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ABSTRACT

Tire higir  cost  of  n icot i r ramide cofactors requires that  thet ,  be re-

gerrerated in s i tu r t 'hen used in preparat ive enzvmatic svnthesis.  Nu-

merous strategies have been tested f .or  i r t  s i t r r  regenerat ion of  reduced

and oxidized cofactors. Regeneration of reduced cofactors is relativelv

straightforrvard; regeneration of oxidized cofactors is more diff icult.

This review sun'tmarizes methods for preparation of the cofactors,

factors inf luencing their  stabi l i ty  and l i fet ime in solut ion,  methods for

their in situ regeneration, and process considerations relevant to their

use in synthesis.

Index Entries: Nicotinamide cofactors, regeneration of; nicotina-

mide cofactors, and organic synthesis; organic synthesis; regenera-

tion; nicofinamide cofactors, preparation of; nicotinamide cofactors,

stabil ity; enzymes, dehydrogenases.

INTRODUCTION

With the demonstrated, successful appl icat ion of noncofactor-re-
quiring enzymes as catalvsts for preparative synthesis (1-10), attention is
turning to the use in synthesis of the more complex cofactor-requir ing
enzymes. Among these enzymes, the oxidoreductases requir ing nicotin-
amide cofactors are of central interest. Although these enzymes have
long been ind ispensable in  the i r  analy t ica l  appl icat ions (17) , they have
seen only l imited use in preparative organic synthesis. One problern has
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L r c c r r  t h c  i n i t i . r l  c x p g 1 1 5 g  a r r c l  P l r y s i c a l  i r r s t a l r i l i t r ' o f  t l r c  r r i t - o t i r i a r n i t l c
co iac to r - rc r lL r i r i r rg  cnz \ / rncs  thcnrse lves .  \ l an t 'ox i t l o rc r l t t c tascs  a rc  n r t r l -
t i r r r c r i c  r v S c l r  a c t i y c  ( l 2 , t . l ) . ' f [ c i r . r c t i y i t y  i r r  s o l r ' 1 1 l 1 r 1 1  ( ) t - ( ) r - l  i n r r t r o t r i l i z a -
t ion suprpor ts  requi res nra i l ' l tcnarrcc Lrot l i  r r l  thc i r  cor t 'cc t  sccot tc l . t rv  ar t r l
ter t iar ) is t r t rc tur .s  nrr t l  o i  thc i r  i l r tcract ior rs  Lret r r lccn subtr r r i ts .  t - ikc  l ' , ' ra ' ' ' , r '

" r ' ' , r t rn- la . ,  
ox ic ioreductascs rnA\ /  Lrc  i r ract ivatec- l  b t ,ox ic i iz inq or  rec l r rc inq

agetr ts ,  Col - t lPounds prar t ic t r lar l t ,  l ike l ) '  to  Lre preset l t  in  b iochetn ica l  re t lor
react ic l r rs .  Inrproveci  rnethods of  cr tzvnre f r reFr i t r . t t io t r ,  I l tar r ip t r la t io t r ,  anc l
imnrobi l izat ion have addressed these.  d i f f icu l t ies in  par t .  Fur ther  i r t t -
pro\/emerrts of ecol lonl\ ,  atrd stabi l i t i '  tvi l l  everrtual l t '  L ' l l lerge thrclr-rgh
prote in ensi r reer ing and reconr l r inant  DNA technology (14-20) .  A secorrd
problenr  is  t l ra t  ox idoreductases exhib i t  k inet ics that  are nrore complex
than those of  s inrp le hvdro lases arrd isonrerases.  i \ l loster ic  ef fects  ancl
the in i luence of  norrcompre, l i t ive f r roduct  in i r i l ' r i t ion are L)ar t icu lar lv  inrpor-
ta r r t  (21 ) .  One  fu r rdarner r ta l  obs tac le  to  the  la rge-sca le  use  o i  NAD(P) (H) -
r ieprg11cl .n1 ctx idoreductases i ras,  horvever" ,  Lreer t  t i re  expe' l tsr '  o f  the i r
cofactors. Nicotinarr-r icle cofactors co-st trro nrr-rch to Lre trserl  as stt t ichio-
rnetr ic  reagents ior  other  than smal l -scaie svut i reses (Tal r le  i ) .  l i  n icot ina-
mide cofaitor-deprerrdent errzvnles are to Lre enrpiot,ecl as catalvsts for
preparat ive chenr is t rv ,  e f fect ive rnethods ior  i i l  s i f r r  cofactor  re 'generat ior r
must  Oa o 'u1la l r lc . .

In ferrnentations, cel ls provide the enzr/mes necessar), for sr-rbstrate
convers ion and cofactor  regenerat ion.  The n icot inamide cofact r r rs  are
synthesized and regenerated as a part cl i  celh,r lar uretabol isrn. Irr proc-
esses using isolated et lz\/mes ar L, ir t t t ,  rr icot inamide cofactors mttst be re-
generated expl ici t lv. In addit ion to the svsten-r of enzvrnes used for svn-
thesis, a second reaction system-the rcgcncrnti t tc sysfcnl-must be used.
The regenerative systern nlay involve oxidizing or reducirrg reagettts, ett-
zyrnes, photociremical act ivators, electrodes, or some combination of
these elements.

Cofactor regeneration can accomplish three objectives in addit ion to
reducing the contr ibution of cofactor to the cost of synthesis. First,  i t  can
be used to inf luence the posit ion of equi l ibr ium. At pH 7.0, the equil ib-

TABLE 1
Cost of Nicotinamide Cofactors

Cofactor S/nrol

NAD
NADH
NADP
NADPH

"Kvon'a Hakko Kogvo Co., Ltcl.
'Un i ted States B iochenr ica l  Corp.
S ignra Chemica l  Co.
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t ' i t t l t t  i o r  t l t c  o r i r ' l a t i o r r  o l ' s o r L r i t o l  t o  l r r r c t o s c  t r l ' N r \ l )  [ [ : 1 1 .  ( l ) ]  s t r o n g l v
l i t v o r s  L h c  [ o n n a t i r l r r  o f  s o r b i t o l  a r r r ]  N r \ D  ( 2 2 ) .

ru]
+ NAD

Kr - j j l . lo '
OH

( o r
uo-1\-1ro ,oH + NADHHO-\---a^^"^/

( o H o H

"or,-o*l&on * I'coo- (2)

( l )

I J - r , c t l r r t r a s t ,  r e s e n e r a t i o n  o i  N A D  b v  t h c  l a c t a t e  c - l e l i t , d r o g e n a s e -
catal-1,2t 'c1 recl t rct iotr  ct f  l - rvrurvate leacls to arr  equi l ibr i r , - , - r  c.r , ' ' , i tarr t  fc l r  the
co l tvers io t r  o i  sor l r i to l  a r rd  pvruvate  to  f r t rc tose  ar rd  lac ta te . ,  IEq . (2 ) l

o

* Acoc-

pH 7 .0

K o a = 7 . 4 2 x 1 0 2

NAD( l -1 )as  ca la lys l

n' i r ich s t ronglv  iavors t i re  for rnat ion of  fn- rc tose and lactate (23) .  Coiactor
regeneration thr-rs couples substrate corrversion to a redox reaction capa-
ble of driving the equil i l rr i r-rm torvard product formation. Se.cond, cofac-
tor  reseuerat ion can obviate the problern of  proc luct  inh ib i t ion f rom the
cofactor produced b) '  the svnthetic reaction. Cofactor regel lerat ion pre-
vents the accurnulat ion of cofactor bvprodtrct Lroth b), reducirrs to a cata-
l) ' t ic quarrt i tv the total amount of cofactor required and bv consurning the
cofactor prodr-rced by the svnthetic reaction as i t  forms. Third, bv el irnin-
at ing the need for stoichiometric quanti t ies of NAD(P)(H), cofactor re-
generation can simpli fv the reaction rt 'ork-rp.

