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Enzymes as Catalysts in Synthetic Organic Chemistry
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Enzymes have great potential as catalysts for use in synthetic organic chemistry. Applica-

t ions of enzymes in synthesis have so far been l imited to a relat ively small  number of large-

scale hydrolyt ic processes used in industry, and to a large number of small-scale syntheses

ol 'materials used in analyt ical procedures and in research. Changes in the technology for

production of enzymes ( in part attr ibutable to improved methods from classical microbiolo-

gy,  and in  par t  to  the promise of  genet ic  engineer ing)  and for  the i r  s tab i l iza t ion and manip-

ulat ion now make these catalysts practical for wider use in large-scale synthetic organic

chemistry. This paper reviews the status of the rapidly developing f ield of enzyme-catalyzed

organic synthesis, and outl ines both present opportunit ies and probable future develop-

ments  in  th is  f ie ld .

1. Introduction

Synthetic organic chemistry now faces important chal-

lenges derived from, and concerning, biology. The stun-

ning recent advances in molecular and cel lular biology-in

genetics, immunology, endocrinology, neurobiology, and

receptor and membrane biochemistry-have outl ined

broadly the course of many processes important in l i fe.

Understanding these processes in ful l  molecular detai l  and

using this understanding to produce chemical ly well-de-

f ined compounds useful in medicine, agriculture, and bio-

logy requires the preparation of classes of substances that

have tradit ional ly not been the major foci of act ivi ty in or-

ganic synthesis. Proteins, polypeptides, sugars, ol igosac-

charides, polysaccharides, nucleic acids, and combina-

t ions, analogues, and derivatives o[ these species are al l

central ly important in molecular biology. Their syntheses

have received a relat ively small  fract ion of the creative ef-

fort of modern synthetic organic chemistry. For chemistry

to part icipate ful ly in molecular biology, i t  must be able to

make these classes o[ compounds with the same high de-
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gree of ski l l  with which i t  now makes hydrocarbons, heter-

ocyc les,  and re la ted c lasses of  compounds.  For  molecu lar

b io logy to  cont r ibute  most  e f fec t ive ly  to  soc ie ty ,  i ts  d iscov-

er ies  must  be reduced to  molecu lar  deta i l  and manipu la ted

in  ways that  produce usefu l  substances.  Improved tech-

niques from synthetic organic chemistry for the sy'nthesis

of  b io log ica l ly  re levant  compounds-espec ia l ly  those use-

fu l  in  modern molecu lar  b io logy and b io technology-

would be of broad benefi t .

The communi ty  o f  synthet ic  organic  chemists  has moved

relat ively slowly to explore many of the important syn-

thetic problems posed by molecular biology for four rea-

S O N S :

l )  Many of  the substances impor tant  in  b io logy have

physical propert ies which are unfamil iar and inconvenient.

These compounds are often soluble in water, charged,

nonvolat i le, and high molecular weight. They may be un-

stable, impractical to obtain in quanti ty, and dif f icult  to

purify. Spectroscopy may be of l imited ut i l i ty in defining

their structures.

2) Certain of the important generic problems encoun-

tered in the synthesis of these substances-e.9., the forma-

t ion of amide, phosphodiester, and glycosidic l inkages in

the repeti t ive processes required to make macromolecules,

or the manipulat ion of carbohydrates-have been consid-

ered in some senses to be "chemical ly uninteresting."
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3 )  C lass i ca l  svn the t i c  o rgan i c  t echno logy  does  no l  p ro r i de

the hest  approach to  cer ta in  o f  these prob lems-e.g. ,  f  er -
men ta t i on .  t i s sue  cu l t u re .  and  recomb inan t  DNA techno l -
( )gy are more usefu l  than chemica l  techniques for  the pro-
duct ion o f  pro te ins.  and f  ermentat ion is  present ly  the on ly
pract ica l  route  to  po lysacchar ides-and for  many others
the re la t i ' ve  va luc '  o f  c lass ica l  chemica l  and b io log ica l ly  de-
r i led synthet ic  methods remains undef ined.

. l )  These prob lems have not  been fash ionable  wi th in  the
s \  n the t i c  commun i t y .

Thus,  for  organic  synthes is  to  funct ion most  e f fec t ive ly
in  the preparat ion o f  b io log ica l ly  re levant  substances,
mot l i l ' i ca t ions l l re  requi red in  the exper imenta l  techniques
i t  uses.  in  the tvpes of  sc ient i f ic  prob lems i t  addresses,  and
in  rhe sc ient i l l c  communi ty  i t  serves.  These modi f icat ions
to  the scope and s ty ' le  o f  synthes is  are substant ia l .  None-
the less.  the cent ra l  cha l lenge- the synthes is  o f  pure,  wel l -
de l lned molecu lar  ent i t ies- is  one at  which synthet ic
chemists  have (a t  least  in  the past )  a lways been preemi-
nen t .

Th is  ar t ic le  rev iews one of  the areas of  synthes is  which
l ies  a t  the border  between organic  chemist ry  and b iochem-
is t ry :  the use of  enzymes as cata lys ts  in  organic  synthe-

s is . { ' - ' t l  Th is  area is  the one which is  the most  "chemica l "

or  "molecu lar"  o f  the b io log ica l ly  der ived synthet ic  tech-
no log ies.  Chemists  comfor tab ly  use p la t inum as a cata lys t ;
they '  w i l l  eventua l ly  use l ipase wi th  no more hes i ta t ion.  En-
zl mology provides a class of catalysts genuinely useful in
the svnthes is  o f  b io log ica l ly  re levant  substances,  and re-
qu i res a  less drast ic  change in  exper imenta l  approach than
does.  for  example,  fermentat ion us ing ob l igate  anaerobes
or  mammal ian ce l l  cu l ture .  Enzymology is  a lso,  in  some
sense,  the most  fundamenta l  o f  the synthet ic  techniques
der ived f rom b io logy:  the less fami l ia r  ( to  chemists)  syn-
thet ic  technolog ies based on l iv ing ce l ls  a lso,  o f  course,  u l -
t imately depend on enzymes. We emphasize that enzy-
mat ic  synthes is  (whether  b io log ica l ly  based or  ab io log ica l )
is not necessari ly the most useful synthetic technique for
the so lu t ion o f  an arb i t rar i ly  chosen b io log ica l ly  der ived
sr  n thet ic  prob lem, te ' r0 l  and one funct ion o f  th is  ar t ic le  is  to
tr) '  to define the areas of synthesis in which enzymatic
methods are those of  cho ice.

2. Areas of Current Application

Enzymes are cata lys ts  which have a l ready demonst ra ted
high ut i l i ty  and potent ia l  in  cer ta in  areas of  cur rent  impor-
tance in  organic  and pharmaceut ica l  chemist ry .

2.1. Preparation of Chiral Synthons

The f irst area in which enzymes have found important,
broad appl icat ion is  in  the preparat ion o f  ch i ra l  synthons,
commonly  by k inet ic  reso lu t ion.  The pract ica l  impor tance
of  th is  area to  the pharmaceut ica l  indust ry  is  based in  par t
on the desire for eff icient syntheses and in part on regula-
tory  const ra in ts :  regu la tory  pressures increas ing ly  favor
the product ion o f  enant iomer ica l ly  pure substances,  ra ther
than racemates.  Chi ra l  synthes is  us ing opt ica l ly  act ive
t rans i t ion-meta l  cata lys ts  is  a lso.  o f  course.  an area of  cur -
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r en t  i n tense  ac t i v i t y , l r ' r - r 7 l  and  t he  compe t i t i on  be tween

bio log ica l  and t rans i t ion-meta l -based methods is  one of

rea l  s t ra teg ic  in terest .  To date,  f rom a pract ica l  po in t  o f

v iew,  b io log ica l ly  based routes to  ch i ra l  substances have

proved more broadly  usefu l  than cata ly t ic  methods us ing

t rans i t ion meta ls .

2.2. Specialty and Fine Chemicals

Enzymes  have  es tab l i shed  u t i l i t y  i n  t he  man ipu la t i on  o f

sugars ,  nuc le ic  ac ids,  amino ac ids,  and l ip ids ,  and in  fac t

the major  appl icat ions o f  enzymology in  process chemist ry

a l l  l i e  w i t h i n  t hese  a reas . l r t r  The  quan t i t i es  o f  ma te r i a l s
produced us ing enzymat ic  cata lys is  estab l ish that .  in  ap-
propr ia te  c i rcumstances.  enzymes can be pract ica l  cata-

lys ts  for  la rge-sca le  processes: t ' l  fo r  erample,  h igh- f ructose

corn syrup is  produced on a sca le  o f  >  l0s  t  per  year  in  the

USA,  and aspar t ic  ac id ,  mal ic  ac id .  and guanos ine 5 ' -phos-
phate (GMP),  which is  used as a  f lavor ing,  are a l l  pro-

duced in  substant ia l  quant i ty  by enzy 'mat ic  methods.

A wide r , 'a r ie ty  o f  substances used for  research in  b io-

chemist ry ,  metabol ism,  and pharmacology have been best
produced us ing enzymat ic  methods.

2.3. "Biological" Pharmaceuticals

One of  the areas of  greatest  ac t iv i t ) '  in  modern pharma-

ceut ica l  research is  concerned rv i th  complex,  b io log ica l ly

der ived substances-espec ia l lv  prote ins.  po ly 'pept ides,  and

re la ted mater ia ls  obta ined bv,  or  s t imulated by,  the tech-

n iques of  molecu lar  genet ics . { -  " l  Enzymology is  now p lay-

ing an increas ing ly  impor tant  ro le  in  modi f icat ion o f  mate-

r ia ls  der ived f rom fermentat ion synthes is :  for  example,
pept idases are used to  c leave se lect ive ly  (and,  perhaps,  to
form se lect ive ly)  pept ide l inks,  and other  enzymes to  a t -

tach o l igosacchar ide moiet ies  to  prote ins or  to  modi f ; -

those of  g lycoprote ins.  The recent  commerc ia l izat ion o f  a
process for  convers ion of  porc ine to  human insu l in  by

Novo Indust r ie  prov ides the f i rs t  la rge-sca le  erample o f

th is  type of  app l icat ion.

2.4. Biotechnologyle' tol

Many of  the range of  app l icat ions o f  b io logy subsumed
in the word "b io technology"  requi re  chemica l  manipu la-

t ion o f  complex,  b io log ica l ly  der ived or  b io log ica l ly  re-

la ted substances.  Cl in ica l  ana lys is ,  b io log ica l ly  der ived

sensors, and the preparation of f lavor and odor com-
pounds,  for  example,  invo lve compounds which may re-
qu i re  enzymat ic  synthes is  or  modi f icat ion.

We note exp l ic i t ly  that  the area of  enzymat ic  cata lys is  in

organic synthesis is, as are most areas of practical cataly-

s is ,  fundamenta l ly  a  process chemist ry .  That  is ,  i ts  pr inc i -

pal objective is the eff icient and economical (both in terms
of  money and t ime)  synthes is  o f  spec i f ic  compounds (F ig .

l ) .  In  th is  sense i t  d i f fers  f rom a substant ia l  amount  o f  the
work in  organic  synthes is  present ly  car r ied out  in  un ivers i -
t ies ,  in  which the compound that  is  the spec i f ic  ob ject ive
of  the synthes is  is  less impor tant  than is  the va lue of  the in-
d iv idua l  s teps (or  the overa l l  synthet ic  s t ra tegy)  in  demon-
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st ra t ing new and of ten
p r i  n  c i  p l  es .

SVntnesls_

Reagen ts

broadlv  senera l izab le  chern ic l l va lent  per  act ive s i te  n tav be ba lanced by a  h igh cata ly t ic

turnover  number  (moles o l -  product  produced per  mole o f

enzyme per  un i t  t ime) .  but  is  not  a lways.  The economics o f

enzyme use depend upon a number  o f  fac tors :  the cost  o f

the enzyme,  i ts  spec i f ic  act iv i tv ,  and i ts  operat ing l i fe t i rne.

Table  I  summar izes costs  o f  research quant i t ies  o f  repre-

sentat ive,  commerc ia l ly  ava i lab le  enzymes usefu l  in  syn-

' l - a h l e  
l .  S p c c i l ' i c  a c t i r  i t i e s  a n c l  c o s t s  o f  s o r n c  c o m m e r c i a l l r  l v a i l a b l e  e n z v n l e \

o l -  u s e  i n  o r g a n i c  s r  n t h e s i s  [ a ] .

Enz l 'me [b ] E . ( ' .  Spec i f i c  ( 'os t

Number  Ac t iv i t y  [L rS S

[ U r m g  l ( X X )  t  ]
p ro te in l  [ c ]

,/
/

reagen ts

>- +-'/
F i g .  l .  T l i o  a p p r o a c h e s  t ( )  \ \ n t h e \ i \ .  ( ) n c  r L r p p c r )  i s  c o n c e r n e d  r v i t h  t h e  d e -
i  c lopment  o f  p rac t ica l .  e f f i c ien t  rou te \  t ( )  :pec i f  i c  p roduc ts .  The second l lon-
c r )  u s e s  s v n t h c s i s  p r i m a r i l y  t o  i l l u s t r r t e  p r i n c i p l e s  o t ' r e a c t i v i t y  a n d  s v n t h e t i c
s t ra teg ! ' .  Enz \nre-ca ta lyzed syn thes is  ( togc ther  $ i th  much o l  ca ta lys is )  i s  con-
cerned pr imar i l l '  (a l though no t  exc lus i r  c . l r  I  s  i th  thc  fo r rner  ob jec t ive .

