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Enzyrnes in organnc $ynthesis
Alan Akiyama, M'lark Bednarski,  lVlahn-Joo Kirn,
Ethan S.  Simon, Herbert  Waldmann and
George M. Whitesides.

The matur ing petroleurn-based chemical  industry,  the pre$:, iures of  en-
vironmental  corrstraints and the explosive r leveloprnent of  b iotechnology
have increased thq interest  in catalysis in enzymolcrgy.  Enzymes are now an
attractive proposition Fs catalysts for new classes of r '* 'agi:r 'rts and products,
especial ly sugars,  chiral  synthons, rnetabol i tes and food conrponents.

Before dec id ing t0  use enzymes as
s313 l r1S lS  i r ,  a  p16 " * rS  a  number  c f  i s sues
; l t ;ed t ' f  be consrderec i .
& Fnzynte praductton Enzymes used in
c l rern ica l  [ ) rocesses are marn ly  der ived
by . t x t : ' ac t ron  f r t i n r  na tu ra l  sou rces  (es

i i r : i j ta i l i , '  rn ic roorganisms) .  l t  rs  usual ly
s , , i r$ fe t - : tor1r  in  svnthrc t ic  appl icat ions,  to
y . ,ork  v" , i th  re  la t  ive ly  c  r  L :de prepa ra t io  ns,
;nd r rnrnobi l rsec i  rarho le  ce! ls  are o f ten
lhe r r rost  convenient  and econorn ica i
f t ) r r . .  i i ' r  vuh ich to  use ar r  er izyrne i rnmobi l -
i sa t r r r n  f ac i l i t a tes  recove ry ,  i r nd  imp roves
ihe  s tab r l i t y  o f  t he  enzyme  .  A  range  o f
t echn iques  f o r  i r nmob i l i s i r r g  enzymes  i s
ava i l ab le  a . r3 .141s  t c  T l r e  mr )S t  COmmOn ly
usc ' l  i n  l a rge -sca le  p re f ra ra t i ons  t s  t ha t
uased  on  c ross - l i nk i r t g  r eac t i ons  w i t h
i l l i r l . ; ra ide l  ry rJs .a  ta  i  '  i  l t i : ;  p rc lcedure
,n , ( , ;ks  w 'e l i  w i t l - t  re la t rvet 'y  : tab le  en-
zvf f lcs .  br ;1  o{ ter - i  fa i ls  r^vr ih  the more
de I i r :atr:  ?r r iV{l  I  es r eq Li i  i ' i . l t -{  f  r , ' r  compiex
synthc, ,s is  Fcr  t i - re  la t te :  group react ive
i : rqan ic  po lyrners .  e ' .9  FA.N ipo lyacr"y io
r r r t r i l e ) , 18  a re  more  e f f ec i r ve r
& i" 'ofar:tors Most of thp *rz)-nratrc
reac i i t ns  used  rn  svn ihes rs  r t r q r . j i r e  co -
fac t c r s  Essen t i a l i v  a l l  c ; f  i ne  ( : ommon

cnf ; rc tors  tAIP.  NAD.  l i :1 .DH loASHiare:
1 i ) ( ]  r - xpe t l s t ve  io  r - l 5 f j  i r :  s l r , i ch i t - r t l . l e tnc

e r i . : n f  i t i es .  The  6pvs l t ) i ) r l ' i e r i t  r : f  i n  s i t u
i . : o fac tc l r  regenera t ion  - . r  l r en res  has  p ro -

g res led  so  tha t  t l  l j  no \ r  r )asY  to
! ' { : r ( ler !€ j 'ate Al-P f r r ; r r " :  ADP .r r  A[ \ lP by

i . r s r r r ( j  e i l h e r  a c e t y l  p h o s p l r a t e l e  o r  p r t o s -
pl t . :_t , " - r l  p ' , , i - r . ;  , ; ; t?o20 aq t ! - r ( i  phOSphate

Ccr - r , - i r  l he  hes t  me thoo  fo r  regenera t ing

NADi 'J f ror ; l  NAD is f i ; ised cn formate as

t i re  l r yd r ide  d r , rnc t r  ' t , : "  - [ ha  
i ' egenera t ion

a t  IJA D i "e m a I  ns s i  r  u I  :  r  I  v  r :c  rn p I  i  cate d.22,2.)
L . ru  r  t he  bes t  reg le i l e ra t ro r '  scher r te  i s

Enzymes are cata ly t rc  prote  rns tha i  con-
t ro l the ra tes o f  most  b io lc ig ica l  react ions;
they have been used ex v ivo rn  smal l -
sca le  app l r c l a t i ons  bo th  f o r  t he  ana l ys i s l
and the synthes is  o f  : -er ;earc l t  b io-
chemica l s ,2 ,3  and  i r i  a  sma l l  b i r t  s i gn i f  i -
can t  number  o f  l a r "Ee -sca l t :  cnem ica l
processes.as Thei r  use in  the la t ter  was
l im i t ed  bec ruse  mcs t  enzymes  we re
expens ive a ' rd  unstab le ,  and they were
not  the best  cata lys ts  for  the react ions o f
greatest  in terest  in  the chemica l  process
indust ry  or  the pharmacerr t ica l  Indust ry
( see  Tab le  1 ) .

