i v i t y  w i t h  respec t  t o  i t s  sub- 
s t r a t e  and even t o  d i s t i n g u i s h  between d i f f e r e n t  stereochemical  c o n f i g u r a t i o n s  o f  sub- 
s t r a t e  molecules,  e.g. between t h e  enant iomers of a racemic subs t ra te .  Thus, enzymes a re  
capable o f  r e s o l v i n g  racemates by t rans fo rm ing  e x c l u s i v e l y  o r  a t  l e a s t  p r e f e r e n t i a l l y  one 
o f  t h e  e x i s t i n g  enant iomers.  - On t h e  o t h e r  hand, i f  an enzyme r e a c t i o n  g i v e s  r i s e  t o  a 
new cen te r  o f  asymmetry, t h e  stereochemical  c o n f i g u r a t i o n  o f  t h e  s u b s t i t u e n t s  i s  u s u a l l y  
s teered  i n  a way, t h a t  o n l y  one o f  t h e  p o s s i b l e  enant iomers i s  formed. The produc t  i s  
t h e r e f o r e  o p t i c a l l y  a c t i v e .  

Reg iospecificity 
I n  genera l ,  an enzyme a t t a c k s  i t s  s u b s t r a t e  a l s o  s p e c i f i c a l l y  w i t h  respec t  t o  t h e  p o s i t i o n  
where t h e  r e a c t i o n  takes  p lace .  Th is  ho lds  t r u e  even i f  severa l  groups o f  e q u i v a l e n t  o r  
s i m i l a r  r e a c t i v i t y  a re  p resent  i n  t h e  subs t ra te  molecule.  

Mild reaction conditions 
The a c t i v a t i o n  energy o f  chemical  r e a c t i o n s  i s  s i g n i f i c a n t l y  lowered by enzyme/substrate 
i n t e r a c t i o n s .  Thus, enzymes d i s p l a y  h i g h  c a t a l y t i c  a c t i v i t i g s  even under m i l d  r e a c t i o n  
cond i t i ons ,  i . e .  i n  aqueous media, a t  temperatures below 40 C,  a t  pH va lues  near neu- 
t r a l i t y  and a t  normal pressure.  Thus, t h e  harsh and energy consuming r e a c t i o n  c o n d i t i o n s  
used f o r  chemical  c a t a l y s i s  can be avoided and even l a b i l e  mo lecu les  can be conver ted  
w i t h o u t  undes i red  decomposi t ion o r  o t h e r  s i d e  r e a c t i o n s .  

As  i t  w i l l  be e x e m p l i f i e d  l a t e r ,  t h e  favourab le  c h a r a c t e r i s t i c s  o f  b i o t r a n s f o r m a t i o n s  d i s -  
cussed above p rov ide  t h e  o p p o r t u n i t y  t o  c a r r y  o u t  c e r t a i n  r e a c t i o n  s teps  which can h a r d l y  
be accomplished by chemical methods. However, i t  should a l s o  be mentioned t h a t  i n  compa- 
r i s o n  t o  chemical r e a c t i o n s  t h e  f o l l o w i n g  disadvantages o f  b i o t r a n s f o r m a t i o n s  have t o  be 
taken i n t o  account:  The necessary expend i tu res  f o r  t h e  development o f  a b i o t r a n s f o r m a t i o n  
process i n c l u d i n g  t h e  produc t  i s o l a t i o n  are  u s u a l l y  h igh ;  i n  most cases t h e  r e a c t i o n  t i m e  
i s  r a t h e r  long, t h e  subs t ra te /p roduc t  concen t ra t i ons  low and t h e  s t a b i l i t y  o f  t h e  b i o -  
c a t a l y s t  l i m i t e d .  These f e a t u r e s  a re  respons ib le  f o r  t h e  g e n e r a l l y  r a t h e r  h i g h  c o s t s  o f  
b i o t r a n s f o r m a t i o n  steps. 

METHODOLOGY OF BIOTRANSFORMATIONS 

Var ious  b io t rans fo rma t ions  have s u c c e s s f u l l y  been c a r r i e d  ou t  w i t h  b i o c a t a l y s t s  which a re  
commerc ia l l y  a v a i l a b l e ,  such as severa l  enzymes and Baker ’s  yeas t .  A comprehensive rev iew  
cove r ing  such b io t rans fo rma t ions  has r e c e n t l y  been pub l i shed  by Jones ( r e f .  1 ) .  C e r t a i n l y ,  
i t  i s  wor th  e s t a b l i s h i n g  whether a d e s i r e d  r e a c t i o n  s tep  can be mediated by a purchasable 
b i  o c a t a l y s t .  However, t h e  scope o f  commerci a1 l y  ava i  1 abl  e b i  o c a t a l y s t s  i s 1 i m i  t e d  and i n  
many cases i t  i s  necessary t o  search f o r  a mic roorgan ism ha rbour ing  a t a i l o r - m a d e  enzyme 
w i t h  which t h e  d e s i r e d  r e a c t i o n  can be accomplished. T h i s  r e q u i r e s  t h e  s k i l l s  o f  a m ic ro -  
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b i o l o g i s t .  I n  t h e  f o l l o w i n g ,  t h e  major techn iques  i n v o l v e d  i n  t h e  development o f  b i o t r a n s -  
fo rma t ion  processes w i l l  be b r i e f l y  summarized. More d e t a i l e d  rev iews  on t h e  methodology 
o f  b i o t r a n s f o r m a t i o n s  have been pub l i shed  by Leuenberger ( r e f .  3 )  and Goodhue ( r e f .  1 5 ) .  

The substrate 
A p r e r e q u i s i t e  o f  a success fu l  b i o t r a n s f o r m a t i o n  i s  t h e  c o n t a c t  between t h e  s u b s t r a t e  and 
t h e  enzyme. The i d e a l  s u b s t r a t e  should be r e a d i l y  s o l u b l e  i n  an aqueous medium and a b l e  t o  
pass t h e  c e l l  membrane w i t h o u t  e x e r t i n g  a t o x i c  e f f e c t  on t h e  b i o c a t a l y s t .  It i s  u s u a l l y  
f e d  t o  a c u l t u r e  o f  microorganisms neat  o r  as a s t e r i l e  concen t ra ted  s o l u t i o n .  The op t ima l  
growth phase f o r  f eed ing  and op t ima l  s u b s t r a t e  c o n c e n t r a t i o n  have bo th  t o  be determined 
ex per  i men t a 1 1 y . 
Subst ra tes  which a r e  n o t  r e a d i l y  s o l u b l e  i n  an aqueous medium a r e  d i s s o l v e d  i n  a r e l a -  
t i v e l y  non- tox ic ,  wa te r -m isc ib le  s o l v e n t  p r i o r  t o  t h e i r  a d d i t i o n  t o  t h e  c u l t u r e  (e.g. 
methanol, e thano l ,  e t h y l e n e  g l y c o l  , acetone, p ropy lene  g l y c o l  , d ime thy l  s u l f o x i d e )  . 
Another p o s s i b i l i t y  f o r  enhancing s o l u b i l i t y  i s  t o  add an e m u l s i f y i n g  agent. 

Subs t ra tes  which a f f e c t  growth o r  v i a b i l i t y  o f  microorganisms a r e  added t o  t h e  c u l t u r e  
o n l y  a f t e r  comple t ion  o f  growth.  They a r e  p r e f e r a b l y  dispensed semi -cont inuous ly  i n  smal l  
p o r t i o n s  o r  con t inuous ly  a t  a low r a t e ,  such t h a t  t h e i r  c o n c e n t r a t i o n  i n  t h e  r e a c t i o n  
medium remains low. 

I f  a b i o t r a n s f o r m a t i o n  o f  a s e l e c t e d  s u b s t r a t e  f a i l s  t o  g i v e  s a t i s f a c t o r y  r e s u l t s ,  a minor  
chemical m o d i f i c a t i o n  o f  t h e  s u b s t r a t e  shou ld  be considered, e.g. a d d i t i o n ,  removal o r  va- 
r i a t i o n  o f  a p r o t e c t i n g  group o r  change o f  t h e  o x i d a t i o n  s t a t e  o f  a f u n c t i o n a l  group. Such 
measures can improve t h e  p r o p e r t i e s  o f  t h e  subs t ra te ,  e.g. by i n c r e a s i n g  t h e  s o l u b i l i t y ,  
by decreas ing  t h e  t o x i c i t y ,  by improv ing  t h e  p e r m e a b i l i t y  t h rough  t h e  c e l l  membrane, by 
improv ing  t h e  a f f i n i t y  t o  t h e  enzyme o r  by reduc ing  t h e  s u s c e p t i b i l i t y  t o  undes i red  s i d e  
r e a c t i o n s .  

Selection of the biocatalyst 
U s u a l l y  a microorganism capab le  o f  c o n v e r t i n g  a s u b s t r a t e  A i n t o  a d e s i r e d  p roduc t  B has 
t o  be sought by means o f  a l a b o r i o u s  screen ing  where a broad v a r i e t y  o f  microorganisms 
( b a c t e r i a ,  act inomycetes,  f u n g i ,  y e a s t s )  a r e  t e s t e d  f o r  t h e i r  a b i l i t y  t o  per fo rm t h e  de- 
s i r e d  r e a c t i o n  w i t h  h i g h e s t  p o s s i b l e  y i e l d .  For  t h i s  purpose, pure  c u l t u r e s  o f  m ic ro -  
organisms a r e  i ncuba ted  i n  a s u i t a b l e  n u t r i e n t  medium. The compound t o  be conver ted  i s  
added d u r i n g  growth o r  a f t e r  comp le t i on  o f  growth and t h e  i n c u b a t i o n  i s  con t inued  f o r  1-7 
days. Samples a r e  removed and analyzed f o r  p roduc t  f o rma t ion .  