3. Characterist ics of Enzvmes as Catalvsts

Enzymes have three d is t ingu ish ing character is t ics  as ca-

ta lys ts :

l )  They acce lerate  the ra tes o f  react ions.

2)  They are se lect ive:  the ra te  o f  react ion o f  a  par t icu lar

substance may be acce lerated dramat ica l ly .  whi le  that  o f  a

s t ructura l ly  c lose ly  re la ted substance i :  not .

3)  They may be subject  to  regula t ion:  that  is ,  cata l_r t ic

act iv i ty  may be s t rongly  in f luenced by '  the concent ra t ions

of  subst ra tes,  products ,  or  o ther  spec ies present  in  so lu-

t ion.

The se lect iv i ty  o f  enzymes is  the bas is  f ,or  much of  the i r

u t i l i ty  in  organic  synthes is .  Enzymes of fer  the oppor tun i ty

to carry out highly selective transformations a feature of
great  va lue in  work ing wi th  ch i ra l  and po l -v- funct iona l  mo-

lecu les.  The feature o f  regu la t ion is  cr i t ica l ly  impor tant  to

the funct ions o f  enzymes in  metabol ic  systems,  but  is  most

commonly  an inconvenience in  appl icat ions in  organic
synthes is .  The most  impor tant  mani festa t ion o f  regu la t ion

for  appl icat ions o f  enzymes in  organic  svnthes is  is  product

inh ib i t ion:  that  is ,  a  decrease in  the cata ly t ic  act iv i ty  o f  an

enzvme when the concent ra t ion o f  a  product  o f  the reac-

t ion cata lyzed by that  enzyme reaches a cer ta in  va lue. I re '2o l

Overcoming product  inh ib i t ion may requi re  removing the
product as i t  is formedt20l (often an inconvenience), accept-

ing low concent ra t ions o f  product  in  the f ina l  react ion

mix ture ( thereb l '  compl icat ing workup) ,  or  us ing large
quant i t ies  o f  enzymes (wi th  a t tendant  increases in  cost ) .

No c lose analog; -  to  regula t ion ex is ts  in  t rans i t ion-meta l -

based cata ly 's is .  a l though po ison ing by product  or  s tar t ing

mater ia l  represents  a  loose analogy.

Enzymes har e certain other characterist ics which are im-
por tant  in  cons ider ing the i r  app l icat ions in  organic  synthe-
s i s :

l )  The i r  a ra i l ab i l i t y ,  cos t ,  and  l i f e t ime  i n  use  va ry  u i de -

ly .  A typ ica l  enzyme wi l l  conta in  one act ive s i te  per  20000

50000 molecu lar  weight .  Th is  h igh-molecu lar -weight  equi -
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4 > t

,/

r
\

\
products

/ -

\

J
H o r s e  L i v e r  A I ) H

Yt 'as t  A I )H
\ I)  H ( f .  hrot 'ki i  I
( i l r  cerol I)H (Cellulontona.s .rp.\

L  - l , l c t i c  I ) H
r  r -  Lac t ic  L ) l l
\ l r l i c  D H
6 -  I ) h o s p h o g l u c o n a t e  l ) H

C ; l u c f ) \ c  I ) l l  ( 8 .  c c r c u s \
( i l u c o : e - 6 - p h o s p h a t e  I ) F l

C i l u c o s e  O r i c l a s c
G u l a c t o s c  O r i d u s e

F o r m a t e  [ ) H
A l d e h l  d e  I ) H

G l u t a m i c  D H
Leuc ine  DH
r - A m i n o  A c i d  O r i d a s c
o - A m i n o  A c i d  O r i d a s e
( 'a ta lase

Horserad ish  Pcror ic luse
- Iv ros inase

Galac tosr ,  l  f rans le  n r :c

H e x o k  i  n a s e

l ' }hos  phor ibu lo  k  i  t r  r t  ' c

N A I )  K i n a s e
G 1y 'cerok  in  a  sc
Pvruvate  K i r t r r .c
A c e t a t e  K i n u . c
Po l l 'nuc lco t  i i i c  Phosphorv lase
Pig  L i re r  l : : te rase
Pig  Pancrca t ic  L ipase

I ) h o s p h o l i p a s e  A 1
( 'ho les tc ro l  Es terase

l  Bor  ine  Pancreas)
P l n e r c u t i n  [ d ]
rr- {rnr irrse (8. l ichini l i t rmi.s\

,Ar l r  lo -  i .6 -9 lucos idasc
\  ' \  I )ase
( h\ motr,v"psin
l r r  ps in

[ 'a  pa in
(  r i rborypept idase A

I ' ro tease [e ]
\cr lase (A.sperLti l lu.s rp. I
I ' cn ic i l l i nase
\ l d o l a s e  ( R a b h i t  M u s c l c  t
S ia l i c  Ac id  . , \ l t lo lase

Try  p tophanase

, j -Amino le r  u l ina te  Dehydrasc

Pheny la lan ine  Arnmonia  Lyase

I  i  l )P-Ga lac tosc  . l -Ep imerase

Ci lucose Isomerase
Phosphog luco isomerase

2 - i { )
4 ( ) ( )  t ) .1

1 5  - s l
-5{) -,56

1 . 1 0 0  0 . 5

-t(x) 16
. r  0 ( x )  1 . 1

5 { )  l s O
l 5 r t  1 6 ( )
J ( l (  )  1 5

l ( ) { )  { ) . .1

. r (x )  l0

.r 667
-l r | ,1()
-1 ( )  l  5
N (  )  I  r 5 { )

i  5 ( ) 0
I - i0

: o o o 0  { ) ( ) ( x ) 0 _ 5

. r . ro  l . s

" l  o (x l  0 .  I

5 -5 000

. r (x )  2 .7
.1 50

l ( )  3 5
1 5 0  t l
i ( x )  { ) . 6

6(X)  5 ( )

.t -i 42li
l ( ) 0  l 0

io  (xx )  0 .00002
r 5 ( x )  5 . 3

- 1 . l .  L  l . l

- r . 1 . l  l
1 . 2 . 1 . , r
3 .  t . 1 .5
1 . 4 . 1 l . l
3 .4 .21 .1
J  . + . ;  / - , :

3 . 4 . 1 7 . l

100

0 . 0 1
(J  (X) . i

6 6 r
l ) l
(  ) . ( ) (x )9

1 . 5
E

, 1 . 5 . 1 . 1 4  l 5 r t  0 . 0 0 6

3 . 5 . 2 . 6  I  ( ) 1 ) 0  4
4 .  1 . 2 .  | ]  ] 0  5
4 . 1 . 1 . 3  |  5 0 0 0
4 . 1 . 9 9 . 1  I  2 0 0
4 . 2 . t . 2 4  r  7  _ 5 0 0
4. -1 .  1 .5  -1  6  670
5.  1 .3 .2  l_5  I  . i lO

-5 .3 .1 .5  -10  0 .00-s

5 . - 3 . 1 9  8 0 0  - l

[a ]  Pr ices  var l  w ide l l 'w i th  source  and quant i t r ' .  [b ]  Abbrer . ' ia t ions :  ADH.  A l -

coho l  Dehydrogenase:  DH.  Dehydrogenase.  l c j  l0 (X)  U o f  enzymat ic  ac t i v i t y

r l i l l  genera te  appror imate ly  l  mo l  o lp roduc t  per  day  under  favorab le  cond i -

t ions .  [d ]  Pancrca t in  i s  a  c rude.  inexpens ive  tL rSS l0 /kg)  mix tu re  o f  enzymes
nh ich  o f ten  prov ides  the  leas t  expens ive  sourcc  ( ) f  ac t i v i t ies  f 'o r  l ipases ,  cho-
les te ro l  es ie rase .  anc l  cer ta in  p ro teases  and g l l cos idases .  Ie ]  A 'uar ie ty  o f re la -

t i ve l l '  c rude propr ie ta ry  p ro teases  (  Pronase.  Ther rno lys in ,  Subt i l i s in  Car ls -

berg .  Subt i l i s in  BPN.  Ne ' "v lase ,  Papaya,  and o thers )are  ava i lab le  a t  low cos t
( U S S  0 . 1  1 ' ' 1 0 0 0  U ) .
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thesis, together with the specif ic act ivi t ies of these en-
zymes. For reference, one International tJnit  ( IU) of cata-
lyt ic act ivi ty is defined as that amount which generates
I  pmol  o f  product  per  mg of  enzyme per  min;  700 U of  en-
zymatic activity produces ca. I mol of product per day.
The last column of Table I thus indicates roughly the cost
of a quanti ty of enzyme suff icient to generate a mole of
product per day when operating under ideal-that is,
Z-,,*-condit ions. ( ln fact, few synthetic reactions are run
under ideal condit ions, and the quanti t ies of enzyme re-
quired to achieve this level of synthetic productivi ty may
be greater than the theoretical by factors of between 2 and
l0 ' . )

2) Enzymes may require cofactors for activity. The eco-
nomics of consumption or regeneration of the cofactor
may be as important as that of the enzyme itself .

3) Most enzymes are water-soluble, and are most act ive
in aqueous solut ion at pH 7-8 and room temperature. The
importance of water solubi l i ty in l imit ing the applicabi l i ty
of enzymes in organic synthesis has probably been overes-
t imated by organic chemists. While most enzymes are not
active with truly water- insoluble substrates, i t  is often pos-
sible to carry out enzyme-catalyzed reactions in heteroge-
neous reaction mixtures in which only a small  amount of
the organic substrate is present in the aqueous solut ion
containing the enzyme.t2t-241 In certain cases enzymes wil l
tolerate modest concentrat ions of organic cosolvents such
as ethylene glycol,  glycerol,  dimethyl sulfoxide (DMSO),
and dimethylformamide (DM F).tzs-zzt

4) Several enzymes can often be used in combination to
carry out processes involving sequential or paral lel en-
zyme-catalyzed transformations. This characteristic of en-
zymes stems from the common environment in which they
function in vivo. The development of corresponding mult i-
catalyst systems for non-enzymatic catalysts is less com-
mon.

5) Enzymes may be degraded under relat ively mild con-
dit ions. Chemists are accustomed to storing metal l ic cata-
lysts for long periods of t ime without loss in act ivi ty. En-
zymes may denature on storage by a number of mecha-
nisms'[28-33] for example, destruction by small  amounts of
proteases present as contaminants in the enzymatic prepa-
rat ion, temperature- or medium-induced changes in con-
formation, microbial contamination, autoxidation. Al l  of
these characterist ics render the handling of enzymes, both
on storage and in use, a relat ively more del icate process
than the handling of many other types of catalysts.

4. Enzymatic Kinetics and Mechanisms: Relevance
to Synthesis

The subject of the mechanism of act ion of enzymes is, of
course, a major f ield in i ts own right. Knowledge of char-
acterist ic kinetic constants for enzymatic reactions (espe-
c ia l ly  Michael is -Menten and inh ib i t ion constants  and pH
dependencies)tre'zot is very useful although not required for
synthetic appl icat ion. In fact, one of the major advantages
of enzymatic catalysis (relat ive to, for example, homogene-
ous and heterogeneous catalysis by metals) is that a rela-
t ive ly  smal l  investment  o f  t ime in  obta in ins k inet ic  con-
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stants for an enzyme-catalyzed reaction yields a very large
return in terms of abi l i ty to control rat ional ly the activi ty
of that enzyme in synthetic appl icat ions. Figure 2 and
Equations (a) and (b) outl ine essential terms. For the sim-
plest case in which a substrate S is converted into a prod-

t
|  / . o ,

d[P]

d t

05 vrot

KM [s] -

F i g . 2 .  S c h c n l i t l t r  r c p t c \ c n l . i t t ( ) n  o l  t h c  l c l . t l r i i r r  h c t \ \ e e n  t h e  r e a c t i o n  r a t e
d IP] /d /  and thc  subs t ra te  concent ra t ion  [S ]  l i r r  a  s i rnp le  reac t ion  fo l low ing
Michae l is - l \ ' l en ten  k ine t ics  ( - - )  in  the  absence o f  inh ib i t ion  by  produc t .
Curves  lb r  compet i t i ve  ( -  )  and noncompet i t i re  (  )  inh ib i t ion  by  prod-
uc t  i l l us t ra te  the  in l - luence o f  an  arb i t ra r l  f i xed  concent ra t ion  o f  p roduc t  on
the  re la t ion  be tween d lP l /d t  and [S ] ,  re la t i ve  ro  tha t  observed in  the  absence
of  inh ib i t ion .  The s lope o f  the  curve  a t  low [S ]  l i l r  an  enzyme sub. iec t  to  com-
pet i t i ve  inh ib i t ion .  and the  he igh t  o f  the  p la teau fo r  tha t  sub jec t  to  noncom-
pet i t i ve  inh ib i t ion  are  de termined by  the  conc ! -n t ra t ion  o f  the  produc t  and
the  inh ib i t ion  cons tan ts .  A t  h igh  concent ra t ions  o f  subs t ra te ,  enzymat ic  reac-
t i v i t ies  commonlv  decrease due to  nonspec i l l c  deac t iva t ion .

uct P by an enzyme E in a process fol lowing Michaelis-
Menten k inet ics  [Eq.  (a) ] ,  w i thout  inh ib i t ion by products  or
other  spec ies,  the ra te  o f  react ion is  g iven by the fami l ia r
Equat ion (b) .