Suve rd l  deve lopn lu f l t 3  c , ccu r r i ng  s rm-
u l t aneous l y  i n  bo t l ' r  i ndL rs t r i es  and  i n
b io logy have c l ranged the va lue of
enzymes as cata lys ts .  T f re  revo lu t ron
in  mo lecu la r  gene t r cs  l r . r s  made  en -
zymes ava i lab le  a t  drarnat rca l ly  lowered
costs .5 ,6  At  t f re  same t i rne,  the targets  o f
cent ra l  in terest  in  the p l rar rnaceut ica l
inclustry have shif ted au,ray from low
molecu lar  weight  hydrocarbons and
heterocyc les to  cumplex b io log ica l  sub-
s tances- t issue p lasminoEen act ivator ,
lymphokines,  cyc losporr r  A-or  sub-
s tances der ived f rom thern.  The creat ion
of  ch i ra l  cent res has become a major
s t ra teg ic  concern in  chemrcal  synthes is ,
espec ia l ly  in  drug synthes is .  Moreover ,
publ ic  concern wi th  env i ronmenta l  issr res
has increased the at t rac t rveness of  pro-
cesses that  operate  wi t f l  h rgh se l r :c -
t i v i t i es -and  t hus  m in im ise  t he  p rob lems
of waste and byproduct disposal- in
env i ron menta I  ly  acceptab le  so lvents .

Enzymes should  not  be cons idered as
rep lacements  for  ex is t ing cata lys ts :  the
idea of  rep lac ing the chemica l  process
for  the convers ion of  propy lene to  propy l -
ene ox ide based on organic  perox ides
and t rans i t ion meta l  cata iys tsT by an
oxidative enzymatic processs was never
a very  good one.  Rather ,  they should  be
cons idered as a  new c lass o f  cata lys ts  for
which new uses and new processes
must be developed.

The processes that  cur rent ly  use
enzymes have been extens ive ly  re-
v iewed.s ,s  A l readythe use of  enzymes as
components  in  detergent  formulat ions,  10

common  i n  Eu rope  and  t he  US ,  has

proved nconomica l .  
' i i - ' r :  

p l r r : leases use '1
rn o 'e tergcnt  formui ' j , r t i / ins  are ; r  s i r ia i l
par t  o f  t l re  f r : rmulat icn,  hL i f  t i le :V r f l r rove
proternaceous s ; la i r is  suf f rc ient ly  i r , 'e l l  t r^ r
jus t r fy  ! f - re lp  Ot , t t , r - tc i ion on a idrqe sr t . : i€
T f i e  r - on i r r : r s i on  u i  s l i i r c i r  l 0  q l i , { r ( , 5e .  Jnc j
g lucose 16 f r rg i r  f  ruc ios{ - }  cc i t ' r i  syr l tp  is  the
largest  sca le  c i - remica i  t r .x :s fornr . i t i ' , ) r - ,
e f fec terJ  h i7  enzyrne5. i ,  11 - r l re  

qu: l l . r ty  o f
h i gh  f r uc tase  co rn  sy rup  p rc , r l L r ced  i n  t he
tJS is  now !n  excess of  4  5  ,  1( - i \1 , .9  pa.

Tf re  Novo process for  t i - ;e  pr rduct ion o f
semtsynthet ic  r r ' l s l r l r i ' '  : '  p t  i l v l i i , . l s  t l - r r '  f  r r : ; t
exanrp le  o i  ' .  " r i ia t  wt l l  p rob; t l r ! r , ,  l iu  :  very
' ,vtdespr' :ad { ' . :se of e nzyrnes ' i r ; l  i ' - j .  1,1)
modi fy  proterns an, : .1  o i t : t r  hru l t , r , . l tca l
r t tacrorno le :cu ies der- ived { i "o : r - t  r rcL; { t ' t -
brnant  D$A t t lchn11l r_ .L- , i .  A l thnugh the
lnsu l rn  us t r . , : J  as  a  : l l i , r l i n ' '  l na te r  i : r l  r : l  t he
Novo proc.eSS ls t- i() l  ;1ci ' i ' . ,eC l l ' , ,  , . . ' , . ' , ' r ' t - '  -

b i na r r t  DNA i r e th r : dL - r i o r tV ,  t he  e i l i l ency
and econornrr.s of thrs prl ' : r{ : i rss, ' - : i ' , r- i  t i re
h igh  qua l i t y  o f  t hc  p f  o ( l r .  - t  c s ta t l l i r , h  i ne
va lue of  enzvrnat ic  {1 , : i i ; t l vs is  in  i l r t . :
t r ans fo r ' r r a t ron .  The  rangc  c f  a rn i r i oac ids
now delved f r r_ l rn  e  rzvr r ra t ic  orAr lStor -

ma t i ons  i i l L l q t ra t€ . s  t l . e , , r r po r tdn i j e  o f
e n zy m o I o g y',l s a t *.clr ri o I cg y f o r r ri s l I v r n q

and  p roduu ing  ch t ra l  cen t res . : 14  1 ' r  [ : o r
exanrp le ,  bro log ic ; : l  p ro( :csses tor  syn-
t i res isrng L. -TJOFA i " - ' i  a r : i i r r r : -3  (3 ,4-dr -
h ' ;droxyp l ren, , , l )  propanorc  ; ic id)  are t  now
d isp la r : i ng  l ec i r no log ies  i ; ased  on  asym-
metr ic  hydro{Jenat io f l  u : : i lnq rhc idrurn

cata lVSts .

Table 1 . Perceived charactenstics of enzvmes.