Pure c u l t u r e s  o f  microorganisms can be ob ta ined  f rom p u b l i c  c u l t u r e  c o l l e c t i o n s  o r  by  
i s o l a t i o n  f rom n a t u r a l  sources, e.g. f rom s o i l  samples. The p r o b a b i l i t y  o f  success can be 
inc reased i f  microorganisms a r e  s e l e c t e d  which a r e  known ( f r o m  persona l  exper ience o r  f rom 
t h e  l i t e r a t u r e )  t o  be capab le  o f  med ia t i ng  t h e  d e s i r e d  r e a c t i o n  t y p e  w i t h  s t r u c t u r a l l y  
r e l a t e d  c'ompounds. Va luab le  sources f o r  t h e  i d e n t i f i c a t i o n  o f  such b i o c a t a l y t i c a l l y  a c t i v e  
microorganisms have been compi led  f o r  va r ious  s u b s t r a t e  c lasses  ( r e f s .  13,141, f o r  
s t e r o i d s  ( r e f .  7 ) ,  f o r  n o n - s t e r o i d  c y c l i c  compounds ( r e f .  41, f o r  a lkanes, a c y c l i c s  and 
terpenes ( r e f .  81, f o r  a n t i b i o t i c s  ( r e f .  91, f o r  a l k a l o i d s  and n i t rogenous x e n o b i o t i c s  
( r e f .  l o ) ,  f o r  b i o a c t i v e  compounds i n c l u d i n g  p ros tag land ins  ( r e f .  11) and f o r  o p t i c a l l y  
a c t i v e  amino ac ids  and a-hydroxy ac ids  ( r e f .  12).  

Reaction systems 
Various r e a c t i o n  systems d i f f e r i n g  i n  t h e  c o n d i t i o n s  under which t h e  b i o c a t a l y t i c a l l y  
d r i v e n  r e a c t i o n  i s  r u n  have been s u c c e s s f u l l y  operated, p a r t l y  even on a t e c h n i c a l  sca le :  

Biotransformations with growing cultures The s u b s t r a t e  i s  added t o  t h e  growth medium a t  
t h e  t i m e  o f  i n o c u l a t i o n  o r  d u r i n g  a l a t e r  s tage o f  m i c r o b i a l  growth;  t h i s  means, t h a t  
growth and b i o t r a n s f o r m a t i o n  t a k e  p l a c e  simul taneous ly .  The most favourab le  moment f o r  
subs t ra te  a d d i t i o n  has t o  be de termined exper imen ta l l y .  The major  advantage o f  t h i s  
techn ique i s  i t s  ease o f  hand l ing ,  which makes i t  s u i t a b l e  f o r  l a r g e  s e r i e s  o f  sc reen ing  
exper iments.  I n c u b a t i o n  t imes  a r e  r e l a t i v e l y  s h o r t  and t h e r e  i s  t h e  p o t e n t i a l  f o r  
i n d u c t i o n  o f  t h e  d e s i r e d  enzyme a c t i v i t y  d u r i n g  growth i n  presence o f  t h e  subs t ra te .  On 
t h e  o t h e r  hand, i f  t h e  s u b s t r a t e  e x e r t s  an i n h i b i t o r y  e f f e c t  on m i c r o b i a l  growth, a d d i t i o n  
has t o  be postponed u n t i l  growth has ceased. 

Biotransformations with previously grown cultures I n  t h i s  case, t h e  processes o f  biomass 
( b i o c a t a l y s t )  p ropaga t ion  and b i o t r a n s f o r m a t i o n  a r e  separated. The microorganisms a r e  
f i r s t  c u l t i v a t e d  under op t im ized  growth c o n d i t i o n s  and t h e  biomass i s  then harves ted  by 
c e n t r i f u g a t i o n  o r  f i l t r a t i o n  and s t o r e d  i n  t h e  r e f r i g e r a t o r  ( i f  necessary ) .  As occas ion  
demands, t h e  a p p r o p r i a t e  amount o f  biomass i s  resuspended i n  a s imp le  " t r a n s f o r m a t i o n  
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medium" c o n s i s t i n g  u s u a l l y  o f  an aqueous b u f f e r  s o l u t i o n  w i t h  op t im ized  pH va lue  con- 
t a i n i n g  t h e  s o l u b i l i z e d  subs t ra te .  Sometimes i t  i s  adv i sab le  t o  a l s o  supp ly  an e a s i l y  met- 
a b o l i z a b l e  n u t r i e n t  such as glucose, i n  o rde r  t o  r e t a i n  v i a b i l i t y  and the reby  b i o c a t a l y t i c  
a c t i v i t y  o f  t h e  c e l l s  as l o n g  as poss ib le .  Such a c e l l  suspension i s  t hen  incubated  u n t i l  
maximum p roduc t  y i e l d  i s  ob ta ined.  T h i s  techn ique o f f e r s  t h e  f o l l o w i n g  advantages: growth 
and b ioconvers ion  can be independent ly  op t im ized,  g r o w t h - i n h i b i t o r y  e f f e c t s  o f  t h e  
s u b s t r a t e  o r  p roduc t  a r e  e l im ina ted ,  t h e  c e l l  ( b i o c a t a l y s t )  c o n c e n t r a t i o n  a f f o r d i n g  
optimum b ioconvers ion  can be ad jus ted  as des i red ,  t h e  r i s k  o f  i n f e c t i o n  by contaminant 
microorganisms d u r i n g  t h e  b i o t r a n s f o r m a t i o n  i s  reduced and p roduc t  i s o l a t i o n  i s  
f a c i l i t a t e d  due t o  t h e  s imp le  compos i t ion  o f  t h e  t r a n s f o r m a t i o n  medium. 

Baker ' s  y e a s t  i s  a cheap, commerc ia l l y  a v a i l a b l e  biomass which has been used s u c c e s s f u l l y  
f o r  many u s e f u l  b io t rans fo rma t ions ,  p a r t i c u l a r l y  f o r  va r ious  s t e r e o s p e c i f i c  r e d u c t i o n s  
( r e f s .  1, 16, 17 ) .  

Biotransformations with purified enzymes I f  t h e  permeabi 1 i t y  o f  t h e  s u b s t r a t e  th rough t h e  
c e l l  membrane i s  i n s u f f i c i e n t  o r  i f  undes i red  s i d e  ( o r  s e q u e n t i a l )  r e a c t i o n s  t a k e  p lace  
due t o  t h e  presence o f  o t h e r  enzyme systems, i t  i s  necessary t o  conduct t h e  b io t rans fo rma-  
t i o n  w i t h  a c e l l - f r e e  enzyme p repara t i on  o r  even w i t h  a p u r i f i e d  enzyme. Modern techn iques  
f o r  enzyme p u r i f i c a t i o n  have r e c e n t l y  been summarized by Jakoby ( r e f .  18 ) .  I n  genera l ,  
enzyme p u r i f i c a t i o n  processes a r e  r a t h e r  t e d i o u s  and expensive.  The c a t a l y t i c  a c t i v i t y  o f  
many enzymes i n v o l v e d  i n  a p p l i c a t i o n  o r i e n t e d  r e a c t i o n s  (such as ox idoreduc tases  o r  
k inases)  depends on t h e  a v a i l a b i l i t y  o f  s p e c i f i c  c o f a c t o r s  such as NAD(H), NADP(H), 
FAD(H2) o r  ADP/ATP. A s t o i c h i o m e t r i c  c o f a c t o r  consumption i s  o u t  o f  t h e  q u e s t i o n  because o f  
excess ive  cos ts .  Thus, methods f o r  e f f i c i e n t  c o f a c t o r  regenera t i on  have t o  be e s t a b l i s h e d  
i n  c o f a c t o r - r e q u i r i n g  c e l l - f r e e  systems, w h i l e  l i v i n g  c e l l s  a re  a b l e  t o  supp ly  and r e c y c l e  
t h e  necessary c o f a c t o r s  themselves. A1 though seve ra l  u s e f u l  methods r e g a r d i n g  t h e  
regenera t i on  o f  NAD(H), NADP(H) o r  AOP/ATP have been suggested ( r e f s .  19-22), and suc- 
c e s s f u l l y  a p p l i e d  i n  some p a r t i c u l a r  cases, c o f a c t o r  regenera t i on  i n  t e c h n i c a l  processes 
i s  g e n e r a l l y  s t i l l  a problem. Thus, h y d r o l y z i n g  enzymes (hydro lases)  which do n o t  need any 
c o f a c t o r s  have p r e f e r a b l y  been used so f a r .  

O f  severa l  thousand known enzymes ( r e f .  21, a few hundred have become commerc ia l l y  
a v a i l a b l e .  A comprehensive r e v i e w  on t h e  a p p l i c a t i o n  o f  enzymes i n  o rgan ic  syntheses w i t h  
p a r t i c u l a r  emphasis on commerc ia l l y  a v a i l a b l e  enzymes has r e c e n t l y  been pub l i shed  by Jones 
( r e f .  1 ) .  