E  ^ ' , P + E

d tPl _ ft. [E] _ v,,,^,
dr K,,.  K,,,  

(b)
l +  "  l +

tsl tsl

From the vantage of synthetic appl icat ion, for a given
quanti ty of enzyme, the rate of reaction increases as [S] is
increased unti l  al l  of the avai lable enzyme active sites are
occupied. Further increase in [S] does not increase the rate
of reaction. In fact, i f  the substrate concentrat ion is in-
creased suff iciently, most enzymes are eventual ly deacti-
vated (as the character of the solvent becomes markedll '
di f ferent from that of water). Maximum eff iciency of use
of  the enzyme (usual ly  the most  expens ive component  o f
the reaction mixture) is achieved in the region of substrate
concentrat ions in which the concentrat ion of enzyme l imits
the rate (V^^^ condit ions). I f  substrate concentrat ions are
too low, a certain fract ion of enzyme active sites are vacant
at  equ i l ib r ium; i f  subst ra te  concent ra t ions are too h igh.  the
enzyme is deactivated. The Michaelis constant K,, is thus
invaluable in judging the minimum concentrat ion of sub-
strate which must be maintained in solut ion to achieve ef-
f icient use of enzyme I V-,,* is useful in indicating the most
rapid rate of production of product which can be achieved
for a given quanti ty of enzyme under ideal circumstances.
Both K- and V,n,,* are measured under assay condit ions.

( a )s + E - i - - - . s
A

React ion wi thout
oroduct  inh ib i t ion Nonspec i f  i c

deac t i va t i on

.''-a
, /  + C o m o e t i t i v e

D r o d u c t  i n h i b i t i o n

7.  Noncompet i t ive'  p roduc t  i nh ib i t i on
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In practice, values of K- are often roughly the same under
assay condit ions and condit ions used in synthesis, al-
though higher apparent values of K- may be observed in
synthesis using immobil ized enzymes i f  mass transport
l imitat ions are important; 2,. , ,* under assay condit ions is
often much larger than the maximum rate of operation ob-
served for the enzyme under synthetic condit ions, because
inhibit ion of enzymatic act ivi ty is common.

The discrepancy between the catalyt ic act ivi ty of an en-
zyme obtainable under ideal (assay or V^u^) condit ions
and the lower value often observed under synthetic condi-
t ions is a major source of frustrat ion to inexperienced us-
ers of enzymatic catalysis for synthetic appl icat ions. This
discrepancy may have several origins: nonspecif ic deacti-
vation of the enzyme by high or inappropriate concentra-
t ions of substrates, products, buffers, or ions; loss of act iv-
i t . ' ,"  on immobil izat ion due to chemical modif icat ion or
mass transport l imitat ions; or reversible kinetic inhibit ion
by product. The importance of product inhibit ion is only
now beginning to be appreciated. Specif ic examples are
given later, and a complete kinetic discussion is unneces-
sari ly complex for synthetic appl icat ions.t20l I t  is, however,
important to recognize that there are several important
classes of inhibit ion (Fig. 2). The f irst-competit ive inhibi-
t ion-ref lects competit ive binding of substrate and prod-
uct at the enzyme active site. This type of inhibit ion in-
f luences only K-; i ts effects can, in principle, be overcome
by increasing the concentrat ion of substrate. The second-
noncompetit ive inhibit ion-leaves K- unchanged and de-
creases Z-u*. This type of inhibit ion cannot be overcome
by increasing substrate concentrat ion: the only general ly
effect ive strategy is to decrease the concentrat ion of prod-
uct (e.9., by removing i t  continuously during reaction or by
l imit ing the total quanti ty of substrate processed;.tztt  

". ,o ther  types of  inh ib i t ion-mixed inh ib i t ion and uncompe-
t i t ive inhibit ion-inf luence V^u* and K- simultaneously.

Table 2. Status of certain generic problems in enzymatic catalysis.

The important data to extract from kinetic analysis of an
enzyme in order to optimize i ts use in synthesis are two:
f irst,  the values of K- and V^,,* are cri t ical in choosing val-
ues of the concentrat ions of substrate and enzyme; second,
the product inhibit ion must be recognized, i f  present, and
approximate values of K; determined in order to choose
the correct strategy-increasing substrate concentrat ion
and/or decreasing product concentrat ion-to l imit i ts un-
favorable inf luence on rates of reaction.

5. Solved Problemsl Current Activities; Future
Problems and Opportunities

Because application of enzymes as catalysts in organic
synthesis is a relat ively new f ield, a substantial number of
technical problems require solut ion before these applica-
t ions become routine. Table 2 summarizes the status of
several generic problems in this area. Those problems clas-
sif ied as "solved" do not necessari ly have optimal solu-
t ions at present. The solut ions now avai lable are, however,
suff icient that these problems no longer l imit progress in
the f ie ld .  For  example,  many methods are now avai lab le
for immobil izat ion of enzymes.[34-3e] The best strategv for
immobi l iza t ion o f  any par t icu lar  enzyme is  not  necessar i ly
c lear ,  w i thout  substant ia l  t r ia l  and er ror .  Par t icu lar ly  for
process appl icat ions invo lv ing long- term stab i l i ty  and
good performance in f ixed-bed reactors. impror,ed immo-
b i l iza t ion technology would be very  usefu l .  Nonethe less,
for  laboratory  and p i lo t -p lant  sca le .  ex is t ing technology is
probably such that more dif f icult  problems wil l  be found
elsewhere.

Several of the topics l isted in Table 2 are discussed more
ful ly below, but a few of the i tems l isted in the table de-
serve br ie f  comment  here:

- The general thrust of current research in this area of
appl ied enzymology is to establ ish the real practical i ty of

S o l v e d Current Research Immediate Future More  D is tan t  Fuuture

I m m o b i l i z a t i o n

Colac tor  Regenera t ion
A M P  o r  A D P ' * A T P
N A D ( P ) H  +  N A D ( P )

Deact iva t ion
Th io l  Autox ida t ion
Protease Action

Deve lopment  o f  new labora tory -sca le
uses  o f  enzymes,  espec ia l l y  s imp le
enzymes (eaterases, amidases,
iso  merases)

Use w i th  unnatura l  subs t ra tes ;
definit ion of the general i ty of
synthetic appl icabi l i ty of readi ly
ava i lab le  enzymes

Use w i th  o rgan ic  coso lvents ;  one-
and two-phase systems

Overcoming product inhibit ion

Cofactor regeneration
Acety l  CoA:  PAPS [u

Scale-up in pharmaceutical synthesis

Uses of recombinant DNA for large-
sca le  p roduc t ion  o f  enzymes

Si te -spec i f i c  mutagenes is  fo r  changes
in  p roper t ies  (K- ,  K , ,  se lec t i v i t y .
s t a b i l i t y )

l ixplorat ion of enzymes from ther-
m o p h i l i c  a n d  h a l o p h i l i c  o r g a n i s m s
for  s ln the t ic  u t i l i t y

Eva lua t ion  o f  complex  mul t ienzyme
\ \  s tems in  syn thes is :  compar ison
rri th whole-cel l  systems; "art i f ic ial

metabo l ism"

App l ica t ions  in  syn thes is  o f  f ine
and specialty chemicals

Chemical modif icat ion of enzymatic
ac t iv i t ies :  "semisyn the t ic  enzymes"

Deve lopment  o f  ner i  npes  o l
e n z y m a t i c  a c t i r  i t i e .  u r i n g  g e n e t i c
engineering

[a] PAPS: 3'-phosphoadenosine-5'-phosphosulfate.
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enzymes as cata lys ts  in  organic  synthes is .  How broadly  ap-
p l icab le  are they /  Can they be used wi th  subst ra tes very
dif ferent from their natural substrates? To what extent can
the i r  ac t iv i ty  be changed by adding organic  coso lvents?
How should  they be used:  immobi l ized,  in  membrane reac-
tors .  or  in  f ree so lu t ion? In  genera l ,  in  what  c i rcumstances

do they prov ide methods super ior  to  ex is t ing or  eas i ly  de-
ve loped c lass ica l  techniques for  the so lu t ion o f  prob lems

in organic  synthes is?

The immediate ./uture wil l  see the application of the
techniques of  s i te-spec i f ic  mutagenes is  and recombinant
DNA technology to  the large-sca le  product ion o f  uncom-
mon enzymes ( i f  warranted by the development of impor-

tant processes requir ing large quanti t ies of these enzymes),
the discovery of new enzymatic act ivi t ies from new

sources, and modest modif icat ion of enzymatic propert ies
( for  example,  changes in  Michael is -Menten constants ,  sub-
strate selectivi t ies, or thermal stabi l i t ies). The f irst useful
examples o f  s i te-spec i f ic  mutagenes is  are now appear ing
( for  example,  generat ion o f  T4 lysozyme conta in ing an en-
gineered disulf ide bond to improve stabi l i tytaOal und of ty-
rosyl-tRNA synthetase altered to lower K,. valuesl.1ohl).  The

immediate  fu ture wi l l  a lso see the exp lorat ion o f  complex

mult ienzyme systems for synthesis. In principle, the com-
plexity of these systems may approach that of major meta-
bo l ic  paths (and,  s ince these systems may not  ex is t  in  na-

ture, the phrase "art i f ic ial metabolism" seems appropriate
for them). A major question in this area concerns the de-
gree of complexity required before cel l- free enzymologv
becomes inferior to whole-cel l  synthesis. The chemical
modif icat ion of exist ing enzymes and proteins to change
activi ty, stabi l i ty, or select ivi ty-that is, the generation of
"semisynthet ic  enzymes"-a lso ho lds promise. l t '1

- The distant future holds out the potential of using
highly developed structure-reactivi ty reactions for protein

chemistry to "design" new enzymes to catalyze new reac-

t ions,  and of  us ing molecu lar  genet ics  to  produce these
new enzymes. The prospect of being able to design and
produce new catalysts is an al lur ing one. I ts real izat ion is,
however, very far away, and even the basic principles on
which the design of a new protein catalyst might be bui l t
are st i l l  being explored at the level of basic research.

With these general i t ies in hand concerning the use of en-
zymes as catalysts in organic synthesis, we turn to a discus-
sion of specif ic classes of enzymes, and i l lustrat ions of
the i r  use in  synthes is .  In  th is  d iscuss ion,  we wi l l  cons ider

specif ic enzymes, rather than general i t ies concerning
classes of enzymes. The discussion wil l  proceed in terms of
the present ease of use of these enzymes, although not nec-
essar i ly  in  order  o f  the u l t imate usefu lness of  the en-
zymes.

6. Specif ic Applications

6.1. Enzymes Not Requir ing Cofactors

Cer ta in  o f  these enzymes are among the most  readi ly
ava i lab le ,  least  expens ive,  and most  s tab le .  They have seen
the most  widespread use by synthet ic  organic  chemists ,
and probably comprise the group which wil l  f i rst become a
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standard part of the synthetic organic repertoire (espe-

cial ly for the preparation of chiral synthons).

6.1.1. Esterases: Pig Litter Esterase and Lipases

A large number  o f  examples ex is t  i l lus t ra t ing the use of

these c lasses of  enzymes for  k inet ic  reso lu t ions. to2- t " l  The

hydrofysis of meso-diesters has proved a part icularly at-

tract ive strategy for obtaining chiral synthons, and both

examples and theoret ica l  ana lys is  o f  th is  s t ra tegy are wel l -

developed.r '1r s'11 Table 3 gives representative examples.