Adva rr tages D lsadvar r tages

H i g h I 'r se I ective fcrr s ul-rstrates

H rgh ly  enan t iose lec t i ve

Env i ronmer ' r ta  I  l y  accep tab le

App l i cab le  to  p roduc ts  re levan t  i n
pharrnaceutrca ls .  foocl ,  brrr tech nolcrqy,
a n d  a g r r c u l l u r e

Large  numbers  o f  ca ta i l . t i c  ac t r v i t i es
a v a i l a b l e

Cos t  can  be  lowered  a rd  p roper t res
r  rnproved by usr ng biotecl r  ncr log' /

L:<pensivc

l .  Jnsta ble

Restrr r , ; te i i  to a i l  uer:  l . is  envi  ron mer ' r ts

lnapp l ruab le  1 r )  s r . Jbs t ra tes  no t  r i ccu r r i ng
i n  N a t u r r :

l r rapp l r cab ie  to  marny  impor ta r i t  t i  p r , ' s  c f
re i lc i  io  r l  s

D r l f  i c u l t  t o  r n a r r i p u l a t e
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Scheme 1. Four synthetic routes to optical ly enriched butene oxide by
using enzymes.
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at ive ly  l i t t le  work  done on the develop-
ment  o f  reactors  engineered spec i f ica l ly
to  take advaniage of  the cata ly t ic  charac-
ter is t ics  o f  enzymes.  Many ex is t ing pro-
cesses use co lumn reactors  adapted
more or  less d i rect ly  f rom those used
wi th  heterogeneous cata lys ts  in  c lass ica l
chemica l  synthes is .  New reactors  based
on membranes26 and ho l low f ibres2T are
now beginn ing to  a t t rac t  in terest .

Chi ra l  epoxv a lcohols
These substances are versat i le  in ter -
mediates,  w ide ly  used in  pharmaceut ica l
synthes is .  They have been s tud ied exten-
s ive ly  by us ing asymmetr ic  epox id is ing
sys tems-usua l l y  based  on  an  o rgan i c
perox ide and a complex between a
t i t an ium sa l t  and  a  ch i ra l  l i gand  such  as
ta r t a r i c  ac id .28  By  exam in ing  rou tes  t o
th is  compound we can compare the
character is t ics  o f  enzymat ic  and non-
enzymat ic  processes for  the synthes is  o f
enan t i omer i ca  I  l y  en r i ched  compounds .

Most  o f  our  work  has focused on the
k inet ic  reso lu t ion o f  epoxy a lcohols  by
enant iose lect ive hydro lysrs  o f  the der ived
esters  wr th  l ipases.  Tr i  produce ch i ra l
synthons we need to  generate  products
w i t h  a  h i gh  enan t i omer i c  excess .  Cu r -
ren t l y ,  an  ee  o f  l ess  t han  95  pe r  cen t  i s
on l y  marg ina l l y  use fu l ,  and  va lues  o f
greater  than 98 per  cent  are prefer red.
Stud ies o f  the hydro lys is  o f  g lyc idy l  buty-
ra te  e i ther  wi th  pancreat ic  l ipase or  cho l -
estero l  es terase show that  i t  is  poss ib le  to
ach ieve very  h igh va lues of  ee.2e A typ ica l
p rocess  i nvo l ves  t r ea t i ng  a  racem ic  m ix -
ture o f  g lyc idy l  butyrate  wi th  a  l ipase
unt i l  about  60 per  cent  o f  the ester  has
hydro lysed;  the remain ing ester  is  then
recovered and pur i f ied.  Th is  procedure
works very  smooth ly  for  g lyc idy l  butyrate
and for  severa l  s t ructura l ly  re la ted com-
pounds ,  and  i s  now  the  bas i s  f o r  a
commerc ia l  process for  produc ing g ly-
c idy l  butyrate .

For  subst ra tes o ther  than g lyc idy l
butyrate ,  ava i lab le  l ipases work wi th
var iab le  enant iose lect iv i t ies .  Cer ta in  hy-
dro lyses are as enant iose lect ive as those
of  g lyc idy l  butyrate ;  o thers  are apprec i -
ab ly  less so.  We have cons idered the
modi f icat ion and improvement  o f  en-
ant iose lect iv i ty  o f  an enzyme-cata lysed
hydro lys is  by changing the react ion
condi t ions.  We have ident i f ied three
st ra teg ies that  can lead to  an improve-
ment  in  the enant iomer ic  excess.
|  .  Lower ing the react ion temperature to
0 oC or  be low is  o f ten successf  u l .
Chang ing  (espec ia l l y  l owe r i ng )  pH  o r
add ing  sma l l  ( 10 -20  pe r  cen t )quan t i t i es
of  organic  coso lvents  can a lso be he lp fu l .
In  our  exper ience,  there is  no s ing le  set  o f
react ion condi t ions that  is  best  for  every
subst ra te ,  and the combinat ion o f  sub-
s t ra te  and enzyme must  be examined on
a case by case bas is .  Phys io log ica l
condi t ions are not  necessar i ly  those that
produce the best  resu l ts  in  appl icat ions
of  enzymes in  organic  synthes is .
2. We have developed procedures for
improv ing the enant iose lect iv i ty  o f  c rude
enzyme mix tures wi thout  e laborate  co l -
umn chromatographies.  Usefu l  s t ra teg ies

cH3coNH

7-_co2H
CrHu

CH.CON H"  
Fco,H

CrHo

H z \

;CO,H
CrHu

a ,b ,c ,d  O--------> 
l_\

CrH i '  96  pe r  cen t  ee

b,c,d O-----) / \
CrHu-gs per  cent  ee

Br  ococ3H,  81  ococ3H/
,  /  U n o t e s t c r o t  e s t e r a s e  1  /  "  e. - - f #

c2 l t ;  c rHo C,H.

o
/\
76 per  cent  ee

CrHu

r - L a c t a t e  d e h y d r o g e n a s e

NADH NAD+

D -  L a c t a t e  d e h y d r o g e n a s e

H O
> - c n ^ L {  

c t ' e  
>

/  
v v 2 t  I

CrHu
A >98 per  cent  ee

C,H(.