A.y method for regenerating nicotinamide cofactors must be practi-
cal and should enable an enzymatic process to be inexpensive and con-
venient. Enzvmes, reagents, and equipment required should be readi l l '
avai lable, inexpensit 'e, and easi ly manipulated. The reaction used for re-
generation should proceed in high yield, and total turnover numbers for
the cofactor (TTN : total turnorrer nurnber - mol product formed/mol
cofactor present) should be high. Cofactor regeneration should faci l i tate
the thermodvnamical ly and kinetical ly favorable formation of product. I t
should al low convenient monitoring of the extent of reaction. Any rea-
gents or byproducts of the regenerative system should not interfere with
product isolat ion and should be compatible with the components of the
synthet ic  system.

No one method of regenerating cofactor is perfect in i ts advantages
and lack of  d isadvantages.  A combinat ion of  manv factors deterrn ine the
regenerat ive process best  su i ted to an appl icat ion.  In  se lect ing a method,
the entire syr5lsu-l  must be considered. Cofactor regeneratiorr functions
not  in  iso lat ion but  coupled to a synthet ic  process IEq (3) ] .

Applied Biochemistry and Biotechnology Vol . l4 ,  l9B7
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I J A D ( P ) C '  o r  r f i d  - \  P r o d u c t  o f

Y 
Fegencrat ion

t
IJAD(p),c. ",., --/\ t"g".::?li"

Reactan t

Product
( r n  r e a c t i o n  m i r l u r e )

(3)
tsolalton

lso la ted  Produc t

Synthet ic  System Feoenera l i ve  Svs lem

ln practice, slrnt l-ret ic chemists n' i l l  prolrablv require a nLulr lrer of meth-
ods for coiactor regeneratiorr-eaci 'r  rr, i th part icl l lar ciraracterist ics ( lclr t ,
cost ,  h igh redox potent ia l ,  opt inra l  isc l la t ion of  l r rodLrcts) - for  L lse \ \ ' i th  a
ranse of  svnthet ic  appl icat ior rs  requi r ing cofactors.

Regenerat ion schemes leadi r re to  enz\ /nrat ica l lv  i r ract ive forms o i
cofactor  are useless.  The l i fe t in ie  o i  act ive cofactor  deprs11d5 ( )n i ts  s tabi l -
i tv  under  operat ing corrd i t ior rs  and t l ie  se lect iv i tv  o i  i ts  reger lerat ion.  We
n'i l l  see that the cri terion of lorre l i fet irne for the cofactor effect ivelv el imi-
nates most chemical and electrLchenrical rnethods of regerreration irom
serious consideration. Although \\re rnention these methods ior corn-
pleteness, our reviert '  n' i l l  focus or1 enz\rnlat ic methods of regeneratiorr.

Our revie\v f irst examines the nicotinarnide cofactors t-hernsel 'u'es:
t ireir preparation, their stabi l i t ies in solut ion, and their redox propert ies.
It  summarizes various general strategies for nicotinamide coiactor regen-
eration and then detai ls several of the most useful or irr terestirrg methods
for recycl ing cofactors. Final lr ' ,  i t  discusses reactor corrf iguratiorr as i t  re-
lates to the implementation of cofactor regeneration for svnthesis. Our
evaluation of methods for cofactor regeneration is based on cost, rate of
reaction, and ease of operation.

Throughout the revieh', rve n'il l often refer to the oxidized cofactors,
NAD and NADP, generical lv as NAD(P) and to the reduced cofactors as
NAD(P)H. Tn'o definitions concerning tumover numbers for the nicotin
amide cofactors are also in-rportant. The "turnover number" (TN) for a
cofactor tEq. (+)] is a rate-typically, the average number of complete cy-
cles of oxidation and reduction experienced by a molecule of cofactor per
unit t ime-and has units of s-r.  This definit ion is equivalent (dis-
counting mult iple pathrvays leading to products) to the number of moles
of product formed per mole of cofactor per unit  t ime. The TTN is the total
number of moles of product fonned per mole of cofactor during the
course of a complete reaction tEq (5)]

mol  product

(mol cofactor)(t ime)

ITN _ mol product formed

nrol cofactor present in reaction
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. . :1 i r1 ; , :1 i . . ; :  : i  j r i r : :  i . l i :  j i l i i s i :a : l  ; r . . , . , ,

' f h i s  
nunrber  rc t l cc ts  scve  ra l  i ac t ( ) r ' s :  thc  I t l ss  o l ' co l . r c to r  c . r t r sc t l  L ' , \ , r l ( ' g r r t -

da t io r r  r l r  i r r co r rcc t  req i t l chern is t r r ' ( ) l  r ' ( ' qL 'n r ' r ' . r t i on ,  the  l t ' r rg th  < l i  t i n tc  the
t 'eac t ion  i s  a l l on 'ed  to  p rocced ,  anc l  t l t e  tu r 'n ( ) \ ' e r  nunrL re r .  i t  i s  t r sc iu l  [ re -
caL lse  i t  p rov ides  an  es t i rn . r t t ' o i  the  con t r iL r r - r t i o r r ,  C ,  t t i  t he  cos t  o f  co iac to r -
to  t i re  cc ls t  o f  the  p r roduc t  IEq .  (6 ) ] .  I t c ; ro r t s  o f  

- l - - lN . r rc  
no t  co r rs i s tc l r t .

c r ) : t  t  r l  c i t l a c t t l r

I  l , \
(6 )

Sctnre authors corrs ider-  thc r -nolcs of  cofact t r r  i r r  c . r lcu lat ine C to Lre the
t lunrber  adcled to the reactor .  Sonre corrs idcr  the r rL lnrber  to  be onl1,  111"
t ' tunrber  destrovcd dur ins thc react io l r ,  pres l rmir rg t i ra t  cofact t l r  s t i l l  ac-
t ive at  t i re  concl t rs ion o i  the react ion nr ig i r t  Lrc  recovercd and reused in
subsecluent rei- ict ions. \ \ /e rvi l l  fol l trrv t l ie fornrcr, l lore cor-rsr.rvc-l t ive prrac-
t i ce .

I t r  ca lcu la t i r rg  the  con t r ibu t ion  o i  c r rzv tne  to  t i re  cos t  c l f  a  svn thc t i c
L)rocess,  one nrust  corrs ic- ler - the,  in i t ia l  erp-s115e of  t i re  enzvnte,  the cost  of
et lzv l l le  act iv i t t '  lost  dur i r rg cnzvnre i rnnro l r i l izat i t r r r ,  . r r i , - l  the ef iects  c t f
s ing le or  ref reated use t t i  t Ie  e] rZ\ /nte.  Ft t r  a  t - r t re- t ipre SVntheSis,  t5e c.s t
of  the er lz t ' ine is  correct lv  taken to be i ts  fu l l  in i t ia l  .o i t  l tuk ing i r r to  ac-
coul l t  act i r r i t t '  lost  dur ing i rnrnobi l izat ion) .  For  a repeated process,
t i rough,  the cost  of  the enzvnre ma\ /  Lre ca lcu lated as the cost  of  on l ry  thc
ncti t , i t l t  lost t l t tr ing f/rc rcncti t t i t  ( taking into account act ir . , i tv lost during im-
mobi l izat ion) .

Final lv, the rate of a reaction desen'es consideration when esti-
mating t lre cost of the reaction. A process that is inexpensive 1.tcr unit  rntc
of ytroduct fonrntio'r  mav be more desirable than a process that is inexpens-
rve liar nrcle of ptroduct forrtrcd. Tire regeneration cost (RC) may be defined
as the cost of the compoirents (enzvmes, reagents, cofactor) required to
regenerate one rnole of cofactor per dar'  [Eq . (7)].  The RC is part icularlv
dependent on the cost and arnount used of anv catal lzf i6 species (en-
zvmes) in the regenerative reaction.