Tab le  3 .  Enant iose lec t ive  hvdro lys is  o l  n reso  subs t ra tes  ca ta lyzed by  p ig  l i ver

e  s te rase  and hog pancreat ic  l ipase ( las t  example) .
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Several recent studies with these enzymes deserve fur-

ther  comment ,  s ince they po in t  to  cer ta in  genera l ly  usefu l

features and prob lems.  The l ipases are rap id ly  develop ing

into an extremely useful class of enzymes, especial ly for

chiral synthesis. They have the characterist ics of low cost,

h igh s tab i l i ty ,  and h igh to lerance for  var ia t ion in  subst ra te

structure.t5-r--szl fhey have the addit ional attract ive feature

that  they do not  requi re  water -so lub le  subst ra tes:  They op-

erate best at water-organic interfaces, and recent work sug-
gests that they retain a high degree of act ivi ty in strongl l '

dehydrat ing and organic  systems. lo ' ) '6e '701 When operat ing

with meso substrates, they can generate chiral products in
h igh y ie ld .  The ut i l i ty  o f  l ipases as cata lys ts  for  the prepa-

ra t ion o f  ch i ra l  substances has been demonst ra ted in  a
number  o f  types of  systems.  In  addi t ion to  k inet ic  reso lu-

t ion by hydrolysis, transesteri f icat ion is a useful proce-

6Ura. [6{). {' I I
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A recent  s tudy has compared the ut i l i ty  o f  l ipase-cata-
lyzed hydrolysis as a route to enantiomerical ly enriched
epoxy a lcohols t2r l  w i th  t rans i t ion-meta l -cata lyzed epox ida-
t ion.trTl The enzymatic hydrolysis suffers from the disad-
vantage that  i t  is  a  k inet ic  reso lu t ion: that  is ,  i t  re l ies  on the
select ive hydro lys is  o f  one enant iomer  in  the presence of
the second to achieve separation, and thus, in principle,
y ie lds  a  maximum of  50% of  product  based on racemic
start ing material.  E,ven given this disadvantage, however, i t
is in certain instances a more practical route to large quan-
t i t ies of an optical ly act ive epoxy alcohol than the transi-
t ion-metal -catalyzed system. The enzymatic and transit ion-
metal catalysts now avai lable show very dif ferent substrate
selectivi t ies, and are thus, in a broad sense, complementary
rather than competit ive.

6.1.2. Amidases

A second broadly appl icable class of hydrolyt ic enzymes
is the amidases. The most important appl icat ions for these
enzymes to date have been in kinetic resolut ions of amino
acidst-r5'72-801 (typical ly by hydrolysis of N-acylamino
ac ids; t r : ' z : l  and in  format ion of  amide bonds l r2 '8r -831 in  po-
lypept ides and prote ins (Table  4) . t r  r '84- r0r l

Tab le  4 .  I l l us t ra t ions  o f  uses  o f  amidases .

React ion

A substant ia l  body of  work  has been devoted to  the devel -

opment  o f  methods for  format ion of  amide bonds bet rveen

unprotected amino ac ids and amino ac id  esters  us ing arn i -
dases. The several successful demonstrat ions of this type
of enzyme-catalyzed dehydration establ ish that this type of
process wi l l  be impor tant  in  spec i f ic  c i rcumstances. t * r l  l t  i s
also clear, however, that the development of the specif ic
reaction condit ions required to effect a given dehydration

demand pat ience and sk i l l ,  and wi l l  be wor thwhi le  on ly  in
ins tances in  which substant ia l  quant i t ies  o f  the product  are
des i red.  The most  spectacu lar  example o f  th is  technology
to date is  cer ta in ly  the semisynthes is  o f  human insu l in
f rom porc ine insu l in  by Novo. t "o l  Future appl icat ions wi l l
res t  in  rout ine k inet ic  reso lu t ions o f  amines,  in  the prepo-

ra t ion o f  d i -  or  o l igopept ides, t2r l  in  react ions incorporat ing

organic  media or  reversed mice l les , t " " l  and in  the post -

t rans la t iona l  modi f icat ion o f  pro te inst r06 ' r071 obta ined
ei ther  by iso la t ion f rom natura l  sources or  by recombinant
DNA methodology"

6.1.3. Aldolases

Rabbi t  musc le  a ldo lase is  a  readi ly  ava i lab le  enzyme

that  cata lyzes the condensat ion o f  d ihydroxyacetone phos-

phate (and a ferv  c lose analogues)  wi th  a ldehydes (Scheme

l) . t ro t i l  Th is  enzyme accepts  a  number  o f  a ldehydes as sub-
s t ra tes,  and has proved usefu l  in  the preparat ion o f  a  num-
ber  o f  rare ,  unnatura l ,  and isotop ica l ly  labe led sug-
ars . i loe '  r  ro l  The preparat ion o f  6-deoxyf ructose-  l -phos-
phate (a precursor to the f lavoring agent Furaneol) pro-

v ides one example. t roe l
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Schcrne l .  S tc rcochcnr is t r \  ( ) l  curbon-carbon bond l -o rmat ion  ca ta lyzed by
r a b b i t  m u s c l e  a l d o l a s e .  R  i s  w i d e l l  v a r i a b l e .  R ' m u s t  b e  H  o r  O H .  D i h y d r o x y -
acetone phosphate  is  on ly  s l igh t ly  var iab le .  P :  POlo .

Al though rabbi t  musc le  a ldo lase is  the on ly  enzyme in
th is  c lass which has been exp lored for  synthet ic  appl ica-
t ion,  a  large number  o f  re la t ive ly  readi ly  ava i lab le  enzymes
disp lay the ab i l i ty  to  cata lyze a ldo l  and reverse a ldo l  reac-

t ions (Table  5) . t r r r - r211 Given the cur rent  in terest  in  syn-
thetic organic chemistry in directed aldol reactions,i l22-tzr ' l
and in  the synthes is  o f  carbohydr?tes, t r2r - r3o l  we expect
that  the a ldo lases wi l l  be one c lass o f  enzymes which wi l l
experience substantial development as synthetic catalysts
over the next years.
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Table 5. Enzymes that catalyze aldol reactions

Donor Acceptor Enzyme [a]
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FDP-Aldolase

Fuc- l  -P-Aldolase

Rha-  l -P-A ldo lase

Sial insi iure-Aldolase

KDO-Aldolase

KDPG-Aldo lase

KDF-Aldolase

KDG-Aldo lase

KHG-Aldo lase

MHKG-Aldo lase

KDHA-Aldo lase

KDO-8-P-Synthase

Desoxyribose-Aldolase

O H
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oz-'

i i  ?H 
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nr,& 11c,1 
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oH or l

H O H
l :

oz*R

[a ]  Abbrev ia t ions :  FDP,  D- f ruc tose-1 ,6-d iphosphate ;  Fuc- l -p ,  r . - fucu lose- l -phosphate ;
a te ;  KDPG,2-ke to-3-deoxy-6-phosphog luconate ;  KDF,2-ke to-3-deoxy-o- fuconate ;
MHKG,4-methy l -4 -hydroxy-2-ke tog lu ta ra te ;  KDHA,2-ke to-3-deoxyheptonate .

Rha-  l  -P ,  r . - rhamnulose-  l  -phosphate  ;  KDO,  3-deoxy-o-mannooctu loson-
KDG,  2-ke to-3-deoxv-o-g lucara te ;  KHG,  2-ke to-4-hvdroxyg lu rara te ;

6.1.4. Isomerases and Lyases

Several important commercial appl icat ions of enzymes
rest on these types of enzymes. For example, glycosidases
are used in large quanti ty in conversion of cornstarch to
glucose,tr3r-r-r4l and glucose isomerase catalyzes the equil i -
brat ion of glucose and fructose.i l3s-14rl Aspart ic acid is pre-
pared by addit ion of ammonia to fumaric acid in a reac-
tion catalyzed by aspartase,t'a2t and malic acid by hydra-
t ion of fumaric acid catalyzed by fumarase.trarl  These
transformations, by themselves, are not of major interest to
synthetic chemists. The enzymes responsible for them are,
however, readi ly avai lable, and the range of substrates that
they wil l  accept has not been explored in detai l .
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6.1.5. Other Enzymes

Cyanohydrolases from several sources catalyze the en-
ant iose lect ive condensat ion o f  HCN wi th  a ldehydes. t r r r l  5 -
Adenosylhomocysteine hydrolase catalyzes the synthesis
of S-adenosylhomocysteine (or analogues) from homocys-
te ine and adenos ine (or  analogues) . t t+s- ta ' l  NADase cata-
lyzes exchange of the nicotinamide residue of NAD with
nicotinamide analogues. This enzymatic process provides a
useful route to analogues of NAD.Irso-r521 Different phos-
pholipases are avai lable for select ive hydrolysis of phos-
pholipids. Phospholipases A1 and 42, for example, cata-
lyze the hydrolysis of the ester groups at sr?-1 and sn-2 po-
sit ions of the glycerol moiety, respectively.tr53-r5sl Phos-
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phol ipase D cata lyzes t ransphosphat idy la t ion us ing phos-

phat idy lcho l ine and other  amino a lcohols  as sub-

strates.trs-1-r-ssl These three enzymes have been used to pre-

pare dif ferent types of phospholipid5.t 's6l Glycosidases (for

example, p-galactosidases) are useful in preparing glyco-

s ides and o l igosacchar ides. l rsT ' rs8 l  l -Deoxy- l - f luorosu-

crose-a compound which is stable to hydrolysis by inver-

tase and which is recognized by sucrose carr ier protein-

has been prepared f rom UDP-g lucose and l -deoxy- l -

f luoro-o-fructose in a reaction catalvzed by sucrose svn-

thetase. t rse l
Enzymes catalyzing addit ion of ammonia or hydrolyt ic

removal of amino groups also have potential appl icat ion.

t -Phenylalanine has been synthesized by addit ion of iso-

topical ly labeled ammonia to cinnamic acid catalyzed by

phenylalanine ammonia lyase.tal Large-scale production of

t--citruline from l-arginine provides a representative exam-
ple of hydrolyt ic deamination.t3sl Regiospecif ic epoxide

opening catalyzed by epoxide hydrases may have potential

in the preparation of polyhydroxy compounds.t 'uol Scheme

2 i l lustrates the use of this class of enzymes in the synthesis

of D-,trotf  L-,nozl and meso-tartaric acid,tr63l and hydroxypy-

ran derivatives.tr6a' '651 Another potential ly useful group of

hydrolyt ic enzymes is the nitr i le hydratases.t 'uul One such

enzyme catalyzes the hydrolysis of acrylonitr i le to acryl-

amide. l '671

6.2. Enzymes Not Requiring Added Cofactors, Especially

Enzymes Containing Flavins, Pyridoxal Phosphate,

Porphyrins, and Coordinated Metals

ln these cases, cofactors are either covalently attached to

or  t ight ly  non-covalent ly  bound to  the enzymes.  They are

regenerated automatical ly during the catalyt ic cycle. The

pyridoxal phosphate-dependent transaminases catalyze

the synthesis of amino acids via transfer of the amino

group from an amino acid to an o-keto acid. In most cases

t--glutamate is the amine donor and is converted into o-ke-

toglutarate. A useful strategy for the synthesis of o-amino

acids is based on transaminase-catalyzed amine transfer

between an o-keto acid and l-glutamate and coupled in

situ regeneration of the glutamate by reductive amination

of cl-ketoglutarate in a reaction catalyzed by glutamic de-

hydrogenase. Another group of transamination reactions

using l-aspart ic acid as an amine donor has the possible

advantage for synthetic application that the keto acid pro-

duced (oxaloacetic acid) decarboxylates spontaneously in

situ to pyruvate; this decarboxylat ion drives the transami-

nation reactionslroul lScheme 3). These methods are part i-

cularly useful for the preparation of compounds contain-

ing isotopes of short half- l i fe, such as "C (20 min) or rrN

(10 min) ,  in  h igh pur i ty . t r6e ' r7o l
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Scheme 2 .  React ions  invo lv ing  epox ide  hydro lases .  Abbrev ia t ions :  E1,  D- ta r -
trate epoxidase; Ez, L-tartrate epoxidase; E\, meso-taftrate epoxidase; Er,
epoxide hydrolase from rabbit l iver microsomes.
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The pyridoxal phosphate-dependent enzymes tyrosinase

and tryptophanase catalyze the synthesis of t--tyrosine and

L-tryptophan, respectively, by condensation of three small

molecules: phenol ( indole for tryptophanase), pyruvate,

and ammonia. By replacing the aromatic components with

other phenolic analogues, new amino acids can be pre-

pared. I--DOPA, for example, can be prepared by replac-

ing phenol with catechol. A similar approach has been

used to prepare tryptophan analogues.[ ' t ' '  tz2l Atr eff icient

synthesis of porphobil inogen from 8-aminolevul inate us-

ing catalysis by the pyridoxal phosphate-containing en-

zyme b-aminolevul inate dehydratase has been demon-

strated.trT3' tzcl 11t. f lavoenzyme glucose oxidase is widely

OH
^ l

xsc--Z\z 
98o/o ee

Y
I
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used in  the food indust ry  as an ant iox idant . { r751 Under
anaerob ic  condi t ions,  g lucose ox idase a lso cata lyzes the
transfer of electrons from glucose to acceptors such as
benzoquinone. t ' " '1  In  addi t ion to  determinat ion o f  the opt i -
caf  pur i ty  o f  amino ac ids, t tTTt  L-  and o-amino ac id  ox idases
have been used to  produce n-keto ac ids. t rs l