*oFaortl j,!9* 
A >98 per cent ee

C,Hu  C ,H ,

O,r  
PH Gtyce ro tdehydrogenase  Hq  

PH r .e
-______^+ .-+

c'Hu 
r.r(ux Loo. 

c,Hu crHi
-A tnt per cent ee

Reaction t;onditions
( a )  2  N  H C l ,  1 0 0 ' ' C , 2 h ;  ( b )  6  N  H C l ,  N a N O z ;  ( c )  B H r , T H F , 0 ' C , 2 0 h ;  ( d )  K O H ;
(e )  CsHr lOK ,  C5HrOH,  room tempera tu re ;  i f ) 30  pe rcen t  HBr .AcOH,  -  15 'C
--- '25'C, 3 h.

LJ
probably  one based on a-ket r :g l r j ta ra te  as
the hydr ide acceptor .22 The use of  s to i -
chrcmetr ic  amounts  o f  c r -ketog lu tarate  is
expens i ve ,  and  t hus  l im i t s  t h i s  t ype  o f
regene ra t ron .
3 Enzyme purification. ln certain cases,
espec ia l ly  those invo lv ing cofactors  or
r je i ica te  subst ra tes,  r t  rs  i rnpor tant  to
cons ide r  h i gh l y  pu r i f i ed  enzymes .  Fo r
examp le ,  i t  can  be  pa r t i cu la r l y  advan -
tageous to  exc lude proteases--which
may shor ten the l i fe t ime of  the enzyme of
in terest  by  degrad ing i t  pro teo ly t ica l lv -
ATPases-which can decrease the
eff iciency of ATP usage in a cofactor
recyc l ing scheme-and cer ta in  types
o f  con tam ina t i ng  enzyme  ac t i v i t i es .
Con tam ina t i ng  ac t i v i t i es  a re  espec ia l l y
t roublesome in  ch i ra l  t ransformat ions
where the requi red subst ra te  may be
accepted by more than one enzyme in  a
crude enzyme preparat ion.24 l f  these
compet ing enzymes have d i f ferent  en-
ant iose lect iv i t ies ,  the resu l t  can be an
unacceptab ly  low enant iomer ic  excess
(ee {90 per  cent )  in  the product .  Estab-
l ish ing that  a  crude preparat ion o f  en-
zyrnes has the pur i ty  and reproduc ib i l i ty
requi red for  a  s tab le  and usef  u l  process
i s  an  impo r tan t  s tep  i n  des ign ing  an
enzyme-based react ion seq uence.
o Specific activity. The specif ic activity
of  an enzyme is  a  measure o f  i ts  cata lv t ic
act iv i ty .  usual ly  g iven in  micromoles o f

subst ra te  generated per  minute per
mi l l ig ram of  enzyme.  l t  is  impor tant  to
es tah l i sh  t h i s  va lue  ea r l y  i n  any  cons ide r -
a t ion o f  an enzyme-based process be-
ca use i t  determ ines the upper  l im i t  to  the
product iv i ty  o f  an enzymat tc  reactor .  l t  i s
cur rent iy  not  pract ica l  to  increase the
spec i f  ic  ac t iv i ty  o f  an enzyme s ign i f  icant ly
beyond i ts  in t r ins ic  va lue.  l f  the spec i f ic
act iv i ty  is  too low to  form the bas is  for  an
acceptab le  process,  o ther  enzymes
should  be examined for  h igher  act iv i ty .
o Kinetic considerations. Enzymatic re-
ac t i ons  t ake  p lace  i n  f l u i d  phases ,  and
a re  t hus  s l ower  t han  many  o f  t he  vapou r -
phase processes wide ly  used in  large-
sca le  chemica l  syn thes i s .  A  number  o f
enzymatic processes-for example, those
invo lv ing l ipases (enzymes that  requi re  a
water-hydrocarbon interface for act ivi ty)
or  o ther  enzymes in  two-phase water -
hydrocarbon systems-introduce prob-
lems in  in ter fac ia l  mass t ranspor t  that
have not  yet  been thoroughly  analysed.
In  addi t ion,  enzymes somet imes suf fer
f r om i n t r i ns i c  k i ne t i c  l im i t a t i ons ,25  f o r
examp le  p roduc t  i nh ib i t i on ,23  wh i ch  i s
par t  o f  the enzyme regula t ion system m
vivo,but  is  a  nu isance in  synthes is .