RC= Icost qf component(s)](d)
(7)

mol of cofactor regenerated

NICOTINAMID E CO FACTO RS

Preparation of Cofactors

The effect ive cost of cofactor used irr a process is proport ional to i ts
init ial  cost and inversely proport ional to i ts total turnover number [Eq.
(6)].  The maximum possible value of the TTN for a batch reactor is set b1,
the maximum al lorved substrate concentrat ion (determined by substrate
solubi l i ty ,  product  inh ib i t ion,  and enzvme stabi l i ty )  d iv ided b l '  the min i -
mum cofactor concentrat iorr required to effect acceptable reaction rates.
In pract ice,  the TTN is  fur ther  l i rn i ted bv the compet ing rates of  produc-

Applied Biochemistry and Biotechnology Vol. 14. I9B7
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inact ivat ion -  NAD(P) NAD(P)H + inactivation

Q..o Qo,

Schen rc  l .  I ' r t r ccss r ' s  i r r vo l r - t ' r - i  i n  t o fac to r -  u t i l i za t i o r r ,  r eqenc ra t i o r r ,  anc l
i nac t i va t i o r - r .

t ive (coiactor ut i l izat ion arrd reseneration) \ :s l- lolrproductive (cclfactor
degradat ion)  react ior rs  (Scherne 1) .  Thtrs ,  Lroth the in i t ia l  cost  of  the
cofactor and the eff icierrcv rt ' i t i r  n'hich i t  is ut i l ized arrd recl,6lgcl during
tire svnthetic process determirre i ts contr i l rut iorr to t ire cost of the prod-
. .  ^ L
L t L t .

The NAD is presentlv isolated from veast (24-31). Reported fermen-
tat ion vields (24,25) range from i.2 gikg of drv cel ls for Snccltnrl t l tvccs
caret,isiae to 4.2 glkg of drt' cells for Sacc/r nrlntVCes cnrlsltcr;4c,nsis. Ferrnenta-
t ion of Breui l tncterium nnttt tort ingurcs ), ields 2.3 glL of NAD (32). Because
NAD suitable for use in assavs normalh'rnust be free from contaminating
ethanol or acetaldehvde, i ts preparatiorr requires the use of bakerc y"uri
rather than the less expensive bren'ers )/east. The cost of the veast [$1/tcg
(33)l is a signif icant part of the cost of the NAD. Although minor contam-
ination by alcohols rt 'ould not be a problern for NAD(PXH) used n' i th
cofactor regeneration in organic sl,nthesis, economical rnicrobial start ing
materials for the production of such NAD(P)(H) have not been devel-
oped.

The NADP has been isolated from microbes and l iver (34), but is nor-
nral ly prepared (35-37) by' the phosphorvlat ion of NAD using NAD
kinase (EC 2.7.1.23)  and ATP. The NAD(P)H can be prepared f rorn
NAD(P) bv chemical (38), enz)/matic (39), or microbial (40) reduction.
Thus, an improved method for preparing NAD rvould provide improved
routes to al l  of the nicotinamide cofactors. Cornbined chemical and enzy-
matic slntheses of NAD (4115) from AMP or ATP have been developed,
but these procedures are irrferior to isolat iorr.

i

i
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Reactivity of Cofactors Under Specific and General Acid and Base
Conditions

J 'ht '  rc 'duced and ox id ized fonns of  r r icot i r ranr ide cofactors are Lrot l r
s t rb ject  to  c lecomposi t ion i r r  ac lueous solut ior r .  l ' l re  NAD(P)H is  s table i r r
base bt r t  lab i le  in  ac id;  NAD(P) is  s table i r r  ac ic- l  Lrut  lab i le  i r r  base (16,17)
(F ig  1 ) .  A l though  incuba t io r r  a t  ?3 'C  in  0 .02N IJCI  io r  I  rn in  des t rovs
NAD(P) l f  (46) ,  NAD(P) is  re lat ive lv  s ta l ' r le  i r r  0 .02N HCl .  l 'he NAD(P) is
c lest ro l ,ed Lr1,  heat ing to 100'C at  prH l1  for  15 r - . in  (4E) or  in  0.1N NaOII
fo r  5  m i r r  (49 ) ,  bu t  NAD(P)H n ' i t hs ta r rds  hca t ing  a t  100"C in  0 .1N NaOH
for  30-60 nr in  (50,51) .  Pro lc tnged storage in  base,  hon'ever ,  does terrd tcr
p romote  the  ox ida t ion  o f  NAD(P)H to  NAD(P)  (1b ) .

10

pH
Fig .  1 .  Rate  cons tan ts  fo r  the  decompos i t ion  o f  NAD ( t ) ,  NADP ( [ ) ,

NADH (O),  and NADPH (O).  Condi t ions:  0.1 mM cofactor,  25'C,50 rnM buffer
(ace ta te ,  pH 3 .8-5 .8 ;  t r ie thano lamine,F ' 'H  6 . i -8 .8 ;  b icarbonate ,  pH >  9) .  Data
taken from ref  .  (47).  L ine cor-rnect ing (O) calculated by Eq. (8),  usine the rate
constants of  Wong and Whitesides (- /7) ;  l ine connect ing (O) calculated b1, Eq.
( 1 0 ) .

T-

I
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a
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Acid-Catalyzed Decomposition of NAD(P)H

In  ac id ,  the  decompos i t i on  o f  NAD(P)H invo lves  l r vd ra t io r r ,  ep in re r -
izat ion,  and cvc l izat ior r  (521 The order  of  events dcpei rds t rpgn t i re  prFJ
and buf fer  concentrat ion (Schenre 2)  (5 j ) .  As expected,  t f ie  rate of  c lecgni_
pos i t i o r r  o f  NAD(P)H i s  sub jec t  to  genera l  ac id ' ca ta lvs is  (F ig  1 )  (1 t ,531 .
Betn,een pH 3 and 10,  the rate of  decornposi t jor r  o f  NADH ol revs Eq.  (8) ,
tYhere l ; , , , ,  ky1, and kp.a are t ire rate coeff jcierrts for trrrcatalvzed, sprecif ic
ac id cata lVzed,  and gerrera l  ac id cata lvzed leactrorrs ,  l 'esL)ect ive l r , .

_l--o-.- 
l-j

V t * -
n , ' i \ c o N H 2

\_J
c  - N A D H

Arr  _ l  
Or - \

Vt"--.  .r-I 'i \-coNH2
o H o  I  \ l

cTHNAD 
\

Scheme 2. Acid-cataivzed decomp-rosi t iorr  of  B-NADH I f rom ref .  (52)] .  At
lor t 'pH, B-NADH f i rst  undeigo"s acid-cataivzed arromerizat ion to cr-NADH ancl
therr  cvci izes to cr-C2 -68-1,4,5,6-tetrairvdronicot inamide aderr ine dinucieot ide
(cTHNAD). At i r ig i rer  pH, in i t ia l  h_vdiat ion of  B-NADH yields B-6-6vdrox\ , -
7 . ,4 ,5 ,6 - te t rahvdron ico t inamide aden jne  d inuc ieo t ide  ( tJ -6HTHN-AD) ,  * ,n i in
then anomer izes  and dehvdra tes  to  g ive  cTHNAD.