Biotransformations with immobilized cells or enzymes 
and enzyme i m m o b i l i z a t i o n  have been desc r ibed  and tho rough ly  rev iewed i n  t h e  l i t e r a t u r e  
( r e f s .  23-26). The i m m o b i l i z a t i o n  methods can be c l a s s i f i e d  as f o l l o w s :  

A v a s t  number o f  techn iques  f o r  c e l l  

- Entrapment w i t h i n  t h e  l a t t i c e  o f  a c r o s s l i n k e d  polymer m a t r i x ,  e.g. po l ya -  

- Attachment t o  a w a t e r - i n s o l u b l e  c a r r i e r  m a t e r i a l  (e.g. DEAE-cellulose, con- 

c ry1  ami de ge l ,  a l g i  nate,  x-carrageenan, c e l l u l o s e .  

c a n a v a l i n  A, ion-exchange r e s i n s )  by p h y s i c a l  adso rp t i on  o r  i o n i c  o r  conva len t  
b i n d i n g  , 

e.g. g lu ta ra ldehyde  o r  po ly ( im inoethy1ene) .  
- Aggregat ion  by chemical  o r  p h y s i c a l  c r o s s l i n k i n g  w i t h  m u l t i f u n c t i o n a l  agents, 

With immob i l i zed  c e l l s  o r  enzymes i t  i s  easy t o  remove t h e  b i o c a t a l y s t  f rom t h e  r e a c t i o n  
b r o t h  and t o  use i t  r e p e a t e d l y  o r  t o  r e t a i n  i t  w i t h i n  t h e  r e a c t i o n  vesse l  and t o  run  t h e  
b i o t r a n s f o r m a t i o n  process con t inuous ly .  Furthermore, i m m o b i l i z a t i o n  procedures enhance i n  
many ins tances  o p e r a t i o n a l  s t a b i l i t i e s  o f  b i o c a t a l y s t s .  Among t h e  va r ious  methods o f  c e l l  
immob i l i za t i on ,  entrapment i n t o  po l ymer i c  m a t e r i a l s  has most f r e q u e n t l y  been used. Fo r  
example, Escher i ch ia  c o l i  c e l l s  w i t h  h i g h  aspar tase  a c t i v i t y ,  immob i l i zed  i n  p o l y a c r y l -  
amide ( re7 .  27)  o r  x-carrageenan ( r e f .  281, have been used i n  Japan s i n c e  1973 f o r  
con t inuous  i n d u s t r i a l  p roduc t i on  o f  L - a s p a r t i c  a c i d  f rom fumar i c  ac id .  Under op t im ized  
c o n d i t i o n s ,  t h e  aspar tase  a c t i v i t y  o f  E . c o l i  c e l l s  immob i l i zed  i n  n-carrageenan showed a 
h a l f  l i f e  o f  693 days r e f .  28).  

Biotransformations with liquid two-phase systems 
c e l l s  and enzymes d i s p l a y  t h e i r  a c t i v i t i e s  i n  aqueous media. S ince  enzymes a c t  on d i s -  
so l ved  subs t ra tes ,  t h e  b i o t r a n s f o r m a t i o n  o f  l i p o p h i l i c  subs t ra tes  i s  l i m i t e d  by t h e i r  
s o l u b i l i t y  i n  t h e  r e a c t i o n  medium. The s o l u b i l i t y  o f  l i p o p h i l i c  compounds i n  water can be 
improved t o  a c e r t a i n  e x t e n t  by t h e  use o f  de te rgen ts  o r  wa te r -m isc ib le  so l ven ts .  However, 
h i g h e r  concen t ra t i ons  o f  t h e  s o l u b i l i z e d  subs t ra te ,  t o g e t h e r  w i t h  t h e  s o l u b i l i t y  med ia to rs  
m igh t  i n h i b i t  o r  even po ison  t h e  b i o c a t a l y s t .  Such problems can be circumvented by adding 
a second, wa te r - immisc ib le  phase, e.g. a wa te r - immisc ib le  o rgan ic  s o l v e n t  w i t h  h i g h  s o l u -  
b i l i t y  f o r  t h e  l i p o p h i l i c  subs t ra te .  Thus, t h e  b i o c a t a l y s t  remains i n  t h e  aqueous phase, 
w h i l e  t h e  o rgan ic  phase serves as a r e s e r v o i r  f o r  t h e  l i p o p h i l i c  s u b s t r a t e  and produc t .  
The b i o t r a n s f o r m a t i o n  takes  p l a c e  e i t h e r  i n  t h e  aqueous phase where t h e  s u b s t r a t e  con- 
c e n t r a t i o n  i s  determined by i t s  s o l u b i l i t y  i n  water  o r  a t  t h e  i n t e r f a c e  between t h e  two 

I n  t h e i r  n a t u r a l  environment m i  c r o b i  a1 
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phases. An i d e a l  o rgan ic  s o l v e n t  used f o r  t h i s  purpose should be immisc ib le  w i t h  water,  
e x h i b i t  h i g h  s o l u b i l i t y  f o r  t h e  subs t ra te  and produc t  i n  ques t i on  and n o t  i n h i b i t  t h e  
a c t i v i t y  o f  t h e  b i o c a t a l y s t .  Examples o f  o rgan ic  so l ven ts  which have s u c c e s s f u l l y  been 
used f o r  such 1 i q u i d  two-phase systems a re :  n-alkanes, cyclohexane, to luene,  benzene, 
ch lo ro fo rm,  carbon t e t r a c h l o r i d e ,  methylene d i c h l o r i d e ,  e t h y l  o r  b u t y l  ace ta te  and d i e t h y l  
o r  d i b u t y l  e t h e r  ( r e f s .  29-32).  

I n  l i q u i d  two-phase systems w i t h  g r e a t  excess o f  t h e  o rgan ic  phase, t h e  r e a c t i o n  e q u i l i b -  
r i u m  o f  h y d r o l y t i c  enzymes can be s h i f t e d  f rom h y d r o l y s i s  t o  condensat ion.  Th is  opens f o r  
example t h e  p o s s i b i l i t y  o f  enzymat ic fo rma t ion  o f  es te rs ,  amides, pep t ides  o r  o f  enzymat ic 
po l ymer i za t i on  o f  sugars, n u c l e o t i d e s  e t c .  ( r e f s .  33,341. 

B io t rans fo rma t ions  c a r r i e d  o u t  i n  l i q u i d  two-phase systems o f f e r  t h e  f o l l o w i n g  advantages: 
( 1  
( 2 )  cont inuous slow r e l e a s e  o f  t h e  s u b s t r a t e  i n t o  t h e  aqueous phase, and w i thd rawa l  o f  t h e  
p roduc t  by t h e  o rgan ic  phase, ma in ta ins  t h e  b i o t r a n s f o r m a t i o n  and min imizes  i n h i b i t o r y  
e f f e c t s  on t h e  b i o c a t a l y s t ;  (3) easy phase separa t i on  f a c i l i t a t e s  t h e  recove ry  o f  t h e  
p roduc t  f rom t h e  o rgan ic  phase and t h e  repeated  use o f  t h e  b i o c a t a l y s t  i n  t h e  aqueous 
phase. 

h i g h  c o n c e n t r a t i o n  o f  l i p o p h i l i c  subs t ra te /p roduc t  i n  t h e  o rgan ic  phase; 

Isolation of biotransformation products 
B i o t r a n s f o r m a t i o n  p roduc ts  conta ined i n  t h e  r e a c t i o n  medium a r e  e i t h e r  recovered f rom t h e  
whole b r o t h  o r  f rom t h e  supernatan t  a f t e r  removal o f  t h e  biomass by f i l t r a t i o n  o r  
c e n t r i f u g a t i o n .  F i r s t  s teps  o f  p roduc t  i s o l a t i o n  aim a t  t h e  c o n c e n t r a t i o n  and/or 
f r a c t i o n a t i o n  o f  t h e  p roduc t .  Depending on t h e  p h y s i c a l  and chemical  p r o p e r t i e s  o f  t h e  
p roduc t  t o  be recovered and on t h e  chemical  compos i t ion  o f  t h e  whole b ro th ,  t h e  f o l l o w i n g  
methods a re  taken  i n t o  c o n s i d e r a t i o n :  e x t r a c t i o n ,  i o n  exchange, adso rb t i on  t o  po l ymer i c  
r e s i n s ,  p r e c i p i t a t i o n  and d i s t i l l a t i o n .  The r e s u l t i n g  raw p roduc t  can be f u r t h e r  p u r i f i e d  
by chromatographic techn iques ,  f r a c t i o n a t e d  d i s t i l l a t i o n ,  c r y s t a l l i z a t i o n ,  d e c o l o r i z a t i o n  
and d ry ing .  Small p roduc t  q u a n t i t i e s  can i n  many cases be r e a d i l y  ob ta ined  by a p p l y i n g  
p r e p a r a t i v e  gas chromatography o r  HPLC. An extended rev iew  on produc t  p u r i f i c a t i o n  f rom 
b i o t e c h n o l o g i c a l  processes has r e c e n t l y  been pub l i shed  by B e l t e r  e t . a l .  ( r e f .  3 5 ) .  

FIELDS OF APPLICATION 

Taking advantage of t h e  favourab le  p r o p e r t i e s  of b i o - c a t a l y t i c  processes (see  above), b i o -  
t rans fo rma t ions  have been employed t o  c a r r y  o u t  r e a c t i o n  s teps  which a r e  h a r d l y  o r  n o t  a t  
a l l  f e a s i b l e  by pure  chemical  methods. Typ ica l  s y n t h e t i c  problems which have been so lved 
s u c c e s s f u l l y  by b i o t r a n s f o r m a t i o n s  a r e  t h e  f o l l o w i n g :  

- I n t r o d u c t i o n  o f  a c h i r a l  cen te r  i n t o  a molecu le  - Reso lu t i on  o f  racemates 
- S e l e c t i v e  convers ion  o f  a p a r t i c u l a r  f u n c t i o n a l  group among severa l  groups 

- R e g i o s e l e c t i v e  f u n c t i o n a l i z a t i o n  o f  a s p e c i f i c  non -ac t i va ted  carbon - React ions  under m i l d  c o n d i t i o n s  

w i t h  s i m i l a r  r e a c t i v i t i e s  

I n  p r a c t i c a l  a p p l i c a t i o n s ,  a p a r t i c u l a r  b i o t r a n s f o r m a t i o n  s tep  l e a d i n g  f rom a s u b s t r a t e  A 
t o  t h e  d e s i r e d  p roduc t  B u s u a l l y  rep resen ts  a key r e a c t i o n  among chemical  r e a c t i o n  s teps  
i n  a s y n t h e t i c  pathway l e a d i n g  t o  a s p e c i f i c  t a r g e t  p roduc t .  Examples w i l l  be g i ven  below. 
I n  o t h e r  cases, b i o t r a n f o r m a t i o n s  a r e  used t o  b r i n g  about any h i g h l y  s p e c i f i c  m o d i f i c a t i o n  
o f  a r e l a t i v e l y  complex molecu le  y i e l d i n g  a new homogeneous produc t .  As an example, d rug  
analogs have been prepared i n  t h i s  way f rom known pharmaceu t i ca l l y  a c t i v e  compounds and 
subsequent ly eva lua ted  w i t h  respec t  t o  t h e i r  pharmaco log ica l  a c t i v i t y ,  t o x i c i t y  o r  pharma- 
c o k i n e t i c s  i n  comparison t o  t h e  o r i g i n a l  compounds. F i n a l l y ,  b i o t r a n s f o r m a t i o n s  have a l s o  
served as a model f o r  t h e  e v a l u a t i o n  o f  t h e  drug  metabol ism i n  mammalian organisms 
( r e f .  36). 