A number  o f  s t ra teg ies are be ing
expiored to  avo id  product  (and somet imes
reac tan t )  i nh ib i t i on , z :  bu t  conven ien t
genera l  s t ra teg ies are not  ava i lab le .
O Reactor design. There has been rel-
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invo lve par t ia l  denaturat ion o f  a  crude
mixture o f  enzymes by heat ing,  sh i f t ing
the  pH ,  o r  by  add i r rg  dena tu ran t s .  W i th
l uck ,  t he  impu r i t i es  w i l l  be  l ess  s tab le  t o
some  o f  t hese  cond i t i ons  t han  t he
impor tant  enzyme,  and a re la t ive ly  s imple
process can then be developed which
select ive ly  dest roys unwanted impur i ty
ac t t v i t i es  wh i l e  r e ta i n i ng  t t r e  necessa ry
act tv i ty .
3 .  We have a lso cons idered the analys is
of  enant iose lect iv i ty .  T l re  rnost  common
techn ique  used  i s  based  on  a  conve rs ion -
i ndependen t  measu re  o f  enan t i ose lec -
t iv i ty  proposed by S ih  and coworkers ,  the
so -ca l l ed  F  va lue :30

. _  I n [ ( 1  _  c ) ( 1  _  e e s ) l
t = -:-

I n [ ( 1  -  c )  ( 1  +  ee . ) ]

_ _  I n [ 1  _ c ( 1  + e e o ) J
t  =  . - - -

I n [ 1  _ c ( 1  _ e e o ) l

where c  = extent  o f  con ' , ,ers ion,  €e.  =
enan t i omer i c  excess  o f  t he  rema in ing
s ta r t i ng  ma te r i a l  and  eeo  =  enan t i omer i c
excess of  the product .  The F va lues are
usefu l  parameters  but  are senst t ive to
the measr t red extent  o f  convers ion.  l t  is
rmpor tant  to  look caref  u l ly  a t  the accuracy
of  measur 'ernents  both o f  enant iomer ic
excess ar r r l  cor rvers ion to  get  a  rea l is t ic
assessment  o f  vyhether  changes tn
methods of  rnan ipu la t ing the enzymes
and react lon condi t ions s ign i f  icant ly
improve the enant iose lect iv i ty  o f  an
enzymat ic  react ion.

The re  r s  no  gene ra l  answer  t o  t he
quest ion o f  v r rhether  or  not  enzymat ic
methods based on enant iose lect ive hy-
dro lys is  are bet ter  than the Sharp less
react ion for  t l re  synthes is  o f  ch i ra l  epoxy
alcohols .  For  cer tarn compounds,  enzy-
mat ic  methods 'work  very  wel l .  They are
s imple and easy,  but  they are not
un i ve rsa l l y  app i i cab le .  They  have  t he
disadvantage t l - ra t  they are k inet ic  reso l -
u t i ons ,  and  t hus  i n t r i ns i ca l l y  l im i t ed  i n
u l t imate y ie ld .  The Sharp less react ion is
a  ch i ra l  syn thes i s ,  and ,  i n  p r i nc i p l e ,  i s
capab le  o f  g i v rng  t he  op t i ca l l y  pu re
product  in  a  h igher  y ie ld .  However ,
workup of  react ion mix tures can be a
prob lern.  Cer ta in  c lasses of  compounds
are accepted wel l  by  enzymes and
per form poor ly  in  the Sharp less react ion;
the reverse is  a lso t rue.

Chiral butene oxide
We have examrned a number  o f  s t ra t -
eg ies for  the preparat ion o f  ch i ra l  epox-
ides that  are not  epoxy a lcohols .  Both the
Sharp less procedure and l ipase-cat -
a lysed k inet ic  hydro lyses are rest r ic ted to
epoxy a lcohols  and re la ted spec ies.  Chi ra l
epox ides are,  houvever ,  genera l ly  usefu l
ch i ra l  synthons,  and we wanted to  eva l -
uate routes to  them based on enzymat ic
procedures.  For  example,  Scheme 1
summar ises four  synthet ic  s t ra teg ies for
the preparat ion o f  butene ox ide.  We
emphasise the d is t inc t ron between
st ra teg ies based on k inet ic  reso lu t ions,
i n  wh i ch  t he  y i e l d  o f  one  enan t i omer
f rom a racemic mix ture is ,  in  pnnc ip le ,
l imi ted to  50 per  cent  (but  in  which both
enant iomers may be produced)  f rom

Scheme 2. Fructose-1,5-diphosphate aldolase catalyses a stereospecif ic
aldol condensation between dihydroxyacetone phosphate and a variety
of aldehydes, useful in the preparation of rare carbohydrates.
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those based on asymmetr ic  synt i reses(rn
wh i ch  a  s i ng le  enan t i omer  can ,  i n
p r i nc ip l e ,  be  gene ra ted  i n  1OO pe r  cen t
y i e l d ) .
o Lipase. Lipase catalyses the hydrolysis
of  a  number  o f  brornohydrrn  anc i  ch loro-
hydr in  esters .  The enai r t iose lect iv i ty  o f  ,
these hydro lyses depends on the s t ruc-
tures invo lved.  Pancreat ic  l ipase is  mod-
erate ly  enant iose lect ive in  cata lys ing the
hydro lys is  o f  the bromohydr in  ester
der ived f rom butene,  but  i t  works con-
s iderab ly  more se lect ive ly  wi th  o ther
bromohydr in  and ch lorohydr in  esters .  l t
would  be bet ter  to  f ind more enant io-
se lect ive l ipases to  cata lyse the hydro ly-
s is ,  or  to  improve the enant iose lect iv i ty  o f
t he  po rc i ne  l i pase  by  chang ing  reac t i on
condi t ions.
o  Acy lase / .  The k inet ic  reso lu t ion o f
aminoac ids by acy lase I  is  a  broadly
app l i cab le  and  h igh l y  enan t i ose lec t i ve
react ion.  The route to  butene ox ide based
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on acy lase I  has the d isadvantage of  four
reaction steps, w,rth one exotic reaction--
convers ion of  the t r -aminoac id  to  an
c -ch lo roac id  by  n i t r osa t i on .  l t  has  t he
advantage that  i t  generates o ther  usefu l
in termediates (espec ia l iy  the ch i ra l
cr -ch loroac id) .
C Lactate dehydragenase. Routes to
butene ox ide based on the reduct ion o f
p roch i ra l  a - ke tobu ty r i c  ac id  a re  ch i ra l
syntheses.  Wi th  lac ta te  dehydrogenase,
both enant iomers o f  a ,hydroxybutyrate
a re  ava i l ab le  w i t h  h i gh  enan t i omer i c
excess, because both o- and t_-iactate
dehyd rogenase  a re  ava i l ab le  and  I n -
expens ive The l - lac ta te  dehydrogenase
has,  however .  much broader  subst ra te
spec i f i c i t y  t han  t he  D -enzyme ,3 r  and  f o r
larger  r r -ketoac ids.  the a , rar lab i l i ty  o f  both
enant iomers is  more rest r ic ted.  Lactate
dehyd rogenase  requ i res  NADH as  a
cofactor ,  and i ts  use is  more complex and
expens ive than that  o f  s lmple hydro lases.
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Scheme 4. Enzymatic synthesis of lactosamine.
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o Glycerol dehydrogenase. The reduc-
t i on  o f  1 -hyd roxy -2 -bu tanone  w i t h  g l y -
cero l  dehydrogenase is  again  a  cofactor -
reou i r i ng  asvmmet r i c  syn thes i s .  l t  i s  an
ef f ic ient  react ion.  but  is  l imi ted to  low
molecu lar  weight  substances bv the
l r rn i ted subst ra te  spec i t ic i ty  o f  g lycero l
tJel-rydrogenase.22