-  r i  l n  [ \ A D H I  r , , i , ,
T :  

r ' - ' i i n H : (s)

Nicotinamid

\, \ 'ot tg atrcJ \
L t . 1  I ( t  . ,
a l r d l ; , , : 7 . :
( ' r s  as  tve ] ]  ;
in  a  so i r : t i c r r
0.1. \ ,1 ,  25.C r-fhe 

Na
V t n r r r
- \ .r \L/Fl .  I  I l  a
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lVong  and  Wh i tes ides  measured  the  va lues  o f  k . , ,  :  7  t  l 0  . l t  and  i , t t  :
9 . 1
and k61 :  7  .3  x  703, t  Mlh (5-3) .  Ta b le 2 l is ts  va lues for  k6 i . l  for  a  number of  buf f -
ers as r t 'e l l  as the calcu lated hai f - l i fe  ior  the d isappearance of  NAD(p)FI
in  a so lut ion contar in ing the ac id ic  br- r f fer ,  F1r1 (pH' :  z ,  [HAj  - -  [A ]  :
a.rM, 25.C).

The NADPH is  subject  to  the same meci ranisms of  decomposi t iop as
NADH. In addi t ion,  ho, , \ ,ever ,  decomposi t ion of  NADpFi  ret lects  an i i r -
t rnr t ro l t 'cu lnr  ac id cata lvs is  bv the 2 ' -phosphate group ( .4 t1 T l - ie  rate of  t le-
composi t ion of  NADi ' ]H obevs nqs.  f l l  and (1 '0) ,  rvhere k;  _  0.15, ,h is . r
cons tan t  re f lec t ing  in t ramo lecu la r  ca ta lvs is  auc l  K ,  :  10  ' '  r  j s  the  a i r rnc i -
a t ion  co r rs tan t  o f  the  2 ' -phospha te .
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r  to  a -NADH and
r ine dinucleot ide
' lc is B-6-hvdroxr,-
f  HNAD) ,  wh ich

Eqs .  ( 2 ) - ( ' 1 ) .  Ra te  cons tan t s  f o r  t he ' d i sappea rance 'o f  t he  NAD(P)H  c i r r omop i ro re  (0 .1
nrVl) at 340 nm. f = 25"C. Taken from rei.  e7\.

Est imated ha l f - l i le  f .^ t_ ! \ "  d isappearance of  NAD(P)H in  a  so lu t ion conta in ing 0.1 .VI  IHAi+  [A -  j ,  pH  7 .0 ,  T  :  25 "C .
Values of  ra te  constants  in  parentheses are f rom ref .  (53) .'Measured va lues t l f  f  , , , .
The d i f ference betu 'ee i . ,bsen 'ed and ca lcu la ted va l t res  o f  t1  2  is  probaLr l '  re ia tec l  to

ca ta i vs i s  bv  HzCOr .  
' -  '
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' l -hus,  
the rate of  r iecornposi t i r t r r  o i  NADI ' l - l  is  not  l i r rear  n ' i th  rcsLrcct  to

I l '  ]  a t  n rodera te  p rH  a r rc ' l  i s  h ighc r  than  tha t  o f  N , , \D tJ  (F ig .  l )  A t  p l  l  5
o r  9 ,  NADPI I  deconrp roses  3 - to - -1  t i r l cs  ias tc r  t l r . t n  Nr \D t l .  r \ t  p r l l  7 ,
NADPI j  can decr)n- lposc l0- to-20 t inres faster  than NADI { .

We note that  the nrost  ef fect ive genera l  ac i r - l  cata lvsts  ior  thc c lcconr-
posit iorr of NAD(P)l- l  are thost '  Lruffers n'hose 1,K,, . ' l rc approxinratel,r,
equal  to  the pH of  the solut ior r .  This  rc la t ionship resul ts  f ru tnr  a contpro-
mise between the st rerrgt i r  o f  the ac id (s t roneer  ac ids are bet ter  cata lvsts)
and the degree of  i ts  ior r izat ior r  (onlv  t i re  undiss i tc ia ted ac id can be a sen-
era l  ac id cata lvst ) .  Except ions to th is  t rer rd inc lude i r rors. ' rn ic  phosphate,
r. t ' l r ich is a better catalvst t l iarr expected frorn i ts 1rK,, r ,alue, and irnid az(t le,
HEPES, t r ie tharro lamine,  arrc l  T i is  buf fers,  n 'h ich are less ef fect ive t i ran
expected.  In  addi t ior r ,  imidazole arrd pvr id ine Lruf iers  ex i t ib i t  nonl i r rear
cffects irr rvir ich the rate of coiactor deconrposit iorr r lrops off at hish
buf fer  concentrat ion (5.3)  Organic  cosoivents do not  s iqn i i icarr t lv  inh ib i t
p l rosphate-cata lvzed dtcomprosi t ior r  o f  NAD(P) lJ .

Base-Catalyzed Decomposition of NAD(P)

Ti re major  pathr t 'a) 's  leading to decomposi t ion of  the ox id izec l  n ico-
t inamide cofactors involve in i t ia l  hvdro lvs is  of  the r r icot inamic le-r ibose
bond or  nucleophi l ic  addi t ior r  to  t i re  r r i io t i r ramide r i r rg  (Scheme 3)  (+S,
54-56). These reactions are base catalvzed. Althoueh relat ively stable irr
ac id,  NAD(P) does seem to hvdro lvze s lon, lv  at  the"pvrophosphate l i r rk-
age at pH < 2 (46). Betrveen pH 2 arrd 7, the rate of hvdrolvsis of NAD(P)
is  constant  (F ig.  7)  (46,57) .  Above pH 8,  the rate of  i rvdro lvs is  increases
rvith increased pH. The rate of base-catalvzed hvdrolvsis of NAD(P) is
increased bv the presence of phosphate, ci irate, nialeate, sulfate, oxalate,
carbonate,  or  ch lor ide anioni  (16, '57) .  At  pH 7.6,0.1A4 phosphate or  c i t -
rate increases hVdrolyrsis 4- or 5-fold, respectiygl lr .  f1,s1 1 mM phosp6ate
or citrate doubles the rate. Tris buffer, holvever, exhibits a protective ef-
fect against this accelerat ion bv phosphate or ci trate (57).

Nucleophilic Addition to NAD(P)

In addit ion to alkal ine hlrf l1sl1rsis, the oxidized nicotinamide cofac-
tors are susceptible to nucleopl-r i l ic attack (Scheme 4). Whereas attack bv
hydroxide at C-2 of the p) 'r idinium ring (Scheme 3) leads to opening of
the r ing, nucleophil ic attack at C--1 leads to 1,4-dihvdropl 'r idine struc-
tures, which are stable against alkal ine hvdrolvsis. Sulf i te (58), phos-
phate (59), cyanide (60), thioglvcolate (5i),  and pyruvate (62,63) have al l
been shown by NMR or deuterium exchange to add at C-4 of the
pyridinium ring. Other nucleophiles are presumed to add at C-4 because
of the spectral similari t ies betrveen their addit ion products and knon'rr
1,4-d ihydropyr id ine compounds.  Thio ls  (64,65) ,  enols  (63,66,67) ,  imida-
zole (68), hydrazine, hydroxylamine, and borate (67 ) al l  add nucleophil ic-
a l ly  to  NAD. Table 3 l is ts  rate and equi l ibr ium constants for  the addi t ion
of nucleophiles to NAD.
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Scireme 3.  Base catajvzed t lecomf ' rosi t ion of  NAD. In c l i lute base, the
rr icot inamide-r ibose bond cleaves more rap16i lu than the pvropirosphate
bond, and hvdrolvsis v ie lc ls nicot inamide arrd ADP-r ibose (ADPnj (S+1. fne
ADPR hvdrolvzes further to release AIUP. The ADP has also been reported as a
product of  NAD hvdrolvsis (-1.9,55).  In concentrated base, l - rvdroxide adds re-
vers ib lv  to  C-2  o f  the  n ico t inamide r inq  and fo rms a  " t rans ien t  pseudobase. "
d/NAD-OH. Tir is intermediate convert i  i r reversibiv to a r ing-openet l  iorm of
NAD, ONAD, rvhich then hvdroivzes and vieids ADP-r ibosvlamine (ADPRNHT)
ancl  ?-carboxamideglutaconi ia ldehvde (CCDA) (5o).  Tire CCDA further decom-
poses to form 2-hvdroxvnicot inaldehvde (HNA).