The CurG-conta in ing enzyme galactose ox idase cata-
lyzes the ox idat ion o f  o-ga lactose to  o-ga lacta ldehyde;
th is  enzyme a lso cata lyzes the s tereospec i f ic  ox idat ion o f
g lycero l  and 3-ha lo-1,2-propanedio ls  to  l -g lycera ldehyde
and l -3-ha lo-e lycera ld€hyde5. t r78 l  Invest igat ions o f  the sub-
s t ra te  spec i f ic i ty  o f  th is  enzyme us ing a number  o f  po lyo ls
has permi t ted the development  o f  a  model  o f  the enzyme
active site which rat ional izes the stereospecif ic transforma-
t ion o f  po lyhydroxy compounds to  a ldehydes. t ' tn l  Severa l
unusual  L-sugars  have been prepared us ing th is  meth-
o6. t t re l  Another  potent ia l ly  usefu l  Cu2@-conta in ing en-
zvme, dopamine B-monooxygenase, catalyzes the stereo-
specif ic hydroxylat ion of the pro-R benzyl ic hydrogen of
dopamine to give norepinephrine. I t  also catalyzes the ster-
eoselective oxidation of heteroatoms such as S and Se. and
of certain olef ins.trsol

The Fe2@-containing peroxidases are able to catalyze the
addit ion of the elements of HoX to olef in substrates start-
ing with HrO, and Xo.i l8r-r841 they also catalyze oxidation
of  pr imary a lcohols  and heteroatoms. t r8s- taz l  p1 i * ,ures o f
organic dihal ides are generated by reaction between ole-
f ins, H2O1, and a mixture of inorganic hal ides; the prod-
ucts  inc lude compounds conta in ing C-F bonds. t r88 l  Horse-
radish peroxidase also catalyzes the selective hydroxyla-
t ion o f  aromat ic  compounds at  0 .C in  the presence of  d i -
hydroxyfumarate, and several pharmaceuticals including
l-DOPA have been prepared using this enzyme on a mil l i -
molar scale.t '8nl Peroxidase appears to generate highly
reactive and unselective species such as singlet oxygen and
hydroxy radicals during i ts catalyt ic reactions.treo, rerl

whether these enzyme-based hydroxylat ion processes are
competit ive with those using fermentationtre2l or organo-
metal l ic catalysistrol remains to be demonstrated. In recent,
interesting work horseradish peroxidase has been modiFred
with 2-chloro-4,6-bis[ar-methoxypoly(oxyethylene)]-s-tr ia-
zine.lrnrl  The modif ied enzyme is solf ible and st i l l  act ive in
benzene. This technique al lows manipulat ion of appar-
ently homogeneous solut ions of the enzyme in an organic
solvent. The same immobil izat ion procedure has been used
to prepare hydrophobic l ipase for use in synthesis in or-
ganic  media. t62 l

Lipoxygenase has been used to prepare a hydroperoxy
der ivat ive for  use in  the synthes is  o f  prostag landins. t rea, rest
The Fer@-conta in ing enzyme isopenic i l l in  cyc lase has been
isolated and used to prepare several analogues of isopeni-
c i l l in  N. t reo- tqe l  Such enzymat ic  react ions may be usefu l  in
generating new f l- lactam antibiot ics.

Another  c lass o f  i ron and copper  monooxidases that  in_
corporate molecular oxygen into organic substances also
has been explored with interesting results, but so far with-
out real practical ut i l i ty. These enzymes convert saturated
hydrocarbons to alcohols, olef ins to epoxides, and hetero_
atoms such as N and S to oxides. They also cleave aro-
matic r ings and steroid derivatives and dealkylate N- or O-
a lky l  groups. t r t to l  Of  the present ly  known oxygen- incorpo_
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rating enzymes, bacterial methane monooxygenaset2oo-2021
(catalyzing the hydroxylat ion of saturated hydrocarbons),
ro-hydroxy lase (cata lyz ing the se lect ive epox idat ion o f  o le-
f ins.;, tztt :- :r)61 hepatic hydroxylase (catalyzing the oxidation
of heteroatoms for preparation of drug metaboli tes),t207,20ri1
and steroid hydroxylasest2t ' ' ' ' ") l  are in principle attract ive
for synthetic development. Practical use of these enzymes
is  l imi ted by severe technica l  prob lems:  the ins tab i l i ty  and
low spec i f ic  act iv i ty  o f  the enzymes;  the requi rement  for
mul t ip le  in teract ing enzymes to  couple  NAD(P)H ox ida-
t ion to  reduct ion o f  Oz;  the inef f ic ient  coupl ing o f
NAD(P)H ox idat ion to  oxygen act ivat ion (wi th  product ion
of hydrogen peroxide and superoxide as the undesirable
compet ing s ide react ions) ;  the requi rement  for  NAD(p)H
regenerat ion.  Cer ta in  o f  these prob lems wi l l  not  be eas i ly
solved, and although these monooxygenases are poten-
t ial ly attract ive catalysts, procedures based on fermenta-
t ion and other  whole-ce l l  processest2r ' l  a re  present ly  more
practical.  The problems associated with these systems are
d iscussed in  more deta i l  be low.  Other  ox idat ive enzymes-
part icularly cyclohexanone monooxygenasett '21 (which ca-
ta lyzes enzymat ic  Baeyer-V i l lager  ox idat ion)  and l ipoxy-
genaset2r r l -have seen some appl icat ions in  synthes is ,  and
deserve development.

6.3. Enzymes Requir ing Added Cofactors

6.3. I. Enzymes Requiring Nucleoside Triphosphates,
Especially ATP

A substant ia l  f rac t ion o f  the enzymes invo lved in  com-
p lex b iosynthes is  (as opposed to  b iodegradat ion)  requi re
as cofactor a nucleoside tr iphosphate (especial ly ATp) or a
nicotinamide cofactor (NAD(P)H). These enzymes have
not  been wide ly  used in  pract ica l -sca le  organic  synthes is ,
in large part because of the cost of the cofactors when used
as stoichiometric reagents. ATP costs approximately US $
800/mol. I t  is, however, a relat ively stable substance: in
solut ion, the most important degradation reaction is
usually the hydrolysis of the r ibose tr iphosphate group to a
di- or monophosphate (probably by traces of ATpases
present in solut ion).t t 'ol  Thus, an eff icient strategy for re-
generation of ATP from ADP and AMP renders enzymatic
systems requir ing these cofactors practical for use. The
problem of ATP regeneration is now effect ively solved.t2rs-
22r1 The general strategy is to use a readi ly obtained phos-
phate donor ,  and to  regenerate ATP f rom ADp or  AMp in
s i tu  enzymat ica l ly . t222-224I  Table  6  summar izes the most

Table 6. Procedures for ATP regeneration [a].

Procedure AGi' ,A

Ikcal,zmol]

Ref.

o
lt .,a

CHJCO},U3""

oPo"2e/ '
COz"

PK
+  A D I '

U
i l -

A T I )  +  C ' I I l C O g

o
i l ^

A T P  +  C H s C C O F

. \ T P + C H 3 O H + C O z

-  r 0 . r  [ 2 r8 ]

-  1 2 . 8 t2201

- t2.4 l22tl

AcK

O

cHrcl8oeor 'e  + ADl ,
AcK

[a ]  Abbrev ia t ions :  AcK,  ace ta te  k inase;  PK,  pyruvate  k inase.
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usefu l  procedures now avai lab le  for  ATP regenerat ion.

Procedures based on d i f f  erent  phosphate donors  (e .g . ,  car -

bamoyl  phosphate) ,  termentat ion,  and other  techniques

are not  present ly  pract ica l .Frs l

The most  genera l ly  usefu l  o f  the procedures us ing h igh-

energv phosphate donors  is  based on acety l  phosphate.

Th is  mater ia l  is  read i ly  obta ined. r r rx ' r : r l  and two acetate  k i -

nrses are commerc ia l ly  ava i lab le .  A l though most  o f  the

published work has invoh'ed E. col i  acetate kinase, the Ba-

ci l lus stearothermophllus enzyme may be superior: the E.

c 'o l i  enzyme conta ins an SH group c lose to  the act ive s i te ,

and is sensit ive to autoxidation; the B. stearothermophilus

enzyme is  th io l - f ree. r r re l  Acety l  phosphate has two d isad-

vantages:  i t  is  on ly  a  moderate ly  s t rong phosphory la t ing

agent  (as judged by i ts  f ree energy o f  hydro lys is ,  AG" a t

pH 7,  see Table  6)  and i t  is  re la t ive ly  hydro ly t ica l ly  unsta-

b le  in  aqueous so lu t ion.  The hydro ly t ic  ins tab i l i ty  both de-

stroys acetyl phosphate and produces phosphate ion in so-

lu t ion;  th is  phosphate complexes wi th  and somet imes pre-

cipitates the Mg2G required for kinase activi ty, and may

render slow reactions dif f icult  to control.

Regeneration systems based on phosphoenol pyruvate

(PEP) are more s tab le :  PEP is  res is tant  to  hydro lys is ,  and

is  a lso a  very  s t rong phosphory la t ing agent .  I ts  synthes is  is ,

however, more complex than that for acetyl phosphate.t22ol

A newly developed reagent, methoxycarbonyl phosphate,

is as easi ly prepared as acetyl phosphate and roughly as

strong a phosphorylat ing agent as PEP; i t  has, however,

the disadvantage of even more severe hydrolyt ic instabi l i ty

than acetyl phosphate.t22' l  A number of other systems for

regeneration of ATP have also been suggested,t ls '22s1 but

do not seem to be practical.

For certain large-scale appl icat ions, even given a good

regeneration system for in situ reconversion of AD(M)P to

ATP, the init ial  cost of the ATP may be signif icant. AMP

can be purchased inexpensively in ki logram quanti t ies and

converted to ATP either in situ or in a separate step.t:zet 4t-

ternatively, an efficient preparation of crude ATP from

RNA has been developed.t226-228t These syntheses should

render the cost of the adenosine mononucleotide moieties

required for this type of synthesis unimportant on a pro-

cess sca le .
The other nucleoside tr iphosphates (GTP, UTP, CTP)

and the deoxynucleoside tr iphosphates (dATP, dGTP,

dUTP, TTP) are less important in most plausible organic

synthetic appl icat ions than is ATP. Fortunately, acetate ki-

nase and pyruvate kinase wil l  accept al l  of these species as

cofactors,t2t ' t '22e1 and thus the acetyl phosphate (methoxy-

carbonyf phosphate)/acetate kinase and PEP/pyruvate ki-

nase systems wil l  regenerate al l  of these nucleoside and

deoxynucleoside tr iphosphates from the corresponding di-
phosphates.

Most  o f  the s imple appl icat ions o f  ATP regenerat ion

systems have been to  the preparat ion o f  sugar  phosphates

using kinases. Glucose-6-phosphate is a useful reagent for

reduced nicotinamide cofactor regeneration ;t23t ' l  dihydrox-
yacetone phosphate is a reagent for use in aldol reactions

catalyzed by rabbit muscle aldolase' i lo6'r{)el sn-glycerol-3-
phosphatet2rr l  has the correct absolute configuration to

serve as the bas is  for  the synthes is  o f  phosphol ip ids :  arg in-
ine phosphatet22r '2r r l  and creat ine phosphatetz2a l  i l lus t ra te
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the synthes is  o f  mater ia ls  which themselves have h igh

phosphate-donor  potent ia ls ,  and are therefore thermody-

namica l ly  c l i l ' f i cu l t  to  prepare.  These k inases are a lso use-

fu l  in  the preparat ion o f  modi f ied nuc leos ide t r iphos-

phates (e.g., ATP-y-$t:t : t  and ATP-ct-5t:t ' t l ; .

Of  these s imple k inase-based systems,  the most  broadly

appl icab le  in  synthes is  is ,  a t  present ,  that  us ing g lycero l  k i -

nase.  Th is  enzyme accepts  a  number  o f  three-  and four-

carbon subst ra tes,  and y ie lds enant iomer ica l ly  enr iched

products . t2 ' to l  I t  can be used in  k inet ic  reso lu t ions.

More compl icated processes requi r ing regenerat ion o f

ATP are i l lus t ra ted by syntheses of  NAD(P)  and phospho-

r ibosy l  pyrophosphate (PRPP).  The synthes is  o f  NAD(P)

(Scheme 411: r . ' r r " l  i l lus t ra tes a  pract ica l  procedure which

successfu l ly  combines c lass ica l  organic  and enzymat ic  syn-

thet ic  methods.  The react ion sequence avo ids the use of

protect ing groups,  chromatographic  separat ions,  and com-

pl icated pur i f ica t ions.  Th is  preparat ion s t i l l  does not  com-

pete with isolat ion as a source of NAD,t237-23et but i t  does

prov ide suf f ic ient  chemica l  f lex ib i l i ty  to  permi t  synthes is

of  a  number  o f  iso top ica l ly  and s t ructura l ly  modi f led ana-

logues of  NAD(P) .

A M P aa
1 )  H *

2 )  N H -  /  H O C H J H ^ O H
5 a a "

3 )  N D C
A c P

^ ^ O

A T P

NAD - PP
P P o s e

> 2 P iP P i

N A D

Scheme 4 .  Synthes is  o l 'NAl )  t ' rom . { i v tP .  Abbrev ia t ions :  AcP,  ace ty l  phos-

phate ;  AcK,  ace ta te  k inase;  AdK,  adeny la te  k inase;  NAD-PP,  NAD pyro-

phosphory lase ;  PPase,  pyrophosphory lase ;  PP, ,  pyrophosphate ;  NMN,  n i -

co t inamide mononuc leo t ide ;  NDC,  N- (2 ,4 -d in i t ropheny l l - -3 -carbamoy lpyr i -

d in ium ch lo r ide .