These react ions i l lus t ra te  t t re  range of
enzymat ic  processes that  can generate  a
i i :w molecu lar  weight  ch i ra l  synthon.

Unnatura lsugars
tn/e have explored the use of alcJr:!ases as
cata lys ts  for  the preparat ion o f  sugars .  A
variety of enzyrnes have aldolase activi ty.2
The rnost readi ly avai lable---rabhrit  muscle
a ldo lase--cata lyses the condensat ion o f
dihydroxyacetone phosphate with a
var ie ty  o f  a ldehydes.32 This  system has
been appl ied to  the synthes is  o f  natura l ly
occr r r r ing monosacchar ides and recent ly
to  the t ransfer  o f  ch i ra l r ty  present  in
hexoses and pentoses in tn  C*  and C,
sugars  33 These compounds are in terest -
ing as precursors  for  and analogues of
s ia l ic  ac ic is  and re la ted spec ies (Schemes
2  and  3 ) .

Another  usefu l  c lass o f  enzymes are
those that  condense pyruvate and
pyruvate der ivat ives wi th  a ldehydes.  For
example,  the use of  3-deoxy-D-manno-
octu losonate-8-phosphate synthetase to
synthes ise KDO-8-phosphate f  rom arab-
inose-S-phosphate and PEP i l lus t ra tes
such enzymat ic  act iv i ty .34 We ane now
examin ing  t he  ab i l i t y  o f  t h i s  enzyme  to
accept a na log ues of arabri nose phosphate

(o t . ,
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pathway-uses sugar  moiet ies  act ivated
as  nuc leos ide  d i -  o r  monophospha te
sugars .  The second uses sugar  phos-
phates per  se.  Le lo i r  pathway syntheses
have been demonst ra ted by preparat ions
o f  d i - ,  t r i - .  and  t e t rasaccha r i des .3s  They
are re la t ive ly  complex because they need
to regenerate nuc leos ide phosphates,
bu t  can  eas i l y  be  app l i ed  t o  t he  syn thes i s
o f  o l i gosaccha r i des  i n  i 0g  quan t i t i es .
The  ma in  l im i t a t i on  o f  t he  Le lo i r  pa thway
syn theses  i s t he  l im i t ed  ava i l ab i l i t yo f  t he
requi red g lycosy l  t ransferases.  The non-
Le lo i r  pathway processes are not  broadly
appl icab le ,  but  are espec ia l ly  good for  the
preparation of certain classes of polymers
such  as  dex t rans3e  and  l am ina r i nsao
(Scheme 4 ) .

Mult ienzyme systems
One of  the features that  d is t ingu ishes
enzymat ic  f rom non-enzynrat ic  cata lys ts
is  the mutua l  compat ib i l i ty  o f  enzymat ic
cata lys ts .  Most  enzymes operate  sat is -
fac tor i ly  in  aqueous so lu t ion a t  pH 7 and
room temperature;  re la t ive ly  few non-
enzymat ic  cata lys ts  operate  under  con-
d i t i ons  t ha t  a re  compa t i b l e  w i t h  one
a nother .  l t  i s  th  us poss ib le  to  cons ider  the
const ruct ion o f  compl icated ser ia l  and
para l le l  cata ly t ic  sequences invo lv ing the
combinat ion o f  d i f ferent  enzymes to
prov ide complementary  cata ly t ic  act iv i -
t ies .  The development  o f  these rnu l t i -
enzyme systems is  s t i l l  in  the s tage of
resea rc h .