Introduction of chiral centers 
Most b i o t r a n s f o r m a t i o n s  desc r ibed  i n  l i t e r a t u v e  aim a t  t h e  i n t r o d u c t i o n  o f  o p t i c a l  
a c t i v i t y  i n t o  a molecule.  Th is  i s  achieved e i t h e r  by enzyme ca ta l yzed  convers ion  o f  a 
n o n - c h i r a l  s u b s t r a t e  i n t o  a c h i r a l  p roduc t  o r  by e n a n t i o s e l e c t i v e  convers ion  o f  o n l y  one 
o f  t h e  enant iomer ic  forms o f  a racemic s u b s t r a t e  r e s u l t i n g  i n  a r e s o l u t i o n  o f  t h e  racemate 
(see nex t  chap te r ) .  S t e r e o s e l e c t i v e  b i o t r a n s f o r m a t i o n  s teps  have o f t e n  been used f o r  rede-  
s i g n i n g  o p t i c a l l y  a c t i v e  n a t u r a l  p roduc ts  i n  t h e i r  n a t u r e - i d e n t i c a l  abso lu te  c o n f i g u r a t i o n  
as w e l l  as f o r  t h e  syntheses o f  va r ious  o p t i c a l l y  a c t i v e  pharmaceut ica ls  which may d i s p l a y  
t o t a l l y  d i f f e r e n t  a c t i v i t y / t o x i c i t y  p a t t e r n s  depending on t h e  abso lu te  c o n f i g u r a t i o n  a t  
t h e i r  c h i r a l  cen te rs .  I n  t h e  f o l l o w i n g ,  some s e l e c t e d  examples o f  i n d u s t r i a l  i n t e r e s t  w i l l  
be discussed. 
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L-Aspar t i c  a c i d  and L-mal ic  a c i d  by s t e r e o s p e c i f i c  condensat ion  o f  ammonia o r  water  t o  
fumar ic  ac id :  The asymmetric a d d i t i o n  o f  NH3 by Escher i ch ia  c o l i  w i t h  h i g h  aspar tase  
a c t i v i t y  ( r e f .  37) o r  o f  H20 by B rev ibac te r ium f l avum w i t h  h i g h  fumarase a c t i v i t y  ( r e f .  38) 
t o  t h e  double bond o f  f umar i c  a c i d  (1,  t i g .  1 )  y i e l d s  o p t i c a l l y  pure  L - a s p a r t i c  a c i d  ( 2 )  
o r  L -mal ic  a c i d  (31, r e s p e c t i v e l y .  IT des i red ,  L - a s p a r t i c  a c i d  can be decarboxy la ted  b y  
a c t i o n  o f  Pseudomznas dacunhae ( r e f .  39) y i e l d i n g  L -a lan ine  (4). 
Both b i o t r a n s f o r m a t i o n s  o f  f umar i c  a c i d  a r e  c a r r i e d  o u t  i n  Japan as cont inuous  processes 
on an i n d u s t r i a l  s c a l e  us ing  f i xed -bed  r e a c t o r s  c o n t a i n i n g  immob i l i zed  Escher i ch ia  c o l i  or 
Brev ibac te r ium f l avum c e l l s  ( r e f s .  37,381. M i c r o b i a l  p r o d u c t i o n  o f  L -a lan ine  f rom 
L - a s p a r t i c  a c i d  has a l s o  been e s t a b l i s h e d  as an i n d u s t r i a l  process ( r e f .  39) .  

f l  
HCCC 

1 - 

Escherichia coli +c ““2“ ~ - 
+ H2QL HCCC 

Brevibacterium 
f l a m  3 - 

Pseudmnas 

YCOOH = 
OH 

YnaH 
+ co2 

F i g .  1. Asymmetric b i o t r a n s f o r m a t i o n s  o f  f umar i c  a c i d  ( 1 )  

L -Pheny la lan ine  by  s t e r e o s p e c i f i c  condensat ion o f  ammonia and t rans-c innamic  a c i d  o r  by  
r e d u c t i v e  aminat ion  o f  pheny lpy ruv i c  a c i d  ( t i g .  2 ) :  L-Pheny la lan ine  (71 ,  a c o n s t i t u e n t  o f  
t h e  d iDeDt ide  sweetener asDartame, has been Droduced by asymmetric a d a i t i o n  o f  NH7 t o  t h e  
double’  bond of t rans -c innamic  a c i d  (i), c a t a i y z e d  by pheny ia lan ine  ammonia-lyase Prom 
Rhodotorula r u b r a e f .  40).  

COOH Pseudmnas ,/ 
\ /” or Escherichia coli 

fluorescens 

do 
4 6 - 

4 
H2° 

F i g .  2. P roduc t i on  o f  L -pheny la lan ine  ( 7 )  f rom non-ch i ra l  p recu rso rs .  

The same p roduc t  was e f f i c i e n t l y  ob ta ined  by r e d u c t i v e  aminat ion  o f  pheny lpy ruv i c  a c i d  
aminot rans ferase c o n t a i n i n g  s t r a i n s  o f  Pseudomonas f l uo rescens  ( r e f .  41 - c o l i  ( r e f .  42) .  Both processes have been r u n  c o n t i n u o u s l y  us ing  immobi l i zed  whole c e l l  
r e a c t o r s  and a r e  shown t o  be c o s t - e f f e c t i v e  processes f o r  L -pheny la lan ine  p roduc t i on  
( r e f s .  40,411. A s e r i e s  o f  o t h e r  L-amino ac ids  have a l s o  been produced by r e d u c t i v e  
aminat ion  o f  t h e  cor respond ing  a-ke toac ids  us ing  NADH-dependent L- leucindehydrogenase 
f rom B a c i l l u s  sphaer icus  i n  a membrane r e a c t o r  accord ing  t o  t h e  f o l l o w i n g  scheme ( r e f .  43)  

o r  Escher i ch ia  

Scheme 1 

a) R - - C - - C O O H + N H ~ +  +NADH __c R--C--C(XIH + H ~ O  +NAD 

II A 
0 

b) HCOO- + NAD 

NH2 - C02 + N A D H  

The second r e a c t i o n  where fo rmate  i s  o x i d i z e d  t o  C02 by  fo rmate  dehydrogenase f rom Candida 
b o i d i n i i  serves mere ly  f o r  t h e  regenera t i on  o f  t h e  c o f a c t o r  NADH which was c o v a l e n t 7  
a t tached  t o  po l ye thy lene  g l y c o l  (mo lecu la r  we igh t  10’000) i n  o rde r  t o  be r e t a i n e d  by t h e  
membrane . 
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A u s e f u l  b u i l d i n g  b lock  f o r  t h e  syntheses o f  o p t i c a l l y  a c t i v e  3 -hydroxy-caro teno ids  by  
s t e r e o s p e c i f i c  r e d u c t i o n  of 0x0- isophorone ( 8 ) :  The f o l l o w i n g  r e a c t i o n  sequence (l-!g. 3 )  
has  been c a r r i e d  o u t  on a t o n  s c a l e  i n  order- to p repare  (4RY6R)-4-hydroxy-2,2,6-tri- 
methylcyclohexanone (lo) ( r e f .  44) which rep resen ts  an op tTcaT ly  a c t i v e  key synthon f o r  
t h e  syntheses o f  n a t u r a l  3 -hydroxy-caro teno ids  e. g. (3R,3 'R) -zeaxanth i  n, (3R) -c ryp-  
toxan th in ,  (3S,3 'S) -as taxanth in  and s t r u c t u r a l l y  r e l a t e d  t e r p e n o i d  compoun& such as t h e  
p l a n t  growth FeguTators ( 6 S I - a b s c i s i c  a c i d  and (3S,5Ry6S)-xanthoxin as w e l l  as t h e  f l a v o u r  
compounds (3S,5R) -101 i o l  i de, (5R) - a c t i  n i d i o l  i d e  , T5RT-d ihydroac t i  n i d i o l  i d e  
theaspirone,-(6~)-dehydrovomifoTiol, ( 6 ~ , 9 ~ ) - b l u m e n T l  A and p i c r o c r o c i n e  (refs: 45,461 : 

(6S,9S) - 

&O 
H2/Raney-nickel )6. Baker's 50 or triisofxltyl- - w+ ~~~=~ u+ w -  HO 0 

yeast 

10 - 9 - 8 - 
F i g .  3. Synthes is  o f  (4R,6R)-4-hydroxy-2,2,6-trimethylcyclohexanone (10) as a c h i r a l  key 

synthon f o r  the-syEthesi s o f  o p t i c a l l y  a c t i v e  ca ro teno ids  a n d T e 1  a ted  na tu re -  
i d e n t i c a l  p roduc ts .  

I n  a f i r s t  step, t h e  doub le  bond o f  i nexpens ive  0x0- isophorone (8 )  i s  s t e r e o s p e c i f i c a l l y  
reduced w i t h  commerc ia l l y  a v a i l a b l e  Baker ' s  yeas t  y i e l d i n g  t h e  s z t u r a t e d  d i ke tone  (9 )  i n  
c r y s t a l l i n e  and o p t i c a l l y  pure  form. Subsequent chemical  r e d u c t i o n  o f  t h e  l e s s  h indz red  
ketogroup leads  t o  t h e  d e s i r e d  t rans -d ias te reomer i c  hydroxy-ketone (10) .  The chemical r e -  
d u c t i o n  i s  p r e f e r a b l y  c a r r i e d  o m  hydrogenat ion  i n  presence o f  a C c k e l  c a t a l y s t  o r  
w i t h  t r i i s o b u t y l a l u m i n i u m  as a reduc ing  agent. Small amounts o f  t h e  unders i red  cis- 
diastereomer can e a s i l y  be removed by chromatographic methods ( r e f .  44) .  