The synthes is  o f  5-phospho-o- r ibosy l - l -pyrophosphate
(PRPP)-a key in termediate  in  the b iosynthes is  o f  nuc leo-

t ides- is  another  example which invo lves the use of  an

ATP regeneration system in a large-scale preparation of a

substance dif f icult  to synthesize using classical tech-

niques.t2aot This procedure should open new routes to nu-

cleotides and other analogues.

One feature of the syntheses summarized in Schemes 4

and 5 deserves spec ia l  comment :  the use of  enzymat ic  se-

lect ivi ty to circumvent the normal requirement for puri f i -
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Scheme 5 .  Synthes is  o f  5 -phospho-o- r ibosy l - l -py rophosphate  (pRpp) .  Ab-
brev ia t ions :  Pyr .  pyr id ine ;  PK,  pyruvate  k inase;  pEp,  phosphoeno lpyru-
vate.

cation of intermediates. In classical mult istep synthesis, i t
is important to puri fy intermediates, because impurit ies
present in them wil l  react in subsequent steps and, ult i -
mately, generate mixtures of products which can be puri-
f ied only with dif f iculty. In enzyme-catalyzed synthesis, re-
quirements for puri f icat ion of an intermediate may be less
str ict,  because the enzyme wil l  only accept i ts substrate.
Processing of a crude reaction mixture through an enzyme-
catalyzed step thus consti tutes a form of puri f icat ion. In
Scheme 4, for example, the conversion of AMP to NAD
was carr ied through with essential ly no purif icat ion of in-
termediates at any point; the f inal crude NAD was ac-
cepted as a substrate by enzymes. Since purif icat ion of
these types of molecules is often a major nuisance, the
abil i ty to use. crude reaction mixtures direct ly in. enzymatic
synthesis may be a major practical advantage of an en-
zyme-based strategy.

6.3.2. Enzymes Requiring Reduced Nicotinamide Cofaaors
(NADH or NADPH)

The problem of cofactor regeneration involving the ni-
cotinamide cofactors is more complex than that f lor the nu-
cleoside tr iphosphates: the nicotinamide cofactors are
more expensive than ATP (the least expensive is NAD: ca.
US$ 1000/mol), and are, more importantly, intr insical ly
unstable in solut ion. The reduced nicotinamide cofactors
are destroyed by several processes, the most important of
which is a Lewis acid-catalyzed protonation on the dihy-
dronicotinamide r ing, fol lowed by addit ion of water to the
result ing iminium salt and further irreversible degrada-
t ion.t2rt ' '2o' l  Thus, even given the existence of a good regen-
eration system, i t  is st i l l  important to keep the rate of the
enzymatic reaction high, since the rat io of productive turn-
over of the nicotinamide cofactor by enzyme-catalyzed
reaction to nonproductive hydrolyt ic destruction depends
upon this rate. A very large amount of work has been de-
voted to developing and test ing various types of systems
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for NAD(P)H reduction'tr6'2to'242-2s5t examples are sum-
marized in Table 7. Of these, three now seem useful for
synthet ic  appl  ica t ions.

Tab le  7 .  Sys tems fo r  in  s i tu  regenera t ion  o f  NAD(P)H i rom NAD(p)  [a l .

Regeneration Reaction Ref.

H C O O O + N A D - - I l 1 I . C O z + N A D H

c - 6 - p +  N A D ( p )  
( i ' P D t l  

, 6 - p G  +  N A D ( p ) H

Glucose +  NAD(P)  
( )DH '  G luconare  +  NAD(P)H

H,  +  NAD(PI  -C;m-  H@ + NAD(P)H

C:H.oH +  NAD(P)  ADt l /ArdDH ,  CHTCOg +  NAD(P)H

CHrOH + NAD 
AI )H/ATdDH"FDH '  CO2 +  NADH

H2 + NAD -!!3+#!!\ He + NADH

[36,244lJ

t2301

[2s51

12471

[25 r1

[25 r1

I2s2l

[a] Abbreviat ions: FDH, lormate dehydrogenase; G-6-P, glucose-6-phos-
phate ; G-6-PDH, glucose-6-phosphate dehydrogenase (L. mesenteroides): 6-
PG, 6-phosphogluconate: GDH, glucose dehydrogenase (8. cereus); H2ase,
hydrogenase;  MV,  methy l  v io logen;  L ipDH,  l ipoamide dehydrogenase:
ADH,  a lcoho l  dehydrogenase;  A ldDH,  a ldehyde dehydrogenase.

Formate/Formate Dehydrogenase has two advantages as
a regeneration scheme: formate is a strong reducing agent,
and the product of reaction, COr, causes no complications
in workup. Formate dehydrogenase (from yeast),  although
commerc ia l ly  ava i lab le ,  is  s t i l l  re la t ive ly  expens ive;  a  good
preparation has been reported by Kula et al.{361

Glucose/Glucose Dehvdrogenase is also an attractive sis-
tem.l2sslThe enzyme (from B. cereus) is commercial ly avai l-
able, thermally stable. and applicable to both NAD and
NADP. The major disadvantages of the system are the ex-
pense of the enzyme an'd the requirement to separate prod-
uct from glucose and gluconic acid.

Glucose-6-phosphate/Glucose-6-phosphate Dehydrogenase
has the advantage that the enzyme is very inexpensive and
stable, and that the enzyme system accepts both NAD and
NADP as substrates.t23ol The glucose-6-phosphate must,
however, be prepared (by hexokinase-catalyzed phosphor-
ylat ion of glucose with in situ ATP regeneration) and the
product must be separated from the 6-phosphogluconic
acid produced as product.

A scheme start ing with methanol and using a coupled
enzyme system of methanol dehydrogenase, formaldehyde
dehydrogenase, and formate dehydrogenase probably rep-
resents the most economical system avai lable from the
vantage of the ult imate hydride donor.t2srl  The system is
not convenient to use for small-scale work. because i t  re-
quires three enzymes. For large-scale work, however, i t
might well  be worth the effort to develop a single micro-
bial source for the three enzymes which could be used in a
whole-cel l  package. The remaining systems for reduced ni-
cotinamide cofactor regeneration are presently primari ly
of academic interest, although electrochemical procedures
continue to attract attention.t2szl 1n practice, schemes that
use inexpensive reducing agents (H2, electrons) emphasize
the wrong feature: the expense in the reaction l ies in the
enzyme and the cofactor, not in the ult imate reducing

\ /,.
H O r  o

K-)n On
\ /

H O  O H
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agent .  These systems should  not  be d iscounted:  wi th  ap-

propr ia te  development ,  they may u l t imate ly  prove usefu l .
' fhey 

are not ,  however ,  the systems which are present ly  the

most  usefu l  in  organic  synthes is .

Synthet ic  appl icat ion o f  the enzymes requi r ing reduced

nicotinamide cofactors has so far been restr icted to re-

search appl icat ions.  The most  h igh ly  developed process is

that described by Kula et al.  for the production of amino

ac ids. t r t ' l  Other  appl icat ions have invo lved asymmetr ic  re-

duct ions o f  carbony l  compounds,  and product ion o f  iso to-
p ica l ly  labe led spec ies (Table  8) . t256-25e1(A system based on

deuterated formate and formate dehydrogenase provides

the best system presently avai lable for the introduction of

deuterium through a nicotinamide-cofactor-catalyzed

process.)trsel I t  is, however, important to emphasize that

the problem of cofactor regeneration is only one of several

that must be solved in ut i l izat ion of the NAD(P)H-requir-

ing oxidoreductases. At least as important are the prob-

lems of enzyme cost, enzyme stabi l i ty, and product inhibi-

t ion. This last problem is part icularly dif f icult  to solve in a
general way, and is important because i t  places constraints

on the ult imate concentrat ions of products attainable and

on the rates of reaction.t2uol

Table 8. Alcohol dehydrogenase-catalyzed reductions of carbonyl com-
pounds us ing  NAD(P)H as  the  hydr ide  donor .

Substrate

Scheme 6 .  Asymmet r ic  reduc t ion  o f  carbon-carbon doub le  bonds ca ta lyzed

by enoate  reduc tase (ER) .  a )  Cenera l  reac t ion  scheme;b)  syn thes is  o f  i so to -
p ica l l y  labe led ,  ch i ra l  6 -amino levu l in ic  ac id .

t ion mechanism ind icated that  the reduc ing equiva lent  was

transferred from NADH through the enzyme-associated

iron-sulfur-f lavin cluster to the substrate, and proton ex-

change between the reduced cluster and water was ob-

served. The iron-sulfur cluster can be reduced with re-

duced methy l  v io logen produced e lect rochemica l ly ,  and

large-scale organic synthesis using a reactor suitable for

electro-enzymatic reductions has been demonstrated.t26al

Regeneration of NADH using H2 and an anaerobic micro-

organism that contains hydrogenase has been developed

and the regeneration system has been coupled with the

Clostr idium reduction of enoates.[2s2'26s1 The enoate reduc-

tase has also been used to prepare isotopical ly labeled chi-

ral 6-aminolevul inic acid (Scheme 6b).tar Similar asymmet-

r ic reduction of the CC double bond of o,p-unsaturated

carbonyl compounds catalyzed by fermenting yeast has

also been reported, but the enzyme responsible has not

been isolated.t2uul The reaction proceeds with formal trans

addit ion of hydrogen across the double bond, with a pro-R

hydrogen being introduced at the posit ion o to the electro-

ph i l ic  subst i tuent .  I t  is  un l ike ly  that  the yeast  enzyme con-

tains an oxygen sensit ive iron-sulfur cluster because fer-

ment ing yeast  is  aerob ic .

6.3.3. Enzymes Requiring Oxidized Nicotinamide Cofactorc
(NAD or IYADP)

The problem of regeneration of oxidized nicotinamide

cofactors is st i l l  not completely solved. The same con-

straints apply in this system as to those involving the re-

duced nicotinamide cofactors, but, in addit ion, the prob-

lem of  product  inh ib i t ion (espec ia l ly  k inet ica l ly  mixed and

uncompetit ive inhibit ionttol) is often severe.t2uo'2utl  The ox-

idized nicotinamide cofactors are also hydrolyt ical ly un-

o )

,c00cHlT<
/ -H

c 0 0 H

R 3 Y,, _ ..'
*'710'

R3.., 
/H

e'41,,,r
H R 1

I  , coocu. ,  1 )SOC. '
D \< - 

2)cH2N2
I r t n  +

/ \ -  3 ) H C l
H O O C  H

1 )  N A ' H  I

zt e/"va i
s)x .7o[ r .o . .  J

R l :

R 2 :

b )

D.o

N H z

Enzyme [a]
(cofactor)

Product
(ee [9ol)

O
no..'AAr

.r.OV

Ht\-^J-/\ro
'vT--,'

H

o

a\
l i\s^R

P
F . C ,  H

O
ci__Ar,_op

o 0
cI,-A-.\uE,

H L A D H
( N A D H )

H L A D H
( N A D H )

H L A D H
( N A D H )

H L A D H
( N A D H )

L - L D H
( N A D H )

H L A D H
( N A D H )

TADH
( N A D P H )

T H'.2^-.-.;|-.-.*,.
r (  ) l  

v n

\ l e O V

{ i 0 0 )

i l l
"-1-'-'

H
( 1 0 0 )

O H  O H: :
r \ . \
t l l l
tsAR \s/""R

( 1 0 0 )  ( r 0 0 )

H O D
1i

F . C ,  H
( > 9 7 )

O H
Cl-__/\c;oro

( > 9 ?  )

o H o
t t *uu ,

(  e 8 )

l{q

r-1c)
( s t 1

[256]

[26 r l

O
\ t::\,
)-1t )

/  i /

F . { '

[26r]

[25e]

t2621

t2551

[255]

[a ]  Abbrev ia t ions :  HLADH,  horse  l i ver
lac t i c  dehydrogenase;  TADH,  a lcoho l
bium brot'kii.

alcohol dehydrogenase ; L-LDH, t--
dehydrogenase from Thermoanaero-

Another reducing enzyme that shows promising syn-
thetic ut i l i ty is the enoate reductase from the anaerobe
Clostridium kluyuery.t752'2611 The enzyme reduces different
a,B-unsaturated carboxylate anions stereospecif ical ly to

the saturated carboxylate anions using NADH as a cofac-
tor (Scheme 6a). A prel iminary study regarding the reac-
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stub le  in  so lu t ion.  and are sub ject  to  dest ruct ion in  severa l
t ) 'pes o f  enzyme-cata lyzed processes.  The most  wide ly
usc 'd  procedure for  in  s i tu  regenerat ion o f  NAD f rom
NADH is  that  developed by Jones et  a l . t r " * l  Th is  system is
based on the (non-enzyme-cata lyzed)  reox idat ion o f
NA I )H  bv  ox id i zed  f l av i n ;  t he  reduced  f l av i n  i s  i n  t u rn  ox -
id ized by n to lecu lar  orygen.  The d isadvantage of  th is  sys-
tem is  that  la rge quant i t ies  o f  f lav in  are requi red to  ach ieve
usefu l  ra tes,  and that  the separat ion o f  product  f rom f lav in
is  inconvenient .  A number  o f  o ther  systems have been pro-
posed for  th is  regenerat ion. [2 ' : ' r ] ' r ' r - r ' r6e:7o l  Probably  the
most  genera l  invo lves ox idat ion o f  NADH to  NAD cou-
p led wi th  enzyme-cata lyzed reduct ion o f  a-ketog lu tarate
and ammonia to  g lu tamic  ac id . t ru ' ' r t 'o l  Th is  system has the
advantage that  i t  avo ids the exposure o f  the enzymat ic  sys-
tem to  d ioxygen,  wi th  the concomi tant  r isk  o f  ox idat ion o f
enz)'mes or substrates. I t  has the disadl 'antage that glu-
tamic acid must be .,eparated from the product at the con-
c lus ion of  the react ion.  An enzyme-cata lyzed system based
on d iaphorase and methy lene b lue is  a lso usefu l  for  reox i -
dat ion o f  NADH to  NAD when d ioxygen ( the u l t imate ox-
id iz ing agent )  can be to lerated by the s ls tep. l2a ' r '267 '210 '2711
The f lav in  mononucleot ide (FMN) reductase (E.C.  1 .6 .8 .1)
from photobacterium species catalyzes the reaction of
NAD(P)H wi th  d ioxygen and FMN; l2 t ' l  th is  enzyme has
satisfactory specif ic act ivi ty (ca. 100 U/mg) and markedly
improves the eff iciency of the regeneration system devel-
oped by Jones et al.