Many of  the examples we have c i ted
involve groups of three to f  ive cooperating
enzymes.  Systems of  th is  leve l  o f  com-
p lex i t y  a re  eas i l y  con t ro l l ed  and  as -
semb led  by  us ing  co rnmon ly  ava i l ab le
enzymes.  An example is  the g lyco ly t ic
system ( f  rom g lucose to  e thanol )  modi f  ied
bv adding severa l  subsystems to  cont ro l
the concent ra t ions o f  ATP and NADH
(Scheme 5) .  A l though i t  prov ides a usef  u l
system for  s tudy ing the mechanisms of
metabol ic  regula t ion,  i t  i s  too complex to
be synthet ica l ly  usefu l .  Our  exper ience
suggests  that  the l imi t  in  complex i ty  that
can be to lerated in  most  synthet ic  appl i -
cat ions is  between f ive and 1O cooperat -
Ing enz\ imes.

Technology
Enzymes are c lear ly  a t t rac t ive,  pract ica l
cata lys ts  for  a  number  o f  types of
synthes is .  Where wi l l  they,  in  pract ice,
be usedT What  are the prob lems current ly
l im i t i ng  t he i r  use?
l. Chiral synthesis. The capabil i ty of
enzymes to  produce ch i ra l  synthons is
now wel l  es tab l ished,  and i t  w i l l  be
wide ly  used in  the pharmaceut ica l  indus-
t ry  for  the synthes is  o f  complex drugs.
The major  prob lems are ident i fy ing
c lasses of  enzymes wi th  usefu l  enant io-
se lect iv i ty .  deve lop ing condi t ions for  the i r
use,  and ident i fy ing ch i ra l  products  suf  -
f  rc ient ly  va luable  for  process opt imisat ion.
2. Metabolic intermediates and ana-
logues: aminoacids. sugars. oligosacchar-
ides. polypeptides. Again, the value of
enzymes in  manipu la t ing these c lasses of
substances is  c lear .  A number  o f
qLJest ions remain.  however ,  par t icu lar ly

I
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GT,  ga lac tosy l t rans ferase;  PK,  pyruvate  k inase;  pGM,  phosphog luco-
mutase;  UDPGP,  UDP-g iucosepyrophosphory lase ;  UDpGE,  UDp-g lucose
ep imerase;  PPase,  inorgan ic  pyrophosphatase.

-J
and PEF and develop ing a pract ica l  la rge-
sca le  synthes is  o f  KDO.

Metabolic intermediates
Enzymat ic  synthes is  is  idea l  for  the
preparat ion o f  many c lasses of  metabol ic
i n te rmed ia tes  and  o f  ana logues  o f  t hese
substances,  for  example sn-g lycero l -3-
phosphate3s and phosphor ibosy l  pyro-
phosphate36.  The former  is  opt ica l ly
act ive.  and has the cor rect  s tereo-
chemist ry  to  be a precursor  for  l ip ids  for
poss ib le  use as sur factants  in  l iposomes
and re la ted drug de l ivery  systems;
the  l a t t e r  i s  a  va luab le  i n te rmed ia te  i n
the synthes is  o f  a  wide range of  nuc leo-
sides and nucleotides rn vivo. Both
a re  compounds  i n  wh i ch  c l ass i ca l chemi -
ca l  synthes is  cannot  compete wi th
enzymat ic  methodology for  ease and
spec i f  ic i ty .