Two f u r t h e r  v e r s a t i l e  o p t i c a l l y  a c t i v e  b u i l d i n g  b l o c k s  a r e  (S)-3-methyl-r-butyrolactone 
and (S)-2-methyl-r.-butyrolactone. Both have been prepared wiTh h i g h  o p t i c a l  p u r i t y  by 
s t e r e o s p e c i f i c  r e d u c t i o n  o f  s u i t a b l e  unsa tu ra ted  precursors ,  ca ta l yzed  by Baker ' s  yeas t  o r  
Geotrichum candidum ( r e f .  47) .  They have been used f o r  t h e  syn thes i s  o f  a v a r i e t y  o f  o p t i -  
c a l l y  a c t i v e  compounds, i n c l u d i n g  n a t u r a l  v i t a m i n  E. Many o t h e r  cases o f  s t e r e o s p e c i f i c  
m i c r o b i a l  r e d u c t i o n  o f  s u b s t i t u t e d  doub le  bonds u s i n g  predominant ly  yeas ts  o r  f u n g i  have 
been r e p o r t e d  i n  l i t e r a t u r e .  

P repara t i on  o f  D-panto lac tone (12) by  s t e r e o s p e c i f i c  r e d u c t i o n  o f  2 -0x0-panto lac tone (11): 
D-pantothenic ac id ,  has e f f i c i e n t l y  been prepared by s t e r e o s p e c i f i c  r e d u c t i o n  o f  t h e  k e t o  
group o f  2-0x0-pantolactone (1  1 )  accord ing  t o  t h e  f o l l o w i n g  scheme ( r e f .  48) : 

Candida parapsilosis 

12 - 11 - 
F i g .  4. S t e r e o s e l e c t i v e  r e d u c t i o n  o f  2-0x0-pantolactone (fi) 

I n  a broad screening, Candida p a r a p s i l o s i s  has been i d e n t i f i e d  as t h e  mic roorgan ism p ro -  
v i d i n g  t h e  d e s i r e d  p roduc t  w i t h  h ighes t  c o n c e n t r a t i o n  and h i g h e s t  chemical  and o p t i c a l  
y i e l d .  Other microorganisms have been observed, which produce almost e x c l u s i v e l y  t h e  
oppos i te  L-enant iomer o r  m ix tu res  o f  bo th  enant iomers ( r e f .  49 ) .  

I n  a s i m i l a r  f a s h i o n  a s e r i e s  o f  o t h e r  ketones has s u c c e s s f u l l y  been reduced t o  o p t i c a l l y  
a c t i v e  a l coho ls .  I n  most cases yeas ts  o r  f u n g i  served as b i o c a t a l y s t s .  

M i c r o b i a l  t rans fo rma t ions  l e a d i n g  t o  o p t i c a l l y  a c t i v e  3-hydroxy-2-methyl propionic a c i d  
( 1 1 ) :  O p t i c a l l y  a c t i v e  3-hydroxy-2-methylpropionic a c i d  has been prepared w i t h  t h  e a i d  o f  
severa l  t ypes  o f  b i o t r a n s f o r m a t i o n s  ( F i g .  5): 

a)  S t e r e o s p e c i f i c  h y d r o x y l a t i o n  o f  i s o b u t y r i c  a c i d  (13)  by Pseudomonas p u t i d a  

b )  S t e r e o s p e c i f i c  h y d r a t i o n  o f  t h e  doub le  bond o f  m e t h a c r y l i c  a c i d  (14)  y i e l d s  

y i e l d s  (S) - -3-hydroxy-2-methyl propi o n i c  a c i d  ( r e f  . T O ) .  

t h e  (S)- o r  ( R ) - c o n f i g u r a t i o n  o f  3-hydroxy-2-methylpropionic a c i c d e p e n d i n g  
on t h e  s e l e c t z d  mic roorgan ism ( r e f .  51) .  
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E n a n t i o s e l e c t i v e  o x i d a t i o n  o f  p r o c h i r a l  2-methyl -1,3-propanediol  (1  5 )  w i t h  
Gluconobacter roseus  y i e l d s  (R)-3-hydroxy-2-methylpropionic - a c i d  ( r e f .  52) .  

S t e r e o s e l e c t i v e  r e d u c t i o n  o f  e t h y l  a - fo rmy lprop ionate  (16)  w i t h  Candida 
humicola y i e l d s  (R)-3-hydroxy-2-methylpropionic - a c i d  ( r 3 .  53) .  - 

or 

~ HO T O R  R = H or C2H5 

OCZH5 

0 

- 

- 15 0 0  
16 - 

F i g .  5. D i f f e r e n t  m i c r o b i a l  t r a n s f o r m a t i o n s  l e a d i n g  t o  (2)- o r  (5)-3-hydroxy- 
2 -methy lp rop ion ic  a c i d  

O p t i c a l l y  a c t i v e  3-hydroxy-2-methylpropionic a c i d  has been u t i l i z e d  as a u s e f u l  
b i f u n c t i o n a l  s t a r t i n g  m a t e r i a l  f o r  t h e  syntheses o f  innumerable o p t i c a l l y  a c t i v e  p roduc ts  
such as, n a t u r a l  v i t a m i n  E, l a s a l o c i d  A, r i f a m y c i n  S, monoensin and c a p t o p r i l  (see  
l i t e r a t u r e  c i t e d  i n  r e f .  53) .  

Asymmetric C-C-bond fo rma t ion :  Asymmetric condensat ion  o f  benzaldehyde (17)  and acet -  
a ldehyde (181 i s  mediated by t h e  yeas t  Saccharomyces c e r e v i s i a e  ( r e f .  5 4 T  The 
c o n d e n s a t i z  p roduc t  i s  (R)-l-hydroxy-l-phenylpropan-2-one (191 which serves a s  an 
i n t e r m e d i a t e  i n  t h e  syn thzs i s  o f  ( lR,2S)-ephedr ine (201, a n x u r a l  a l k a l o i d  f rom ephedra 
p l a n t s  w i t h  i n t e r e s t i n g  pharmacologicaT a c t i v i t i e s .  - 

Saccharqwces @ 
cerevisiae & -I ,c-cH3 ____c 

0 
I 

20 k 3  - 19 - 18 - 17 - 
F i g .  6. Synthes is  o f  (1:,2S)-ephedrine (20) 

The R-conf igured  c e n t e r  o f  asymmetry i n t r o d u c e d  by t h e  m i  c r o b i  a1 condensat ion induces t h e  
2s- tinfi figuration a t  t h e  new c h i r a l  c e n t e r  which a r i s e s  as a r e s u l t  o f  t h e  r e d u c t i v e  add i -  
t i o n  o f  methylamine (per fo rmed by chemical  methods). 

Another example f o r  asymmetric C-C bond fo rma t ion  i s  t h e  a d d i t i o n  o f  HCN t o  aldehydes 
mediated by o x y n i t r i l a s e ,  an enzyme which i s  r e a d i l y  a v a i l a b l e  f rom almonds and which 
accepts a broad range o f  aldehydes as subs t ra tes  ( r e f .  55) .  The r e s u l t i n g  o p t i c a l l y  a c t i v e  
cyanohydr ins  can be chemica l l y  conver ted  t o  c h i r a l  a-hydroxyacids,  aminoalcohols o r  
acy l  o i  ns . 

Gxynitrilase gH 
R-CI” +HCN _.) R -C-CeN 

I 
H ‘H from almonds 

F i g .  7. Format ion  o f  o p t i c a l l y  a c t i v e  cyanohydr ins  by o x y n i t r i l a s e  
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Resolution of racemates 
The a b i l i t y  o f  enzymes t o  d i s c r i m i n a t e  between enant iomers o f  a racemic m i x t u r e  has been 
f r e q u e n t l y  employed f o r  t h e  r e s o l u t i o n  o f  racemates, a task  which i s  d i f f i c u l t  t o  achieve 
by chemical methods. The maximum y i e l d  o f  t h e  d e s i r e d  enant iomer i n  a r e s o l u t i o n  process 
w i t h  2 enantiomers i s  l i m i t e d  t o  50 %. As i t  i s  u s u a l l y  n o t  acceptab le  t o  l o s e  t h e  r e -  
maining h a l f  o f  t h e  racemic subs t ra te ,  t h e  undes i red  enant iomer has t o  be r e c y c l e d  by 
racemisa t ion .  I n  most cases h y d r o l y t i c  enzymes (hydro lases)  a re  used t o  c a r r y  ou t  o p t i c a l  
r e s o l u t i o n  by e n a n t i o s e l e c t i v e  h y d r o l y s i s ;  t y p i c a l  subs t ra tes  a re  racemic es te rs ,  amines, 
amides, lac tones ,  N-acyl-compounds, hydanto ins  e t c .  I n  genera l ,  hydro lases  a re  easy t o  
handle, s ince  they  do n o t  r e q u i r e  any co fac to rs ,  e x h i b i t  good s t a b i l i t y  and accept a broad 
v a r i e t y  o f  subs t ra tes .  Several u s e f u l  hydro lases  a re  commerci a1 l y  a v a i l a b l e  and have been 
w ide ly  used f o r  o p t i c a l  r e s o l u t i o n s  on a p r e p a r a t i v e  sca le .  Examples a re  p i g  l i v e r  
es te rase,  chymotrypsin,  t r y p s i n ,  s u b t i l i s i n ,  papain and l i p a s e s  f rom d i f f e r e n t  o r i g i n  
( r e f .  1 ) .  However, i n  many cases i t  i s  s t i l l  necessary t o  search f o r  s u i t a b l e  m ic ro -  
organisms harbour ing  a ta i l o r -made  enzyme which i s  ab le  t o  hyd ro l yze  a g iven subs t ra te  
w i t h  h igh  enant iomer ic  s p e c i f i c i t y .  Several  i n d u s t r i a l l y  s i g n i f i c a n t  examples w i l l  be 
g iven below. 