The most important body of work devoted to synthetic
appl icat ions o f  enzymes requi r ing ox id ized n icot inamide
cofactors has been that of Jones and coworkers, and of
o ther  groups, t2 '2-2 t t l  concern ing appl icat ions o f  horse l iver
alcohol dehydrogenase. Examples of these transformations
are given in Table 9. These reactions, although highly prac-
t ical on the scale of several grams, have not been carr ied to
large-scale work. Several problems have hindered this
stage of development. First,  unti l  recently, the avai lable re-
generation systems have not been truly practical for large-

Tab le  9 .  HLADH-Cata lyzed ox ida t ion  o f  d io ls  us ins  NAD as  a  co fac tor .

Subs t ra te Product ee [9/o] Ref.

scale  work .  Second,  horse l iver  a lcohol  dehydrogenase is
par t icu lar ly  sub ject  to  product  inh ib i t ion.  Many of  the
most  successfu l  examples o f  Jones et  a l .  are  based on the
ox idat ion o f  me.ro-d io ls  to  opt ica l ly  act ive lac tones.  These
systems seem to  be re la t ive ly  f ree of  product  inh ib i t ion.  At -
t emp ts  t o  ach ieve  k i ne t i c  r eso lu t i ons  o f  s imp le  a l coho l s  by
ox idat ion o f  one enant iomer  have,  in  genera l ,  been re la-
t ive ly  unsuccessfu l  on large sca le .  The act ive s i te  o f  a lco-
ho l  dehydrogenase appears  to  be hydrophobic ,  and to  b ind
the product  ketone more s t rongly  than the reactant  a lco-
ho l . l r74 '27n '2 t ' l  Th is  spec i f ic  system has been analyzed in
some deta i l .  There appears  to  be no genera l  s t ra tegy to
deal  w i th  product  inh ib i t ion,  o ther  than to  remove the
product  as i t  is  formed by ext ract ion or  by some other
technique. tz t  ' to l  q71 l .n  ext ract ion is  feas ib le  (us ing,  for  ex-
ample,  a  two-phase water -organic  system to  remove the ke-
tone se lect ive ly  as i t  is  produced) .  the prob lem can be c i r -
cumvented.  In  o ther  c i rcumstances,  i t  is  more t rouble-
some.

6.3.4. Enzymes Requiring S-Adenosyl Methionine, Acetyl-
CoA, PAPS, or Other Cofactors

S-Adenosy lmeth ion ine (SAM) is  an impor tant  one-car-
bon donor  in  many enzyme-cata lyzed react ions. l rno-28r1 A
study of  the enzymat ic  synthes is  o f  SAM f rom ATP and
methionine catalyzed by SAM synthetase from yeast con-
c luded that  the pract ica l i ty  o f  the react ion h inged upon the
avai lab i l i ty  o f  SAM synthetase. t r t : l  The preparat ion o f  sub-
s tant ia l  quant i t ies  o f  homogeneous SAM synthetase f rom a
genet ica l ly  engineered s t ra in  o f  E.  co l i  has been de-
scr ibed. t rsr l  Th is  enzyme is ,  however ,  ser ious ly  inh ib i ted by
product .  The inh ib i t ion constant  (K, )  o f  SAM vs.  ATP (a

compet i t ive  inh ib i tor )  or  meth ion ine (a  noncompet i t ive  in-
h ib i tor )  is  ca.  0 .01 mM.t28r l  The corresponding K;  va lues for
the enzyme from yeast are ca. 6 mM.lt tol I f  the E. col i  en-
zyme could  be modi f ied us ing s i te-spec i f ic  mutagenes is
and recombinant  DNA technology to  increase the K1 va l -
ues signit-rcantly, this procedure for the preparation of
SAM could form the basis for a practical method for pre-
paration of quanti t ies of SAM for stoichiometric use in en-
zyme-catalyzed synthesis. No strategy for in situ regenera-
t ion o f  SAM is  now ev ident .  In  a  t ransmethy la t ion us ing
SAM as methyl donor, the product of SAM is S-adenosyl-
homocysteine (SAH). At present, there is no enzyme
known which catalyzes the selective methylat ion of SAH
to SAM. Although chemical procedures are avai lable for
the synthesis of SAM from SAH,t" ' l  they produce racemic
products and enzymes only accept the ( - )- isomer.t2t i0 
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In an alternative route to ( + )-SAN{, which does not re-
quire ATP as a start ing material,  L-homocysteine and ade-
nosine are converted into SAH chemical lyt:art or enzymati-
ca l ly , t t+s- t+n l  and SAH is  methy la ted chemica l ly .  I f  reso lu-
t ion o f  SAM could  be accompl ished convenient ly ,  th is  pro-

cedure might  be va luable .

Lit t le work has been devoted so far to synthetic appl ica-
t ions o f  react ions requi r ing acety l -CoA and i ts  analogues
as cofactors. Although CoASH is a broadly important co-
factor in biochemistry, from a strategic viewpoint i t  is un-
c lear  that  react ions invo lv ing i t  w i l l  be as impor tant  in  en-
zyme-catalyzed synthesis as are reactions involving other
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cofactors .  Acety l -CoA is  cent ra l  in  react ions lead ing to
f att-v" acids, polyketides, and derived species.l288l I t  is pre-

c ise ly  these c lasses of  compounds which c lass ica l  organic
synthes is  is  most  successfu l  in  prepar ing.  Whether  enzy-
matic procedures offer adl 'antages relat ive to chemical or
fermentat ion routes to  these compounds remains to  be es-
tab l ished.

3 ' -Phosphoadenos ine-5 ' -phosphosul fa te  (PAPS) is  a  su l -
fate donor, universal ly used in biochemistry for sulfat ion
of polysaccharides and for act ivat ion of sulfate. I t  is regen-
erated in vivo by a complex set of reactions involving the
enzymes ATP-sulfurylase and adenylsulfate 11nut.. t28r'2ool
Although sulfat ion of polysaccharides is an interesting and
potential ly important target reaction for enzyme-catalyzed

synthes is  ( for  example,  in  the modi f icat ion o f  hepar in t2er l

or the synthesis of chondroit in sulfatet2n2l),  no straightfor-
ward method now exists to achieve either the svnthesis or
regeneration of PAPS.

7. Syntheses Involving Mult ienzyme Systems

A potential ly important characterist ic of enzymes as ca-

talysts in organic synthesis is that, because most enzymes
operate with reasonable eff iciency at values of pH between
6.5 and 8.5 and at temperatures around room temperature,
i t  is  o f ten poss ib le  to  assemble complex systems conta in ing
mult iple enzymes cooperating in sequence or in paral lel to
achieve mult i-step processing of substrates. The synthesis
of  r ibu lose-1,5-d iphosphate (RuDP),  an impor tant  sub-
strate in plant biochemistry (SchemeT),t2t7t provides an ex-

ample o f  a  synthes is  for  which enzymat ic  cata lys is  pro-

v ides the best  so lu t ion.  Th is  synthes is ,  desp i te  i ts  apparent

complexity, is actual ly quite straightforward, and several

hundered grams of  RuDP has been prepared in  the course

of  the severa l  react ions devoted to  develop ing i t .  The po in t

o f  technica l  in terest  in  th is  synthes is  is  the f ina l  convers ion

of  6-phosphogluconate to  RuDP.  The k inase that  conver ts

r ibu lose-5-phosphate to  RuDP is  oxygen sens i t ive .  Thus,

the in  s i tu  regenerat ion o f  NAD f rom NADH requi red in

convers ion of  6-phosphogluconate to  r ibu lose-5-phosphate

cannot be carr ied out using an oxygen-based regeneration

system.  Th is  regenerat ion is ,  however ,  convenient ly  car r ied

out anaerobical ly using the cr-ketoglutarate/glutamate de-

hydrogenase system. This part of the synthesis requires the

cooperat ive act ion o f  four  enzymes:  6-phosphogluconate

dehydrogenase and 5-phosphor ibu lok inase for  the pr inc i -

pal conversions, and glutamate dehydrogenase and acetate
kinase for in situ regeneration of cofactors.

The conversion of glucose-6-phosphate and N-acetylglu-

cosamine to  lac tosamine prov ides a more complex exam-
plg . tzcr t  Lactosamine is  a  core d isacchar ide,  common in
g lycoprote ins.  Th is  synthes is  (Scheme 8)  i l lus t ra tes the co-

operat ive in teract ion o f  s ix  enzymes,  and estab l ishes the

ut i l i ty  (howbei t  on a  smal l  sca le)  o f  the Le lo i r  pathway en-

zymes for ol igosaccharide synthesis. This type of proce-

dure has subsequently been extended to tr isacchar-

ides.t2nol

The conversion of glucose to ethanol provides a f inal ex-

ample o f  a  coupled mul t ienzyme system (Scheme 9;  in  th is

scheme, several enzymes required to regulate the concen-
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trat ion of ATP are omitted for simplici ty).  This system was

not developed for synthetic purposes-there are simpler
ways of obtaining ethanol-but rather to study the mecha-
nism of ethanol toxici ty in yeast and to examine the kinetic
characterist ics of a regulated mult ienzyme systern.t2e:l
Nonetheless, i t  establ ishes that i t  is practical to construct
processes requir ing sequential operation of many cooper-

a t ing enzymes.

8. More Diff icult Enzymatic Systems: Oxygenases
and Systems for Syntheses of Macromolecules

The pract ica l i ty  o f  us ing monooxygenase systems has

been the subject  o f  specula t ion in  appl ied enzymology for

some years .  Cer ta in  enzyme systems,  operat ing in  v ivo,  ca-

talyze hydroxylat ion, epoxidation, and related oxidation

reactions with selectivi t ies that cannot be matched using

c lass ica l  synthet ic  technology.  These in-v ivo systems are

wide ly  impor tant  in  the ox idat ive funct iona l izat ion o f  s ter -

oids and other hydrocarbons (using fungal systems), and

in terest ing iso la ted examples hav ing emerged f rom other

areas of  fermentat ion chemist ry . l2r r '2e6-2eel  An impor tant

recent example is the conversion o[ benzene to cis-3,5-cy-

c lohexadiene-1,2-d io l  by  fermentat ion. l roOl  Many of  these

transformations are accomplished by cytochrome P450 or

non-heme iron-sulfur enzymes.ttor ro2l The cytochrome P-

450 's  have been wide ly  s tud ied mechanis t ica l ly ,  because of

their importance in steroid metabolism and carcinogen

product ion;  the non-heme i ron-su l fur  prote ins are less wel l

unders tood.