Oligosaccha r ides and polysaccharides
Ol igosacchar ides are impor tant  as ce l l -
sur face markers ,  and in  drug de l ivery
systems.  They are d i f f icu l t  or  imposs ib le
to  make  i n  l a rge  quan t i t i es ,  a l t hough
they have been the ob ject  o f  e legant  and
h igh l y  success f  u l  sma l l - sca le  syn -
theses.37 Polysacchar ides are impor tant
for  the i r  in f  luence on the f  low proper t ies
of  aqueous so lu t ions,  and for  cer ta in
spec i f ic  b io log ica l  ac t iv i t ies .  They are
v i r t ua l l y  imposs ib l e  t o  make  by  c l ass i ca l
synthet ic  methods.  However ,  there are
two tvpes of biosynthetic pathways
fo l lowed in  the b iosynthes is  o f  these
c lasses of  substances.  One- the Le lo i r
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concern ing the use of  enzymes as cata-
lysts relat ive to other types of catalysrs.
Enzymes can,  for  example,  be used as
dehydrating agents to catalyse the for-
mat ion of  pept ide [end5.2o,at  C lass ica l
methods of peptide bond formation are,
however ,  very  h igh ly  developed,  and i t
remains to  be seen how broadly  enzymes
wi l l  be used.  They have,  in  pr inc ip le ,  the
advantages of  h igh enant iose lect iv i ty ,
and the l ,do not  need act ivat ing reagents .
They are,  however ,  more l in r i ted in  ther r
app l i cab i l i t y .
3. Process aids in biotechnology. Re-
combinant  DNA technology has made
avai lab le  a  broad range of  pro te ins.
Fnzyn-res cou ld  be used to  manipu la te
these prote ins:  that  is  to  a t tach sugar
moiet ies ,  to  do se lect ive proteo ly t ic  c l ipp-
ing or  s t i tch ing of  po lypept ide f ragments ,
to  cJes; t roy unwanted impur i t ies  e tc .  The
at tent ic 'n  o f  the emerg ing recombinant
indust ry  has,  unt i l  recent ly ,  been focursed
on the prob lenrs  o f  produc ing the pro-
te ins:  genet ics  r i r ic rob io logy,  and ce l l
6s-1 i iy r r l .  T f rese prob lems are by no means
c i i r r rp ie te ly  so lved,  but  the a t tent ion is
now,  sh i f t i r rg  to  prob lems of  iso la t ion,
mocJ i f  ica t ion and pur i f ica t ion.
4. Large-scale synthesis. l t  is unclear
how use fu i  enzymes  w i l l  be  i n  l a rge -
sca l ' ' :  synthes is .  Hopes of  rep lac ing or
i  mprovi ng com mocji ty hydrocarbon trans-
fo inrat ions*  espec ia l ly  those based on
ox idat ive f  unct ronal isat ion-do not  seem
rca i i s I i c .  The  n ros t  p l aus ib l e  app l r ca t i on
fcr  " . ' ; :zy i l rus  is  to  react ions invo lv ing
l - r1 , ' ' . ' i :J f : : :  i - r r  de l rydrat ions.  Thus.  the
t ( , r r i t : -  io r l  i ; r ' ' - ,c r . ' ,s i iS  o f  es ters  or  amides
3l 'C P; r . ; ' . .31[ iC t t i ' Je tS fOr  enzymOlOgy,  aS
erc rc : ic i " ions suc l r  as  the hydro lys is  o f
n i f  l i l . ; 3  t o  a l n i i j e i  O r  aC idS .a2
5. lA!;: ts t i  c?! i i tai t t .  Enzymes work well
3.1 ,-; : tr , i l r ,  l .s i t ;  rvater, and one of the most
p l 'e : ] i : i  , , ;  i i , 'o l - , i , . i r rS fac ing the chemiCal
[ ] r i i ' .€ : : , : . ,  i r rd t ls ' " r i '  i s  waste d isposal  and
r . ' ;a { . : r  p , r r i  i l i ca i iur i  a t  p lant  s i tes .  One of
t i r *  r i  i . - : . r i '  c ( ) f ' l ce  r  t - rs  for  wastewater
t r ' - , . i i i i , ' ; ,  i  d igr :s t ion o f  impur i t ies  in
i : i ; - ; t ' r i ' t ' i t - i :  iS  a i lCaCIy an enZyme-baSed
pro i r , : l . i r i : r r  i r - i  the St rnse t i ra t  the micro-
r r t  ! , i  i  r , - : ' i : .  r -89p. , in : . i i r ie  for  Water  pur i f i -
f 'a ' r i r i r " t  r . ,  c  h i j .  e -J  On enzymat ic  act iv i t ieS.
We;  can : r [ iec ' l la te  th i , t  t i re  iso la t ion and
cr..)1.:r- ' r l ' r i r ; ; i i<-rn of r: iesrrable enzymatic
a i , : ; . \ , ' ; i i r r : : i  in ight  be usefu l  for  the t reat -
n  ]u l r '1 .  i ' i  cer ta in  t l * i ius  o f  rvaste  s t reams.
for  exarr rp ie ,  removal l  o f  cyanide l3  or
p l - r t ' r ' ro ia  1  f rerm d i i  u te  aqueous so lu t ion.
6. f oor{ applications. Here, a number of
proi; len'r l , ;  in inrp; 'cvertBrrt of f  lavour and
conii .ol nf i-heology depend upon chemical
t ransfo i ' rnat ions whose nature e i ther  is
or  vu i l l  soon be unders tood at  the
molecu lar  leve l .  In  the food indust ry ,
€ozyrpgs t. :rn be used as catalysts when
many c lass ica l  organic  reagents  are not
permi t ted by regula tory  agenc ies.

A nur lber  o f  areas are now recerv ing
act ive a t tent ion,  F i rs t  is  the development
of  improved processes.  The use of
enzymes as catalysts in two-phase
organic  aqueous systems is  an at t rac t ive
method of  avo id ing some of  the prob lems
in so lub i l i t ies  that  have l imi ted the
appl icab i l i ty  to  water -so lub le  subst ra tes.

Scheme 5. Mult ienzyme system to convert glucose to ethanol.
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Supercr i t ica l  f  lu ids  may prov ide a way of
improv ing mass t ranspor t  in  enzymat ic
reactors  and of  cont inuous ly  ext ract ing
products .4s Cont inuous ext ract ion and
related schemes provide strategies for
c i rcumvent ing the prob lems of  non-
compet i t ive  product  inh ib i t ion,  and for
fac i l i ta t ing pur i f ica t ion.  Second,  exp lora-
tory  work  in  enzymology cont inues:  that
is ,  examin ing a range of  enzymes to
ident i fy  those that  have the combinat ion
of act ivi ty, stabi l i ty and breadth of appl ica-
b i l i ty  requ i red to  be usef  u l  as  cata lys ts  in
o rgan i c  syn thes i s .  F i na l l y ,  gene t i c  en -
g inee r i ng  i s  i nc reas ing l y  be ing  app l i ed
to  improv ing the cata ly t ic  character is t ics
of  enzymes.  The in i t ia l  e f for ts  in  th is
area concent ra ted on the re la t ive ly
sma l l  mod i f i ca t i ons  i n  t he  am inoac id
sequences of  ex is t ing enzymes,  wi th  the

J
in tent ion o f  a l ter ing Michael is  constants
or  changi r rg  s tab i l i t ies .a6 These ef for ts
have been remarkably  successfu l ,  and
suggest  that  s t te-spec i f ic  mutagenes is
wi l l  be usef  u l  in  the ra t iona l  improvement
of  ex is t ing enzymat ic  act iv i t ies  in  the
re la t ive ly  rnnmediate  f  u ture.  The prob lem
of  large changes in  aminoac id  sequence
to produce major  changes in  cata ly t ic
proper t ies ,  or  o f  de novo des ign and
construction of new catalyt ic act ivi t ies,
requi re  substant ia l  advances in  bas ic
sc ience.
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