Reso lu t i on  o f  racemic amino a c i d  d e r i v a t i v e s :  L-aminoacylase f rom A s p e r g i l l u s  oryzae has 
s u c c e s s f u l l y  been used f o r  t h e  e n a n t i o s e l e c t i v e  h y d r o l y s i s  o f  va r ious  racemic N - a c y l  amino 
ac ids  ( r e f .  56) .  Th i s  enzvme l i b e r a t e s  t h e  L-amino a c i d  w h i l e  t h e  remain inq  acvl-D-amino 
a c i d  can e a s i l y  be r e c y c l e d  by racemiza t i on  (F ig .  8a) .  L-Aminoacylase 
oryzae immobi l i zed  on DEAE-Sephadex has been used s ince  1969 f o r  t h e  
t u r e  o f  L -a lan ine ,  L-methionine, L -pheny la lan ine .  L - t ryp tophan and L - v a l i n e  on a 1000 1 
sca le  ( r e f .  5 7 ) .  A 0-amino-acylase has been found i n  S t r e  tomyces o l i vaceus  ( r e f .  58) .  
Another enzyme, namely hydantoinase (d ihyd ropy r im idase ) ,  !atalyses t h e  e n a n t i o s e l e c t i v e  
r i n g  c leavage o f  racemic amino a c i d  hydanto ins ,  which a re  a v a i l a b l e  cheaply v i a  t h e  
Bucherer syn thes is ,  y i e l d i n g  o p t i c a l l y  a c i t v e  N-carbamoyl amino ac ids .  The carbamoyl 
mo ie ty  can e a s i l y  be removed i n  presence o f  n i t r i t e  under a c i d i c  c o n d i t i o n s  y i e l d i n g  t h e  
o p t i c a l l y  a c t i v e  amino ac id .  Th is  r e a c t i o n  can a l s o  be c a r r i e d  o u t  enzymat i ca l l y  by means 
o f  a carbamoylase ( r e f .  59) .  The remain ing  enantiomer o f  t h e  amino a c i d  hydanto in  can be 
recyc led  by racemiza t i on  under a l k a l i n e  c o n d i t i o n s  ( F i g .  8 b ) .  

L-Amino Acid 
L -Am i noa c y 1 a s  e 

a )  Acyl-DL-Amino Acid 

Racemization 

D-Amino Acids 
HN02, HC1 
o r  c a  rbamoy 1 a s e  

N-Carbamoyl -D-Ami n o  Acid 

b )  DL-Amino Acid Hydantoins 
L-Amino Acid Hydantoin 

Racemization 
F i g .  8.  E n a n t i o s e l e c t i v e  h y d r o l y s i s  o f  Acyl-DL-amino ac ids  o r  DL-amino a c i d  hydanto ins  by 

L-ami noacyl  ase o r  D-hydantoi nase 

Hydantoinases w i t h  D - s p e c i f i c i t y  a r e  w i d e l y  d e s t r i b u t e d  among microorganisms and they  
u s u a l l y  accept a r e l a t i v e l y  broad spectrum o f  subs t ra tes  ( r e f .  60) .  D - s p e c i f i c  h y d r o l y s i s  
o f  racemic amino a c i d  hydanto ins  has been a p p l i e d  t o  t h e  p roduc t i on  o f  va r ious  D-amino 
ac ids  which a re  va luab le  c o n s t i t u e n t s  o f  semisyn the t ic  p e n i c i l l i n s  o r  cepha lospor ins .  
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On t h e  o t h e r  hand, a L - s p e c i f i c  hydro lase  f rom B a c i l l u s  b r e v i s  has been desc r ibed  and 
employed f o r  t h e  p roduc t i on  of L -g lu tamic  a c i d  f rom t h e  cor respond ing  OL-hydantoin 
( r e f .  61 ) .  A bac ter ium i s o l a t e d  from s o i l  was found t o  be s u i t a b l e  f o r  t h e  manufacture of 
a L-hydantoinase and a carbamoyl ase which hydro lyzes  t h e  N-carbamoyl -L - t ryp tophan under 
r e t e n t i o n  o f  t h e  abso lu te  c o n f i g u r a t i o n  ( r e f .  62 ) .  An analogous process has r e c e n t l y  been 
developed w i t h  a s t r a i n  i d e n t i f i e d  as F lavobacter ium sp. ( r e f .  63) .  Up t o  50 g o f  L - t r y -  
ptophan cou ld  be ob ta ined  per  l i t e r  o f  c u l t u r e  b r o t h  per  day. S ince  t h e  D-enantiomer was 
spontaneously racemized and r e c y c l e d  under s l i g h t l y  a l k a l i n e  fe rmen ta t i on  c o n d i t i o n s  (pH 
8,5), t he  convers ion  y i e l d  from DL-5-indolyl-methylhydantoin was almost 100 % ( r e f .  63 ) .  

A f u r t h e r  i n d u s t r i a l l y  s i g n i f i c a n t  process us ing  e n a n t i o s e l e c t i v e  h y d r o l y s i s  o f  an amino 
a c i d  p recursor  i s  t h e  manufacture o f  L - l y s i n e  f rom DL-2-aminohexane-6-lactam which i s  
s y n t h e t i c a l l y  a v a i l a b l e  from cyclohexanone. The yeas t  Cryptococcus l a u r e n t i i  hyd ro l yzes  
s e l e c t i v e l y  t h e  L- fo rm o f  t h e  racemic subs t ra te  and l i b e r a t e s  L - l y s i n e  ( r e f .  63 ) .  The 
remain ing  D-form can be e n z y m a t i c a l l y  racemized by a racemase f rom Achromobacter obae 
( r e f .  6 4 ) .  Thus, t h e  racemic s u b s t r a t e  can be conver ted  almost q u a n t i t a t i v e l y  i n t o  
L - l y s i n e  i n  a one-stage process employing bo th  microorganisms s imu l taneous ly  (F ig .  9, 
r e f .  65) .  

L-Lysine 

I=,:t%ioccus / 
DL-2-aminohexane-6-lactam 

t 1 D-2-aminohexane-6-lactam 

Achromobacter obae 

F i g .  9. P roduc t i on  o f  L - l y s i n e  from DL-2-aminohexane-6-lactam. 

Reso lu t i on  o f  racemates us ing  es terases  o r  l i p a s e s .  S t e r e o s p e c i f i c  e s t e r  hyd ro l yses  u s i n g  
es terases  o r  l i p a s e s  f rom va r ious  sources p r o v i d e  a power fu l  method f o r  t h e  p r e p a r a t i o n  o f  
c h i r a l  es te rs ,  c a r b o x y l i c  ac ids  o r  a l c o h o l s  by r e s o l u t i o n  o f  t h e  cor respond ing  racemic  
e s t e r .  Usefu l  enzymes which e x h i b i t  h y d r o l y t i c  a c t i v i t y  and enant iomer ic  s p e c i f i c i t y  w i t h  
a broad s t r u c t u r a l  range o f  racemic e s t e r s  a r e  chymotrypsin,  t r y p s i n ,  s u b t i l i s i n ,  p i g  
l i v e r  es te rase  and p i g  p a n c r a t i c  l i p a s e  ( r e f .  1 ) .  

L ipases  t u r n e d  o u t  t o  be a p a r t i c u l a r l y  u s e f u l  ca tegory  o f  enzymes; t h e y  accept a b road 
spectrum o f  subs t ra tes ,  i n c l u d i n g  l i p o p h i l i c  substances and i n  a d d i t i o n  they  a r e  
r e l a t i v e l y  s t a b l e  i n  aqueous and even i n  o rgan ic  media, where l i p o p h i l i c  substances can 
r e a d i l y  be processed. F o r  example, p o r c i n e  p a n c r e a t i c  l i p a s e  i s  s t a b l e  f o r  severa l  hours  
i n  to luene  o r  decanol even a t  1000 C ( r e f .  67 ) .  I n  a d d i t i o n ,  l i p a s e s  may d i s p l a y  a t o t a l l y  
d i f f e r e n t  s u b s t r a t e  spectrum i n  o rgan ic  media ( r e f .  68) o r  - even more impor tan t  - 
c a t a l y s e  r e a c t i o n s  t h a t  a r e  h a r d l y  p o s s i b l e  i n  water,  such as t r a n s e s t e r i f i c a t i o n ,  
e s t e r i f i c a t i o n  o r  am ino lys i s  ( r e f .  69 ) .  High r e g i o s e l e c t i v i t y  and s t e r e o s e l e c t i v i t y  have 
been observed w i t h  l i p a s e s  c a t a l y s i n g  t r a n s e s t e r i f i c a t i o n s  o r  e s t e r i f i c a t i o n s  i n  o rgan ic  
media. Fo r  example, yeas t  l i p a s e  o r  p o r c i n e  p a n c r e a t i c  l i p a s e  c a t a l y s e  h i g h l y  s te reo -  
s p e c i f i c  e s t e r i f i c a t i o n  o r  t r a n s e s t e r i f i c a t i o n s  i n  n e a r l y  anhydrous o rgan ic  so l ven ts .  I n  
t h i s  manner, a number of o p t i c a l l y  a c t i v e  a l coho ls ,  c a r b o x y l i c  ac ids  and t h e i r  e s t e r s  have 
been produced on a p r e p a r a t i v e  s c a l e  ( r e f .  70 ) .  