Scheme 5 clepicts the mechanism ior the addi t ion of  pvruvate to
NAD.  Eno l -pvruvate  adds  to  C-4  o f  the  n ico t inamide r ing  ind  fo rms a
con lpound tha t  absorbs  a t  340 nrn ,  bu t  does  no t  f - luoresce.  In  a  subse-
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ry
A.o!
V
HO OH

l+'ll

quent, slon,er reaction, t i re amide nitrogen attacks the carbouvl carlron tcl
fbr* a r ing-closed compourrd absorbin[ at 340 um aud t- luorescing at 450
nm (63) .  Accord ing to Eq.  (11) ,  NAD in the Presence of  0.1M pvruvate,
pH7.0,  should have a hal f - l i fe  of  6 .9 h (69) .  The rate o i  r - ror lenzvntat ic

TABLE 3
Rate and Equil ibr ium Constants for Nucleoprhi l ic Attack orr

NAD

Nucleophi le PK,, l og  Ar log Ki, log (K,K,,)

c o N H 2
H X H

X_-coNH2
l r l lu-)

t\l
K,

X H + ADP

X - +  H "  +  A D p

ADP

H N

Scireme 4.

HO OH

l l
t lK, l l
l l

coNH2 
H x

Kb  *coNH2# 11. )
ADP-1  n  i  +  H*

l , / " \
\J
HJ A*

Ntrc leoph i l i c  add i t ion  to  NAD.

r i r i :: l r ii bi >iir jr jriri i'.iiiiti sr :ltir ;, I r' r i

CN-
oH-
soi
Thioglycolate

(thiolate)
Mercaptoethanol

(thiolate)
MeONH2
NH20H
NH.,NH,

9 .4
15.75
7 .0

10 .3

9 .s0

4.60
5 .97
8 . 1

0.74
1 . 4 5
3 . 3

>1

>4

1 . 3 8
2 . 2
3 . 3

2.31 -7.00
4 .75  -16 .50

1 .61  -5 .39
0.55 -9.75

0 .26 -9.24

-17.2
-70.76
- 1 1  . 8

'T  =  25oC,  * :  0 .6M,  except  for  NH2OH, for  r t 'h ich w = 7.2L4.
Rate and equil ibr ium constants refer to Scheme I\ / .  Frorn ref. (61).

'K, is for dissociat ion of conjugate acid.
'Based on actua l  concent ra t ion o f  nuc leophi lc '  l i s ted in  f i rs t  co lunrn.

Units of k1 are lMls-.
'Units of K,, are /M.

Appl ied Bi oche m i stry and Biotech nol ogy V o l . l 4 . 1 9 8 7



N icoti na m i de Co fac to r R ege ne ratio n r59
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Schcnr t '  5 .  Ntrc lcopl r i l ic  addi t ior r  o f  I )vruvate to  NAD.

t tdduct  format ion is  propor t ional  to  arrd of  the sarne masrr i tude as the
rate of  p \ / ru \ Ia te enol izat ior r  ( .70) .  Lactate dehvdrogenase and Mg2'  ion
both cata l t 'ze enol izat ior r  ar rd accelerate t i re  ac- ld i t ion of  pvrurrate to  NAD
(()g ,71) .

-dtfql : e.7 >: r0 {/,\4is -- e3ttyr2,is toH-l)tNADllpyrl (r1)

pH for Optimal Stability of a Steady State Mixture of NAD(P) and NAD(P)H

The d i f ierent  sensi t iv i t ies of  NAD(P) arrd NAD(P)H to spontaneous
decornposi t ion in  aqueous solut ion make p ' r redic t ing the pH that  min i -
rnizes cofactor destruction in an enz\rmatic reactor cl i f f icult .  Destruction
of oxidized cofactor is minimized bv icidic condit ions, ancl destruction of
reduced cofactor is minirnized bv alkal ine condit ions. In a coupled-en-
zvme reactor, nicotinamide cofaitor cvcles L'retn,een its oxidized and re-
duced forms. Selectirre destruction of eit l ' rer form n ould deplete the total
concentrat ion of nicotinamide cofactor. An estimate of the rate of de-
struction of total cofactor requires a knon'ledge of the rate constant for
the destruction of each form of the cofactor and of the steady-state con-
centration of each of the trvo forms. The steady-state concentrations of
the two forms depend on three parameters: the total concentrat ion of
nicotinamide cofactor (oxidized and reduced), the relative Michaelis con-
stants (K,,,) for NAD(P) and NAD(P)H of the enzymes catalyzing oxida-
tion and reduction, respectively, and the relative activities present of the
trvo enzymes. If these parameters are knorvn, [NAD(P)] and [NAD(P)H]
and thus [NAD(P)]/([NAD(P)] + [NAD(P)H]) at steadv state may be calcu-
lated. Typical ly, calculated values of INAD(P)]/([NAD(P)] + [NAD(P)H])
at steady state range from 0.20 to 0.95 (72).Once the relat ive steady-state
concentrat ions of NAD(P) and NAD(P)H are knovvn, the rate of decom-
posit ion of t l ' re mixture may be calculated.

The rate of destruction of a mixture of NAD(P) and NAD(P)H is ex-
pressed by Eq. (12). l f  we assume the steady-state reactor concentrat ion
of NAD(P) to be 90Vo of the total cofactor concentrat ion (tNAD(P)l :
INAD(P)Hl  :  9 :7) ,  Eq.  (12)  s impl i f ies to  Eq.  (13) .  Equat ions (12)  and (13)
combine to give Eq. (1a).

.]
t l

,A
I

( * /
-l.-o-J

V
HO OH
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Simi la r  t rea t ine t r t  o i  Eq .  (12 )  leads  to  an  ex f r ress ion  fo r  k , ,1 . .  fo r  a  1 : l
s teadr , -s ta te  ra t io  o f  NAD(P)  and  NAD(P)H IEq  ( i5 ) l

F igure 2 depic ts  the calcu latec l  pH sta l r i i i tv 'o i  9 :1 anc- l  1 : l  s teacl \ ' -
s tate mixtures of  NAD(P) and NAD(P)H.  I r r  ca lcu lat i r rs  va lues of  k , ,1 . . ,
va lues forkNap(r ' )  are taken f rom Fig.  i .  The value of  k \AD(1,1 is  taken to be
constant  betn 'een pH 5 and ( r .5  (16,17,57) .  Values of  k \AD(p,6 ?r€ ca lcu-
la ted accord ing to Eqs.(S)- (70) ,  us ing parameters f rom Tal r le  2.  T l ie  ef -
fects of enzvmes, such as enz\/me-catal\ /zed hvdration or possible protec-
t ion againsi hi 'drolvsis caused Lrv bindi irg of cofactor b), . .n.. , , ,nles, are r lot
taken into account.

In  unbuf fered solut ion,  the prH for  min imum destruct ion of  a  9:L
steady-state mixture of NAD and NADH is calculated to be 7.0. In
HEPES, th is  min imum shi f ts  to  pH 7.5 Not  surpr is ing l ) ' ,  a  1:1 s teadrr -
state mixture of cofactor is general ly less stable than the 9: 1 mixture, es-
pecial ly at acidic pH. In unbuffered and 0.IM HEPES solut iorrs, destruc-
t ion of cofactor is calculated to be minimal at pH 7.7 and 8.5, respec-
t ively. The stabi l i ty, of NADP(H) is less dependent on the buffer than is
that of NAD(H). In both unbuffered and HEPES-corrtaining solut ions,
the pH for minimal destruction of either cofactor mixture is calculated to
be approximately 8.5. In ai l  of these svstems, the cofactor is stable
enough at pH 7.5 to al lorv syntheses to run for at least 2-3 d. Phosphate
buffers would be expected to decrease cofactor l i fet imes since both oxi-
dized and reduced forms decompose more rapidl,v in the presence of
phosplra te (46,47,57).