From a practical point of view, microbial systems based

on non-heme iron-sulfur and copper-sulfur enzymes are

the most interesting.[2oo-202'303] Although these systems

have been extens ive ly  examined,  cur rent  ind icat ions sug-

gest that they wil l  not be useful for enzymatic transforma-

t ions in vitro in the immediate future. They suffer from

several disadvantages. First,  in vi tro, operating l i fet imes of

the enzymes are short.  Many of the cytochrome P450 en-

zymes are membrane-bound or membrane-associated, and

i t  is  conceivab le  (a l though not  yet  pract ica l )  that  appro-

priate use of surfactants or model membranes might pro-

v ide va luable  s tab i l iza t ion.  The in-v ivo l i fe t imes of  the

s impler  microb ia l  monooxygenases have not  been care-

fu l ly  examined,  but  they a lso seem to  be shor t .  Perhaps

more importantly, these enzymes require accessory enzyme

systems as a  source of  reduc ing equiva lents ,  u l t imate ly

used to  conver t  d ioxygen to  a  more react ive spec ies a t  the
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hydrogen perox ide or idat ion leve l .  These accessory  en-
zymes typ ica l ly  requi re  NADH or  NADPH as the u l t imate
reduc ing agent .  Thus.  the l lna l  system conta ins a  number
of sensit ive enzymatic components. Further, the eff iciency
of  the coupl ing o f  ox idat ion o f  NADH to  reduct ion o f
d ior l 'gen has,  so far ,  been poor  in  v i t ro :  the major i ty  o f
NAD(P)H is  "wasted"  in  product ion o f  hydrogen perox ide

or  superox ide,  both themselves spec ies capable  o f  react ing
wi th  and inact ivat ing enzymes.  I t  may be that  the prob lems

assoc ia ted wi th  these potent ia l ly  va luable  monooxygen-
ases wi l l  u l t imate ly  be so lved,  but  for  the immediate  fu-
ture. these systems do not represent practical methods for
ox idat ive funct iona l izat ion o f  hydrocarbons.

A second class of enzymes that is attract ing interest is
that responsible for the synthesis of polysaccharides, ol igo-
saccharides. and proteins.t304-lo6l Each of these systems
represents a dif f 'erent set of problems. Cell-surface ol igo-
saccharides are of substantial interest as, inter al ia, dis-
ease-associated antigens and histocompatibi l i ty markers,
and as reagents of possible interest in drug del ivery.tr0+':ozt
In most systems, they are assembled by enzymes uti l iz ing
the Leloir pathway and local ized in the Golgi appara-

tus.tt"t l  These membrane-bound enzymes are usually ob-
tainable only in small  quanti t ies. I t  is unresolved whether
it  wi l l  be more practical to base synthetic schemes on iso-
lated enz-v*mes or to rely on isolat ion from natural sources
or screening for high-producing mutants for fermentation

synthesis. The enzymatic systems involved in synthesis of
many polysaccharides (especial ly those of microbial ori-
gin) are, in principle, more straightforward. Since polysac-

charides cannot presently be prepared by any classical
chemical technique, and because these substances have
propert ies valuable in modif icat ion of the rheological
propert ies of aqueous solut ions and in pharmacological
appl icat ion5,[30a-;oo1 enzyme systems that synthesize poly-

saccharides may prove valuable. Again, however, no prac-

t ical example yet demonstrates the ut i l i ty of such sys-
tems.

Cell- free protein synthesis might provide a technique
complementary to DNA methodology for certain appl ica-
t ions.pon'3tol At present, however, the complexity of the
systems of enzymes required to accomplish this type of
process is such that i t  is impractical on scales larger than
micrograms.

The central scienti f ic discoveries that have focused inter-
est on biological ly based syntheses are those leading to re-
combinant DNA (rDNA) technology. This technique de-
pends on a number of enzymes that make i t  possible to im-
plant desired genes into a foreign organism to produce de-
s i red prote ins. t r r r '3 r21 Of  the enzymes used in  rDNA tech-
nology, DNA l igase and restr ict ion endonucleases are two
of the most important. DNA molecules can be cleaved
specif ical ly with specif ic restr ict ion endonucleases and
jo ined wi th  another  rest r ic t ion-enzyme-modi f ied DNA
fragment in a reaction catalyzed by DNA l igase. These
chemical transformations cannot be accomplished by clas-
s ica l  synthet ic  techniques,  and the enzymat ic  methods
might be useful in practical-scale nucleic acid chemistry.
The enzymes used in rDNA research are, however, expen-
s ive.  Technica l  prob lems concern ing s tab i l iza t ion and
large-sca le  product ion o f  enzymes need to  be so lved i f  th is
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Scheme 10. A representative scheme for the RNA-l igase-catalyzed lormation

of  a  3 ' *5 '  phosphod ies ter  bond be tween o l igonuc leo t ides  conta in ing  te rmi -
na l  A  and pC.

has been used to couple short,  chemical ly synthesized ol ig-

onuc leot ides to  longer  o l igomers. t ' ' ' l  I t  a lso has been used

for modif icat ion of nucleic acids by introducing radioac-

t ive probes and by rep lac ing nuc leot ide res idues. [3r r - ] r6 l

S ince appl ied b io logy based on rRNA technology may be
important for the future, and since chemical methods for

the synthesis of RNA are not as well  developed as those
for DNA, RNA l igase could play an important role in this
area.

Two other examples of polynucleotide synthesis deserv-
ing mention are the polynucleotide phosphorylase-cata-

lyzed synthes is  o f  po ly l  'Ct r rT l  (an inducer  o f  in ter feron)

and the r ibonuclease-catalyzed synthesis of tr inucleotide
codonst3'81 lscheme I l) .  These two enzymes have a broad
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Scheme l  l .  Syn thes is  o f  po lynuc leo t ides  ca ta lyzed by  po lynuc leo t ide  phos-
phory lase ,  and o f  t r inuc leo t ides  ca ta lyzed by  r i conuc lease.

type of  enzymology is  ever  to  be used for  preparat ive

chemica l  synthes is  ( large-sca le  work  is  unnecessary  for  use

in  genet ic  engineer ing,  because microb ia l  growth prov ides

large ampl i f ica t ion) .  We note a lso that  s ince the condensa-

t ion react ions invo lved in  forming phosphodiester  l inks re-
qu i re  e i ther  NAD ( in  react ions cata lyzed by NAD l igase

f rom bacter ia ,  and generat ing AMP and NMN) or  ATP
(catalyzed by To DNA l igase from phage-infected bacteria

or  f rom eukaryotes,  and generat ing AMP and pyrophos-

phate),t3" ' l  cofactor regeneration may be required for large-

sca le  product ion.

Another  l igase that  has been used increas ing ly  is  RNA

l igase. ls r r '3 r3- r '51 The enzyme Ta RNA l igase cata lyzes the

synthes is  o f  s ing le-s t randed o l igonuc leot ides o f  d i f ferent

lengths f rom a 3 ' - termina l  hydroxy l  acceptor  and a 5 ' - ter -

mina l  phosphate donor  o l igor ibonuc leot ide through the
format ion of  a  3 ' *5 '  phosphodiester  bond,  wi th  hydro lys is

of  ATP to  AMP and pyrophosphate.  The 5 ' - termina l  phos-

phate donor  can be nuc leot ides as smal l  as  monomer un i ts

and the 3'-terminal hydroxyl acceptor can be a dimer, tr i-
mer ,  or  o l igomer . t3r r l  The enzyme a lso accepts  s ing le-

s t randed DNA as a subst ra te  (Scheme 10) .  Th is  enzyme
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range o l -spec i l - ic i ty ' :  they can thus be usefu l  for  the synthe-
s i s  o f  o the r  po l ynuc leo t i des .

9 .  Summary and Out look

Enzvmes are cata l .vs ts  that  are usefu l  in  a  var ie ty  o f  syn-
thet ic  prob lems:  synthes is  o f  ch i ra l  f ragments ;  t ransforma-
t ions o f  sugars .  nuc leot ides,  and re la ted spec ies;  synthes is
of  compounds impor tant  in  metabol ism and analogues of
these metabol i tes  (amino ac ids,  sugar  phosphates,  e tc . ) ;
t ranstbrmat ions of  pept ides and prote ins:  t ransformat ions
of  compounds present  in  foods and other  t ransformat ions
in  l ' , 'h ich c lass ica l  chemica l  methodology is  const ra ined by
regula t ion.  What  are the technica l  prob lems that  must  be
sol red to  consol idate  and extend these uses? What  are the
barr iers  that  a  synthet ic  organic  chemist  must  overcome in
order  to  use enzyme-cata lyzed synthes is?

The two major barr iers to the use of enzymes are proba-

bly'  educational. The f lrst is that of learning the basic tech-
n iques of  enzymology and b iochemist ry ,  espec ia l ly  the
spec ia l ized techniques of  ana lys is  and iso la t ion o f  en-
z) 'mes.  Nei ther  is  d i f f icu l t ,  but  both requi re  sk i l ls  that  are
not  fami l ia r  to  most  c lass ica l ly  t ra ined synthet ic  chemists .
Standard b iochemist ry  tex tbooks are he lp fu l  in  learn ing
these techniques '  Bergmeyer's series provides an indispen-
s ib le  re ference for  enzymat ic  assays. t ' 'o l  A shor t  appren-
t icesh ip  in  a  b iochemist ry  laboratory  is  exceeding ly  he lp-
fu l .  A second,  more ser ious prob lem (at  least  in  cons ider-
ing the feas ib i l i ty  o f  inc lud ing enzymology in  a  proposed

s) 'n thet ic  sequence)  is  f ind ing out  whether  an enzyme is
known (or, better yet, commercial ly avai lable) that can
plausibly carry out the transformation of interest. This
problem is a dif f icult  one to solve. There is presently no
reference that describes enzymology from the vantage of a
synthetic chemist, that outl ines the types of synthetical ly
useful transformations which might be expected from a
given class of enzymes, or that detai ls the enzymes capable
of conducting a part icular type of transformation. Most
enzymes have not, in fact, been examined for their ut i l i ty
in synthesis, and the nomenclature of enzymology is not
helpful in establ ishing activi ty for new transformations.
This art icle l ists several of the enzymatic systems that have
been explored in suff icient detai l  to be helpful in organic
synthesis; the series Methods in Enzymology and Berg-
mever's series give sample procedures involving enzymes
(usually on an analyt ical scale) that are helpful in suggest-
ing new appl icat ions.  In  the absence of  spec i f ic  so lu t ions
from these sources, the synthetic chemist can only consult
h is  b iochemica l  co l leagues,  and test  enzymes known to  op-
erate on substrates analogous to those of interest in the
proposed process.

If  an enzyme can be found that effects the desired trans-
format ion,  what  determines the pract ica l i ty  o f  a  process
based on this enzyme2 Clearly, technical features-the
ar, 'ai labi l i ty of the enzyme, i ts specif ici ty, specif ic act ivi ty,
and s tab i l i ty ,  i ts  cofactor  requi rements-are o f  pr imary im-
por tance in  eva luat ing the pract ica l i ty  o f  a  spec i f ic  en-
zyme. Of greater interest to most organic synthetic chem-
is ts  is  a  broader  quest ion o [  s t ra tegy.  Enzymes should  be
regarded s imply  as one more type of  cata lys t ,  and the best
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synthet ic  procedures wi l l  be those that  make the most  e f f i -
c ient  and best  in tegrated use of  a l l  o f  the ava i lab le  tech-
n iques-c lass ica l  organic  synthes is ,  homogeneous and het -

erogeneous cata lys is  by meta ls ,  cata lys is  by enzymes,  fer -
mentat ion,  e lect rochemist ry ,  convent iona l  reso lu t ion,  and
other  methods.  In  cer ta in  ins tances- for  example,  the use

of  DNA l igase and rest r ic t ion endonuc lease to  c lose and

open n icks in  DNA-enzymes have no compet i t ion f rom

other  techniques.  In  product ion o f  ch i ra l  synthons for  use
in  synthes is  o f  pharmaceut ica ls ,  the range of  opt ions open
to the synthet ic  chemist  is  much larger .  The opt imal  s t ra te-
g ies for  us ing enzvmes are s t i l l  evo lv ing.  For  example,  is  i t
more eff icient to use horse l iver alcohol dehydrogenase to
ox id ize a  meso-dto l  to  a  lac tone ( tak ing in to  account  the
prob lems of  cofactor  regenerat ion and product  inh ib i t ion, t

or  to  use an esterase in  combinat ion wi th  a  chemica l  ox i -
dat ion (Scheme l2)? For  reso lu t ion o f  a  new epoxy a lco-
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Scheme 12.  A l te rna t i re  rou tes  to  oo t ica l l v  ac t i ve  lac tones .

hol, is i t  better to use asymmetric epoxidationtrTl or an es-
terase? For production of large quanti t ies of short ol igo-
peptides, is catalysis by selected amidases start ing from
minimally protected amino acids in dehydrating media
preferred, or are conventional chemical coupling proce-

dures superior? None of these questions presently have ca-
tegorical answers. The general point is, however, that the
range of  p laus ib le  appl icat ions o f  enzymes in  organic  syn-
thesis is much larger than might be supposed by the range
of  the i r  present  use.  Enough exper imenta l  background is
now avai lab le  that  many of  the gener ic  prob lems invo lved
in applying enzymes as catalysts have been solved.

Cer ta in  prob lems in  synthes is  wi l l  unquest ionably  bene-
f i t  from use of enzymatic catalysis. Synthetic chemists cap-
able of using this class of catalysts wil l  have a clear advan-
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tage in  the i r  ab i l i ty  to  tack le  the new generat ion o f  prob-
Iems in  synthes is  appear ing at  the border  between chemis-
t ry  and b io logy.  Those unwi l l ing to  use these and other
b io log ica l ly  der ived synthet ic  techniques may f ind them-
se lves exc luded f rom some of  the most  exc i t ing prob lems
in  mo lecu la r  sc i ence .
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