Regioselective conversion of a functional group among several groups with similar reactivities 

I n  c o n t r a s t  t o  chemical  methods, enzymes can d i f f e r e n t i a t e  between seve ra l  f u n c t i o n a l  
groups o f  s i m i l a r  r e a c t i v i t y  w i t h i n  t h e  same molecule.  They conver t  r e g i o s e l e c t i v e l y  o n l y  
one o f  t h e  a v a i l a b l e  f u n c t i o n a l  groups, a f f o r d i n g  a homogeneous produc t .  The c l a s s i c a  
example i s  t h e  b i o t r a n s f o r m a t i o n  steD used f o r  m r e  than 50 vears i n  t h e  t e c h n i c a l  

ch syn thes i s  o f  v i t a m i n  C ( r e f .  711, namely t h e  convers ion  o f  D - s o r b i t o l  t o  L i so rbose  wh 
i s  performed a t  h i g h  s u b s t r a t e  c o n c e n t r a t i o n  n e a r l y  q u a n t i t a t i v e l y  by Acetobac ter  
suboxydans ( F i g .  10).  Among t h e  6 hydroxy  groups o f  t h e  s u b s t r a t e  molecule,  m i c r o b i a l  
o x i d a t i o n  takes  p lace  e x c l u s i v e l y  i n  p o s i t i o n  2, y i e l d i n g  L - s o r b i t o l  w i t h o u t  any 
by-produc t .  
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F i g .  10. Reg iose lec t i ve  o x i d a t i o n  o f  D - s o r b i t o l  

Many a l t e r n a t i v e  r e g i o s e l e c t i v e  b i o t r a n s f o r m a t i o n s  have been proposed f o r  v i t a m i n  C 
syn thes i s  ( rev iew:  r e f .  72) .  Recent ly  an e legan t  procedure y i e l d i n g  2-0x0-L-gu lon ic  a c i d  
( t h e  immediate p recu rso r  o f  v i t a m i n  C) f rom D-glucose has been descr ibed.  I n  a f i r s t  
r e g i o s e l e c t i v e  b ioconvers ion  mediated by E r w i n i a  sp. g lucose i s  o x i d i z e d  t o  
2,5-dioxo-gluconate which i s  subsequent ly reduced r e g i o s e l e c t i v e l y  by Corynebacter ium sp. 
y i e l d i n g  pure  2-0x0-L-gu lon ic  a c i d  ( r e f .  73 ) .  By c l o n i n g  t h e  2,5-dioxo-gluconate reduc tase 
f rom Corynebacter ium sp. i n  E r w i n i a  h e r b i c o l a ,  a s t r a i n  has been cons t ruc ted  which 
conver t s  D-glucose d i r e c t l y  t o  2-0x0-L-gulonTc a c i d  ( r e f .  74) .  
Reg iose lec t i ve  o x i d a t i o n  o f  g l y c e r o l ,  y i e l d i n g  dihydroxyacetone, by Acetobacter s t r a i n s  
and i s o m e r i z a t i o n  o f  g lucose t o  f r u c t o s e  (doubled sweetening power) a re  two f u r t h e r  
examples f rom carbohydra te  chemis t r y  ( r e f .  75) .  Glucose isomerase i s  w i d e l y  d i s t r i b u t e d  
among microorganisms ( r e f .  76 ) .  Furthermore, r e g i o s e l e c t i v e  a c y l a t i o n  o f  carbohydra tes  and 
r e l a t e d  compounds (e.g. f o rma t ion  o f  monobutyryl  e s t e r s )  has been achieved by pro tease 
( s u b t i  l i s i n l - c a t a l y s e d  t r a n s e s t e r i f i c a t i o n  i n  anhydrous dimethyl formamide as t h e  r e a c t i o n  
medium ( r e f .  77 ) .  

L ipase from Chromobacterium viscosum and pro tease f rom B a c i l l u s  s u b t i l i s  ( s u b t i l i s i n )  a re  
capable o f  r e g i o s e l e c t i v e  e s t e r i f i c a t i o n  o f  d ihyd roxy  s t e r o i d s  i n  d r y  acetone. 
I n t e r e s t i n g l y ,  t h e  model compound 5-a-androstane 3R, 17B-d io l  was e x c l u s i v e l y  e s t e r i f i e d  
a t  t h e  OH-group i n  3 - p o s i t i o n  w i t h  t h e  l i p a s e ,  w h i l e  s u b t i l i s i n  showed marked pre ference 
f o r  t h e  C-17 OH-group ( r e f .  78) .  

Regioselective functionalization of a certain non-activated carbon 

By means o f  enzymat ic c a t a l y s i s  f u n c t i o n a l  groups can be r e g i o s e l e c t i v e l y  i n t roduced  a t  a 
s p e c i f i c  non -ac t i va ted  p o s i t i o n  i n  a s u b s t r a t e  molecule,  which i s  n o t  a t tacked  by chemical  
reagents .  Th is  i s  i m p r e s s i v e l y  i l l u s t r a t e d  by t h e  r e g i o s e l e c t i v e  h y d r o x y l a t i o n  o f  
s t e r o i d s :  depending on t h e  mic roorgan ism used, n e a r l y  eve ry  carbon atom i n  t h e  s t e r o i d  
ske le ton  can be r e g i o s e l e c t i v e l y  and even s t e r e o s e l e c t i v e l y  hydroxy la ted .  R e g i o s e l e c t i v e  
i n t r o d u c t i o n  o f  a doub le  bond by  enzymat i ca l l y  c a t a l y s e d  dehydrogenat ion i s  a l s o  f e a s i b l e .  
Besides h y d r o x y l a t i o n s  and dehydrogenat ions many o t h e r  m i c r o b i a l  m o d i f i c a t i o n s  o f  s t e r o i d s  
have been desc r ibed  i n  t h e  l i t e r a t u r e  and compi led  i n  u s e f u l  rev iews ( r e f s .  7,79,80). 
Since t h e  hormonal and o t h e r  b i o l o g i c a l  a c t i v i t i e s  o f  s t e r o i d s  depend on t h e i r  p roper  
f u n c t i o n a l i z a t i o n ,  m i c r o b i a l  t rans fo rma t ions  rep resen t  a un ique t o o l  i n  t h e  syn thes i s  of 
h i g h l y  va luab le  pharmaceut ica ls  f rom r e a d i l y  a v a i l a b l e  s t e r o i d  raw m a t e r i a l s  such as 
deoxycho l ic  a c i d  ( f rom animal b i l e )  , s t igmas te ro l  ( f rom soy beans) and d iosgen in  ( f rom 
Mexi can D i  ascorea p l  an ts  . 
For  example, t h e  a n t i i n f l a m m a t o r y  a c t i v i t y  o f  c o r t i c o s t e r o i d s  i s  dependent on an oxygen 
f u n c t i o n  a t  t h e  1 1 - p o s i t i o n  i n  t h e  s t e r o i d  ske le ton ,  which i s  i n t roduced  i n  an i n d u s t r i a l  
process by m i c r o b i a l  11 -hyd roxy la t i on  (F ig .  10).  

S t a r t i n g  f rom R e i c h s t e i n ' s  compound S which i s  r e a d i l y  access ib le  by chemical  deg rada t ion  
o f  d iosgen in  o r  s t i g m a s t e r o l ,  c o r t i s o l  i s  ob ta ined  by  110-hyd roxy la t i on  w i t h  C u r v u l a r i a  
l u n a t a  ( r e f .  81) .  Cor t i sone  i s  ob ta ined  f rom c o r t i s o l  by chemical  o x i d a t i o n .  Subsequent 
m d r o g e n a t i o n  o f  c o r t i s o l  o r  c o r t i s o n e  w i t h  A r th robac te r  s imp lex  y i e l d s  p redn iso lone  
o r  p redn isone r e s p e c t i v e l y .  These 1-dehydro d e r i v a t i v e s  o f  t h e  n a t u r a l  c o r t i c a l  hormones 
e x h i b i t  markedly i nc reased  a n t i i n f l a m m a t o r y  a c t i v i t y .  Another a n t i i n f l a m m a t o r y  agent, 
t r i  amci no1 one ( 9 a - f l  uoro-16a-hydroxypredni  so lone ) ,  i s  produced by 16 a-hydroxy l  a t i  on o f  
9 a - f l u o r o - c o r t i  s o l  mediated by Streptomyces roseochromogenes ( r e f .  8 2 ) .  Subsequent 
1-dehydrogenat ion y i e l d i n g  t r i a m c i n o l o n e  can aga in  be achieved by means o f  A r th robac te r  
simp1 ex. 
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F i g .  11 P repara t i on  o f  C o r t i s o l  and Cor t i sone  v i a  m i c r o b i a l  118 -hyd roxy la t i on  o f  
R e i c h s t e i n ' s  compound S.  F u r t h e r  m i c r o b i a l  1-dehydrogenat ion l eads  t o  Predn iso lone 
o r  Predni  sone. 

Mild reaction conditions 

As o u t l i n e d  above, b i o t r a n s f o r m a t i o n s  t a k e  p l a c e  under m i  I d  r e a c t i o n  c o n d i t i o n s  and a r e  
t h e r e f o r e  s u i t a b l e  f o r  t h e  convers ion  o f  l a b i l e  molecules.  Fo r  example, t h e  h y d r o l y t i c  
c leavage o f  t h e  s i d e  cha in  o f  p e n i c i l l i n  G i s  p r e f e r a b l y  c a r r i e d  ou t  by means o f  enzymat ic 
c a t a l y s i s .  The a p p r o p r i a t e  enzyme, p e n i c i l l i n - a c y l a s e ,  i s  found i n  Escher i ch ia  c o l i  and 
many o t h e r  microorganisms ( r e f .  8 3 ) .  The h y d r o l y s i s  p roduc t ,  6 -aminopen ic i l  l a n i c  a c i d  
serves as t h e  s t a r t i n g  m a t e r i a l  f o r  t h e  p r e p a r a t i o n  o f  many usefu l  semi -syn the t i c  
p e n i c i l l i n s .  Enzymatic h y d r o l y s i s  i s  s u p e r i o r  t o  chemical  h y d r o l y s i s ,  s i n c e  t h e  mild  
r e a c t i o n  c o n d i t i o n s  ( t o g e t h e r  w i t h  t h e  r e g i o s e l e c t i v i t y  o f  t h e  enzyme) guarantee a h i g h l y  
s e l e c t i v e  h y d r o l y s i s  o f  t h e  amide bond i n  t h e  s i d e  chain,  w i t h o u t  h y d r o l y t i c  opening o f  
t h e  R- lactam r i n g  which would des t roy  a n t i b i o t i c  a c t i v i t y .  