Enzyme-Catalyzed Degradation of N icotinamide Cofactors

Enzymes such as phosphodiesterases and phosphatases are occa-
sional ly present as impurit ies in enzyme preparations and rvould be ex-
pected to degrade NAD(PXH) (74,75). Other enzymes, usually expected
not to be present (NAD glvcohvdrolase, NAD kinase, NAD pyrophos-
phatase), short '  specif ic act ivi ty in degradation and transformation of the
nicotinamide cofactors (26). Enz1,ry1e-catalyzed transformations of the ni-
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cot inanr ic le  c r t i i i c t r l rs  a lso  secrn  t t l  L rc  s ie le  r " r ' . rc t io r rs  o t ' scvera l  conrnron
L ' l l z \ / l l r c l -ca ta lVzc 'd  p l ' t t ccsscs .  I lo t 'exantp lc ,  g lvccra lc le l i y r le -3-pr l i l y5Fr Ia tc
d e h v d r o s e r t a s e  l t a s  b c c n  s h o r v n  t o  c . r t a l v z c  t l r e  h v d r a t l o r r  o l t ' N A D I I  t < r
( r l t - f l J N A D  ( 7 7 )  ( S c h c n r e  2 ) .  l - l r e  ( r l J . f l  l N r \ l )  c a , ,  6 .  i s o l . r t e c l ;  j r r  a c i c l .  i t
r c a d i l v  c o n v e r t s  t o  c l ' l  I N A i )

S c v e . r a l  d e h v d r o g e n a s c s  c a t a l v z e  r r u c l c o p h i l i c  a d c l i t i o n s  t o  N r \ D :
l - l o r s e  l i v e r  a l c o h o l  d e h v d r r ) g c n a r " . - n t a l v z c s  t l r e  a d c l i t i o r r  6 f  6 r , d r g x y l a r l -
ine  or  cvan ide  ( i8 ) .  Lac ta te  dehvcJrogLr l ra rse  ca t ; r l vzes  the  add i t io r r  c l f  cva-
r r i c le  (79 ,80) ,  su l i i te  (87) ,  o r  pvrLrvAt r '  (6 . j ,7 ( ) ,71  , 'g2 , .g .3 ) .  N4a la te  dehr ,d ro-
genasc  ca ta lvzes  the  ac jd i t i< ln  o f  su l f i te  (81) ,  a l rd  severa l  deh i ,d roge i rases
f a c i l i t a t e  t h e  a d d i t i o n  o i  t h i o l s  ( S . 1 )

Reduction Potentials of Nicotinamide Cofactors and other
Biochemical Redox Systems

l  hc '  se l rera l lv  accepted reduct ion potent ia l  for  the reduct ior r  o i  NAD
to  NADH a t  p r i l  7 .0  i s  E ,  :  -  0 .320  \ '  (85 ) ;  t fua t  o f  NADp i s  E ' ,  :  -  0 .32+  V
(Se' )  (The t rotat io t t_8,  impl ies a l l  concerr t rat ions are lM,  except  for  t i ra t  o f
I l - ,  tvh ich is  i0  'h ,1) .The s igni f icance of  t l ie  smal l  d i f fere i rce betn,een
the t t t 'o  va lues is  quest ionable (82)  I r isure 3a arrd Eq.  (16)  summar ize the
effect of pH on t ire reductiorr poterrt ial  oi NAD at 30iC (88) The en'rprir ical
slope, 1f, l i lpH - - 0.0303 i ' ,  osrees n'el l  n, i th the theoretical value of
-0 0301 \ /  ( -2 .302585 RTI2F).

E , i  :  -0 .1054  0 .0303  pH ( i 6 )

!  :  ;  ) , i '  :11  ; . i :  ; :  ; i  ; l i  :  ; * i ,  i i i i+  :  :a :1 .

l igg. 3b shon's the effect of ternperature on the reduction potential of
NAD (89) .  At  pH 7.0 and betn 'een 20 arrd 40oc,  lE, l t l  -  -  i .gr  mV/"C.
Table 4 compares the values of E; for a number of biochemicals and redox
dyes Manl '  of these data \\ /ere deterrnined bv equil ibrat ion n, i th nicotin-
amide cofactors.

GENERAL REGENERATION STRATEGIES

\\/e classift' sl.u,egies for nicotinamide cofactor regeneration into
four gen-eral categories: enz\/matic, electrochemical, chem"ical and photo-
chemical, and biological.  A requirement of any strategv is thai i t  be
highlv selective for production of the enzvmatici l ly act ivi  cofactor. This
cri terion is especial ly demanding for NAD(P)H regeneration and requires
that reductiorr of the pvridinium ring be highlylegios_elective.

To be useful,  
-1.."g"t ' terat ion scheme must be iapable of recycl ing

cofactor 102 to > 10s t imes (depending on the cofactor species ui i l izei
and the application; cofactor prices are l isted in Table 1).^ I f  50% of the
original cofactor act ivi ty is to remain after 100 turnovers, each cycle of
regeneratiorr must be 99.3% selective for the formation of act ive cofactor.
At present, onlv enzymatic catalysis proyides such high selectivi ty for
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Fig.  3.  (a)  Dependence of  the reduct ion potent ia l  of  NAD on pH. Data

taken from ref .  (88).  (b)  Dependence of  the reduct ion potent ia l  of  NAD, pH 7.0,
on tenrperature.  Data takerr  f rom ref .  (89).
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. l ' r \ l l t . l : ' 1

I l ioc l rcnr ica l  I lec ' lox  I 'o tc r r t ia ls

1-,',, '  \t I i c l .[ { cd t r c t i t l n

or/ l ' l rc) l

I  Fe(CN). , . ] ' , r1 FeICN 1,.1 '
o: i  [ { ror
D ich I o ro pr ir e no I i n d tl p h c n cl 1,,,.. ; i  DC PI Pr....r ), 30"C

Ithr 'nazi  t re met hosu I  fate1,, 'y /PN' l  51. . . .1 y,  30"C

De Ii vd roa sco rtra te/a scclrba te

I 'henazirre ethosu I  fa tc1, , , , /PES(. . ' . j  ) ,  30"C

lru nra ra te/su ccina te
lv{etirvlene bluc r.,,.;/ l \ '181r.,, i;, 30oC

G ivor', ' ia teiglvcola te
Oxaloacetate,  NI- i  i /asPa r tate

I)r , ruya te,  Nl{r- ia lanine
2-Orogluta rate,  N I{  j ig lu tanla te
F{r'd ro xv p'r v ruva tc/givce ra te
Oxa loaceta te/nra l ; r  te
Pv ruvate l lacta te
D i h vci rox t'a ce to u e p h o s n h a te/q I t'ce ro I - 1 - p ir o s p li a t t.

i \ceta lde irvde/e tha r-r o I

FN{Nr'FIr4NHz, 30"C
FAD/FADH2, 30"C
3-Hvdrox l ' -2 -bu  tanone i  ? ,3 -bu taned io l

Fructose/sorbitoi
Acetone/2-propanol
1,  3-Diphosphoglycerate/3-phospho-glycera ldel t l 'de,  P,

Li poa mid €1,,, y/li poa m i d € 1 y".r 1
L i p'roa 1s,.,",/li poa te 1,".i I
NADiNADH
NADP/NADPH
P)'ruvate, CO2/malate
C luta thiorr€1.,"y/glu ta thione1,.".r I
C)'stine/cvsteine
Acetoacetate/3-hyd roxybutlrls 1s