Some chemical  processes r e q u i r e  harsh r e a c t i o n  c o n d i t i o n s  which demand r e l a t i v e l y  l a r g e  
amounts o f  energy and may impa i r  t h e  environment.  I f  an a l t e r n a t i v e  b i o t e c h n o l o g i c a l  
p roduc t i on  process e x i s t s  a t  a l l ,  i t  i s  o f t e n  hampered by economical aspect,  a l t hough t  i t  
might  be advantageous w i t h  respec t  t o  env i ronmenta l  p r o t e c t i o n .  A r e c e n t  example r e a l i z e d  
i n  Japan e x e m p l i f i e s  t h e  s u b s t i t u t i o n  o f  a w e l l - e s t a b l i s h e d  l a r g e - s c a l e  chemical  process 
by a b io t rans fo rma t ion ,  namely t h e  h y d r a t i o n  o f  a c r y l o n i t r i l e  y i e l d i n g  acrylamide. A c r y l -  
amide, a p recu rso r  o f  va r ious  polymers, i s  a commodity chemical  produced wor ldwide  i n  an 
amount o f  about 100 '000 t o n s l y e a r .  Depending on t h e  procedure used, t h e  chemical h y d r a t i o n  
o f  a c r y l o n i t r i l e  i s  c a r r i e d  o u t  i n  presence o f  85 % s u l f u r i c  a c i d  a t  a tempera ture  o f  
900 C, f o l l o w e d  by n e u t r a l i z a t i o n  w i t h  ammonia o r  by pass ing  an a c r y l o n i t r i l e  s o l u t i o n  over  
a Raney copper c a t a l y s t  a t  about 1000 C ( r e f .  84) .  On t h e  o t h e r  hand, a nove l  process has 
r e c e n t l y  been developed i n v o l v i n g  n i t r i l e  hydra tase  f rom Pseudomonas c h l o r a p h i s  
( r e f s .  85,86) o r  Rhodococcus sp. ( r e f s .  86,871. N i t t o  Chemical I ndus t r y ,  Japan, i s  u s i n g  
t h i s  b i o t r a n s f o r m a t i o n  process f o r  t h e  manufacture o f  a c r y l o n i t r i l e  on a 4000 t o n s l y e a r  
s c a l e  s ince  1987 ( r e f s .  84,871. A s i m i l a r  enzymat ic h y d r a t i o n  process w i t h  a p o t e n t i a l  f o r  
i n d u s t r i a l  l a r g e - s c a l e  a p p l i c a t i o n  i s  t h e  p roduc t i on  o f  n i co t i namide  f rom 3-cyanopyr id ine  
mediated by n i t r i l e  hydra tase  f rom Rhodococcus rhodochrous ( r e f .  8 8 ) .  

CONCLUSIONS AND PROSPECTS 

Bio t rans fo rma t ions  can be a u s e f u l  t o o l  i n  o rgan ic  chemis t ry ,  p a r t i c u l a r l y  i n  cases where 
a p roduc t  i s  d i f f i c u l t  t o  o b t a i n  by  conven t iona l  chemical  methods, e.g. complex molecules 
i n c l u d i n g  asymmetric cen te rs  and m u l t i p l e  f u n c t i o n a l  groups. Successful  des ign  o f  combined 
chemical/biotechnological syntheses r e q u i r e s  c l o s e  c o l l a b o r a t i o n  o f  s p e c i a l i s t s  f rom bo th  
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d i s c i p l i n e s .  I f  a new b i o t r a n s f o r m a t i o n  has t o  be developed as a p a r t  o f  a novel  r e a c t i o n  
sequence, t h e  m i c r o b i o l o g i s t  has u s u a l l y  t o  c a r r y  o u t  an ex tens i ve  screen ing  i n  o rde r  t o  
i d e n t i f y  t h e  approp r ia te  microorganism. Subsequent b i o t e c h n i c a l  development work i nc ludes :  

- o p t i m i z a t i o n  o f  biomass c u l t i v a t i o n  and b i o t r a n s f o r m a t i o n  c o n d i t i o n s  (medium, 
temperature,  pH, p02, a g i t a t i o n ,  subs t ra te  feed ing  regime e t c .  1 

- s t r a i n  improvement by c l a s s i c a l  methods o r  by gene t i c  eng inee r ing  

- process eng ineer ing ,  i .e. des ign  and c o n s t r u c t i o n  o f  an approp r ia te  p roduc t i on  
f a c i  1 i t y  

- e l a b o r a t i o n  o f  an e f f i c i e n t  p roduc t  i s o l a t i o n  procedure 

- m i n i m i z a t i o n  o f  t h e  p roduc t i on  cos ts  

- s c a l i n g  up 

The chemist  has t o  supply t h e  s u b s t r a t e  t o  be sub jec ted  t o  b io t rans fo rma t ions ,  he may be 
i n v o l v e d  i n  a n a l y t i c a l  work and i n  p roduc t  p u r i f i c a t i o n  and f i n a l l y  he i s  respons ib le  f o r  
t h e  chemical  convers ion  o f  t h e  b i o t r a n s f o r m a t i o n  produc t  i n t o  t h e  d e s i r e d  t a r g e t  molecule.  
With respec t  t o  t h e  vas t  number o f  u s e f u l  b io t rans fo rma t ions  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  
o n l y  r e l a t i v e l y  few have so f a r  been a p p l i e d  on an i n d u s t r i a l  sca le .  The f o l l o w i n g  reason 
might  account f o r  t h i s  s i t u a t i o n :  a )  many chemists a re  r e l u c t a n t  t o  i n t r o d u c e  
b i o t e c h n o l o g i c a l  steps i n  t h e i r  p roduc t i on  processes o r  t hey  a re  n o t  even aware o f  t h e  
o p p o r t u n i t i e s  o f f e r e d  by b io t rans fo rma t ions ;  w i t h  improved i n t e r d i s c i p l i n a r y  educat ion  and 
i n  view o f  an i n c r e a s i n g  number of success fu l  examples, t h i s  s i t u a t i o n  i s  s t a r t i n g  t o  
change; b )  expensive and leng thy  research  and development work necessary t o  e s t a b l i s h  a 
b i o t r a n s f o r m a t i o n  process may be d e t e r r e n t ;  c )  many b i o t r a n s f o r m a t i o n s  competing w i t h  
chemical processes s u f f e r  f rom h i g h  process cos ts  due t o  l i m i t e d  s t a b i l i t y  and/or a c t i v i t y  
o f  t h e  b i o c a t a l y s t  o r  f rom low p roduc t  concen t ra t i ons  due t o  s o l u b i l i t y  o r  t o x i c i t y  
problems. Such problems w i l l  i n c r e a s i n g l y  be so lved by t h e  r a p i d  development o f  u s e f u l  new 
techno log ies  such as: 

- i m m o b i l i z a t i o n  techn iques  which improve t h e  s t a b i l i t y  ( l o n g e v i t y ,  r e u s a b i l i t y )  
o f  b i o c a t a l y s t s  and render  cont inuous  p roduc t i on  processes p o s s i b l e  

- water  immisc ib le  o rgan ic  so l ven ts  as r e a c t i o n  media; these inc rease  t h e  
s o l u b i l i t y  o f  subs t ra tes  and can p r o t e c t  b i o c a t a l y s t s  which p r e f e r  aqueous 
environments f rom t o x i c  e f f e c t s  

- recombinant DNA techn iques  which can be used t o  i nc rease  t h e  p roduc t i on  o f  t h e  
enzyme respons ib le  f o r  t h e  des i red  b i o t r a n s f o r m a t i o n  

- p r o t e i n  eng ineer ing  (e .g .  s i t e - d i r e c t e d  mutagenesis)  which can h e l p  t o  
i nc rease  t h e  s t a b i l i t y  and/or improve t h e  c a t a l y t i c  p r o p e r t i e s  o f  t h e  enzyme 
i n  ques t ion ,  o r  even t o  t a i l o r  an enzyme f o r  s p e c i f i c  purposes. 

S k i l f u l  a p p l i c a t i o n  o f  these techn iques  i n  combina t ion  w i t h  convent iona l  development 
methods w i  11 c o n t r i b u t e  t o  c o s t  r e d u c t i o n s  and render  f u r t h e r  i n d u s t r i a l  b i o t r a n s f o r m a t i o n  
processes f e a s i b l e  and a t t r a c t i v e ,  a l s o  f rom an economical p o i n t  o f  view. Furthermore, 
i n c r e a s i n g  pressure  o f  environmental  c o n s t r a i n t s  w i  11 favour  processes which can be r u n  
under m i l d  c o n d i t i o n s ,  even i f  they  a re  n o t  super io r  f rom t h e  economical p o i n t  o f  view. 

Syntheses i n v o l v i n g  two o r  more sequen t ia l  b i o t r a n s f o r m a t i o n  s teps  w i  11 become inc reas -  
i n g l y  f e a s i b l e  as a one-stage process. Th is  can be achieved by s imultaneous a c t i o n  o f  two 
( o r  seve ra l )  microorganisms i n  t h e  same r e a c t o r  ( r e f .  65 )  o r  by u s i n g  recombinant DNA 
techno logy  t o  c lone  t h e  genes f o r  t h e  necessary enzymes i n t o  a s i n g l e  microorganism 
( r e f .  7 4 ) .  

F u r t h e r  p rogress  i n  t h e  p u r i f i c a t i o n  and i m m o b i l i z a t i o n  o f  enzymes as w e l l  as i n  c o f a c t o r  
regenera t i on  i n  v i t r o  w i l l  promote t h e  t e c h n i c a l  a p p l i c a t i o n  o f  p u r i f i e d  enzyme r e a c t o r s .  

I n  v iew o f  t h e  n e a r l y  u n l i m i t e d  r e s e r v o i r  o f  d i f f e r e n t  enzyme a c t i v i t i e s  e x i s t i n g  i n  
n a t u r e  and t h e  e x c i t i n g  achievements o f  modern b io techno logy  t h e r e  i s  s t i l l  an enormous 
p o t e n t i a l  f o r  f u r t h e r  p rogress  i n  t h e  f i e l d  o f  b io t rans fo rma t ions .  It i s  expected t h a t  
b io t rans fo rma t ions  w i l l  be i n c r e a s i n g l y  e x p l o i t e d  as a u s e f u l  and o f t e n  un ique t o o l  i n  
o rgan ic  chemis t ry .  
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