2-Oxoglutara te, COz/isocitrate
CO2/formate, 30'C
2 H* lH2, 30"C
6-Phosphogluconate/glucose-6-phosphate
Gluconate/glucose
Oxalate/glyoxylate
2 HSO?/S zOi-
3-Phosphoglycerate/3-phosphoglyceraldehyde
Methyl viologen1,,"y/N4V1,."ay, 30"C

Acetate/acetaldehyde
Succi nate, CO 2l2-oxogluta rate

Acetate, CO2/pyruvate

0 . E 1 6
0.3(r
0.295
0 . 2 1 7
0.080
t).058
0 .055
0 .03 i
0 . 0 1 1

-0.090
4.097
-0.  i  19
-0. 1 21
-0 .153
- { .166
-0. 1 85

n 1( ) ' )- l t . L . J -

-0 .199
-0 .211
_ n  ? 1 q

n  , ) 1 1

-0.270
-0.286
-0.286
-0.28E
-0.29
-0.320
4.324
-0.330
-0.340
-0.340
4.346
4.375
4.420
4.427
-0.43
4.47
-0.s0
4.527
-o.55
-0.440
-0.598
4.673
-0.699

(e(r)
(e/ )
(e0)
/ Q l \

(e.l)
(e1)
(e3)
(e0)
(e2 )
(e0)
l ' q 7 \

(e2)
/ 9 " )  \

(90,94)
(23)

(23 ,91 ,92)
( s 5 , 9 1 , 9 2 )

( e 1 )
(e5)
(e5)

(90,96)
(22,91)
(91,92)

(e0)
(e1)
(e7)
(85)
(86)
(e0)
(e2)
(e2)
(e2)
(e2)

(98,99)
(e2)
(e8)

(90,100)
(e2)
(e2)
(101)
(e2)
(e0)
(e0)
(e0)

'Standard condit ions: Unit act ivi ty of al l  comPonents except

unless noted otherrt ' ise.
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t he  rec l t t c t i t l t r  o I  NAD( l ' )  to  N , \ l ) ( l ' ) l f  .  l ] cc i - rusc  sc lcc t i v i t v  i s  no t  i t s
d i f f i cu l t  to  acconrp l i sh  i r r  r cscncra t ins ,  Nz \ l ) ( l ' )  i ro rn  NAI ) ( l ' ) l  l ,  cn / - \ ' -
l na t i c  ca ta l r , , s i5  i s  t ro t  r c ( lL r i red .  S t i l l ,  i n  t l r i s  rev i r ' \ r ' ,  r te  rv i l l  t ' n ip l ras izc
enzynlat ic  methods ior  r r 'gcnerat io l r  o i  NAD([ ' )  for  t l r rce reas() l ' ls :  sc lcc-
t iv i t \ ' ,  cor t tpat iLr i l i tv  rv i th  othe r  c( )nrF)( )ncrr ts  o i  cr rz- r , rnat ic  reactor-s ,  anr l
ease of  rnoni tor i r rg  ( t rs i r ru e l tzv lnat ic  . rss. tvs) .  l \  c t inr l - r . ' l r isorr  o f  a t lvan-
tages  and  d isadvan tages  o l ' enzvn ' la t i c  . rnc l  o the r  s t ra tcg ies  appears  in  

' f a -

b l c  5 .
Disadvantages of  errz , \ ' r la t ic  nrethoc- is  inc l r - rde the expense and l inr -

i ted s tabi l i tv  of  enz\rnres.  Also,  enzvme inrnrobi l izat ic l r r  nrav Lre a cornpr l i -
cat ion.  Less obviouslv  i rnp-rsvtarr t  i i r  consi , - ler ing enzvnrat ic  n iethods of
regel terat io l r  is  t l te  ease n ' i th  n 'h ich the desi red prodLlc t  can be iso lated,
the speci f ic  act iv i tv  of  the enzvnre,  and the t ic ta i lec i  k inet ics o i  thc
coupled-enz\ /ntL.  reactor ' .  i \ l r ls t  cnz\ ; lnat ic  r t re thocls  conver t  A sto ich io-
nret r ic  reagent  to  bt 'product ,  i ronr  n 'h ich the desi red prroduct  must  be
iso lated.  An enzvrr le  rv i th  lon 'speci f ic  act i i ' i t t ,  rv i l l  be rec l r - r i rec l  in  suLr-
s tarr t ia l  quarr t i tv  i i  h ig i - r  ra tes are to br .  ac i r ievect .  Aprar t  f ronr  t j te  cost  cr f
the enzt / r r le ,  i ts  use i r r  inrmol- r i l ized forrn nrav rcr lu i re incorrverr ient lv
large quanti t ies of imrnolr i l izat ion suprp'rort.  Enzvrne kinetics are inipor:-
tarrt  i rr  several respects. Enzvrnes havirrg high values of K,,,  for reactarrt or
cofactor  requi re h igh col rcentrat ions o i  these r -nater ia ls .  A h ieh K, , ,  for
reactarrt lna\/ make i t  impracticai to achieve contl-r lete corrversion anc-l
eff icient ut i l izat ion of the ieactarrt.  A high K,,,  for t l ie rr icot irranride cofac-
tor  requi res a corresponding i r rcrease in  the in i t ia l  cost  of  cofactor  added
to the reaction, although undestroved cofactor can sorr let imes L're recor,-
ered at the end of a reaction. Product irrhibit ion (especial lv non- or
uncomPetit i r , 'e product inhibit ion) can also result i rr  slon' rates, inconr-
plete conversions, and ineff icient reactions.

In the trt 'o fol lon' ing sections n'e describe s1,s1gms that have been de-
veloped to regenerate reduced and oxidized cofactors, respectivelv. To
help in comparing these s\/stems, characterist ics of the rnost important
methods are compared in Tables 6 and 7.

REGENERATION OF REDUCED NICOTINAMIDE
COFACTORS: NAD(P)--' NRD(P)H

Manv svstems for regenerating reduced nicotirramide cofactors have
been tested.  The best  methods present lv  avai lab le are based on the use of
formate,  g lucose,  g lucose-6-phosphate,  or  a lcohols  as reducing agents.
Enzymatic systems give the largest number of successful o,cles bf tegerr-
erat ion, arrd our discussion rt , i l l  focus on them. EquationsltT)-(26) *nl-
marize the reactions used to reduce NAD(P), and Table 6 compares fea-
tures of  the most  important  of  these methods.  Table 8 l is ts  proper t ies of
the enzyntes used, arrd Table 4 l ists the reduction poteirt iais of the
reducirrg reagents.

Ap plied B ioc he m i stry a n d B iotec h n ologS, Vol. 14. l9B7
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( 1 7 )

HCOO- - \  NAD
\ /
\ 

Formate Dehydrogenase

co, --l \ NADH

NAD(P)

G6P Dehydrogenase (R = PO32 )
Glucose Dehydrogenase (R = H)

NAD(P)H

<-03
r-io-1\-oi

iO-\--1- COC 
-

Or-1

NAD(P)HNAD(P)

EtOH
Alcohol Dehyci rogen ase

( 1 8 )

(1e )

(20)

(21)

(22)

/ ^ t  |  ^ n A
v r  1 3 v v v

Ald e hyde Dehyd rog en ase

NAD

MeOH
Alcohol Dehydrogenase

H2CO

coe
Formate Dehydrogenase

HCOO -

Al de hyd e D e hyd rog e nas e

He 
\  / -2MV2.

\ /
HfdroOenase 

\

\ 2 M V *

NAD(P)H

Lipoamide Dehydrogenase (NAD(H))

Ferredoxin Reductase (NADP(H))

NAD(P)

t ' \ aFo to ' r  
\ aNADPH

Hydrogenase 
I I 

Fo-NADpReduciase

\ F o ( r e c ) / \  N A D '

nLJ aur'\
v r  1 3 v t  t v
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2 e - + 2 H * -./ i- \J

q H

5 H

(23 )

t ? J  r

(25)

r{ADH

Dehydrogena_<e

NAD

N A D H

I  ipoamide Delydrcoenase

I ' IAD

2 I ,AV '

nr ' .or 

\z- 

2 Fu(bpy)"3- 

a 
,MV- 

\/-- 
NADP

  /, I 
Ferreccxin Reductase (26)

R ,o , t  /  \ zRu (bpy ) r2 *  h ' '  - 2Ru (bpy ) r2 - .  - /  \ z  1w?- * /  \ * oo *

Fo rmate/Fo rm ate D e hyd ro g e na s e

The use of  formate and formate deh'c l rogenase (FDH) tEq.  (12) l  is
qlese$ly the 

,bes.t. developed procedure 
'for 

regerrerating trlaOH dOZ-104). This method has the advantage that forrnale is inexp"ensive and is a
strong reducing agent. The byproduct, CO., is easi lv removed from the
reaction and does not complicate the n,ork-up. Formate and CO. are sta-
ble and are innocuous to enzymes [and to NAD(H) at near neuiral pH].
Reaction Progress is easi ly monitored bv assa\f ing fo, formate. The FDH
is commercially available, readily immbUitized,, "an,l 

stable if protected
from autoxidation. The major disad'antases of this s\/stenr are that FDH
is presently expensive i f  purchased [althdugh an exiel lent fermentation
route to i t  is avai lable (105)) and has lon' specif ic act iyi ty. The FDH does
not reduce NADP, and so regenerating NADPH rvith FDH requires a
transhydrogenase.

The init ial  expense (or inconvenience of isolat ion) of FDH is l ikely to
be the greatest contr ibution to product cost in a orre-t ime synthesis ,Jing
formate/FDH to regenerate NADH. The FDH u..o,.ni.J ro. upp-*i
rnately 857o of the product cost in a one-t ime synthesis of o-lactat; (702).
For repeated 

Plo_cgsses, though, in n,hich product cost is a greater con-
cern, formate/FDH is one of t l ie least.rp' , . , ' , i i , ,e methods for regenerating

Applied Biochemistry and Biotechnotogy Vol. 14. l9B7
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NADIJ . ' l -he  lon 'cos t  a r rc i  ease  o [ ; r r t l c iuc t  i so la t io r r  n rakc  th i s  svs te rn  ( )n r ]
o f  thc  bes t  fo r  l a rsc -sca le  sv r r t t r cs i s .  

' f hc  
lo r t ' spec i f i c  ac t i v i t v  t , i ' FDI I  i s  i r

drawlrack,  l ton,ever ' ,  nccc 'ss i ta t ing re lat ive l ) ,  large quant i t ies of  p ' r r r l te i r r ,
large gel  vo lunres,  arrd long react ior r  t i r les.  Fornrate/FDl l  has L ' rec ' r r  t rser l
successfu l lv  to  regcrrerate NADII  in  a rnenrLrranc-reactor  sv l r thcs is  of
I - - leuc ine ( iO:)  ur ' ' ' J  in  a rec luct ion o i  dehvdrochol ic  ac ic- l  br ,3 t r -hvc l ro\ \ , -
s tc ' ro id dehvdrogenase (109) .  Deuter io f r l rnr . r te  and FDII  have beerr  used
to  sv r r thes ize  ( / ( ) - t r i f l uo roe thano l -1 - r /1  Q10)  a r rd  (1 i ) -1 ,2 -bu ta r red io l ) -d t
( 1 1 1 ) .

Gluco s e-6 - p hos p h ate/G lu c o s e - 6 - p h o s p hate D ehyd ro g e n a s e

Reduct ior rs  of  NAD(P) r t ' i th  der ivat ives of  s lucose prov ide sat is fac-
tc t rv  Inet i rods for  laborator \ ' -scale svnt l teses.  Glucose-6-phosprhate (G6P),
coupled n, i th glucose-6-pl iosp'rhate dehvdrogenase (COi'nf-f j  fr .- , ,- , ' ,  Lc,,cr,, ,-
rrcrs/oc rrrcsarttcroidas, iras beerr used to reduce NAD(P) irr svntheses of
c l r i ra l  cx-hvdroxv ac ids arrd a lcohols  (47,712\ .  The G6P/G6PDH svstenl
tEq ( i8) ,  1 i  :  

-Po:- ]  
i ras n i r r t 'advarr tages.  I t  uses a s i r rg le 

" , ' r r , , , ' , ' , " ,r t 'h ich is  comnterc ia l lv  avai lab le,  inexpensive ($1-2 l100 U),  and easi lv
r r ranipulated.  The G6PDH f rom L.  ntcsc i t taro idcs has no act ive th io l  groups
arrd so is  not  sensi t ive to  autox idat ion or  a lkv lat ion (17-3) .  TI ie  G6PDH
fronr L. ntcsatttaroides accepts ait l rcr NAD or NADP at corrcerrtrat ions arrd
at  rates favorable for  svnthesis  ( r 'east  G6PDH accepts onlv  NADP).  T l ie
G6PDH iras a high specif ic act ivi tr , .  The G6P is stable in solut ion under
react ion condi t ions,  and G6P and 6-phosphogluconate (6PG) are innocu-
ous to most enzvmes. Thermod),namical ly, NAD(P) reduction is stronglv
favored. The product of the enzvmatic oxidation of G6P, 6-prhosphogYri-
conolactone, ir1, i1611'2es sporrtaireouslv and forms 6PG, retrclei ing"t6e
reaction essential lv irreversible (Table 4). Reaction progress is easi lv
monitored bv assaving for G6P.

The G6P/C6PDH system has three disadvantages. The major disad-
vantage is that C6P must be prepared. The G6P is commercial lv avai l-
able, but expensive ($1300/mol). Methods to prepare G6P are n'el l  devel-
oped (47,114): The best uses hexokinase (HK) and an ATP regeneration
system based on acetyl phosphate (AcP) (115) and acetate kinase (AK).
This method readi ly affords G6P from materials costing $50-115/mol of
product formed, depending on n'hether the immobil ized enzvmes are
reused or not. Another disadvantage is that the presence of 6PG irr solu-
t ion may cornpl icate the isolat ion of products. Final lv, G6P, 6PG, and the
inorganic phosphate present as an impuritv in G6P al l  catalvze the hydra-
t ion of NAD(P)H (Table 2). In svntheses using 0.0G0.77h4 G6P and last-
irrg 4 d, hort 'ever, phosphate-catalyzed degradation of NAD(P)H proved
to be of no practical signif icance (47). Nicotinamide cofactors retained
5W5% of their original act ivi ty. At the init ial  steadl,-5tate rates, 15-50%
of the cofactor present rvas in the reduced form.

To avoid the problems of G6P preparation and acid-catalvzed cofac-
tor  degradat ion,  g lucose-6-sul fa te (G6S) has been examined asa reducing

Applied Biochemistry and Biotechnology Vol. 14, 1987
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i ' rgcn t  l ' o r  NAI I (1 ' } )  ( / / ( t ) .  
' l  

hc  C, ( rS  is  . r  suLrs t r ' . r t ( '  l o r  L ro t l r  v r ' . t s t  . tn ( l  1 , .
/ r / t ' . i t ' r l / t ' r ' o i r l i ' . s  ( , ( r l )D I  l .  I t  i s  no t  i r r r  ac i r l  c ; r ta lvs t  o l  NAI ) ( l ' ) l l  h i ,d r ' . i t i r r r r  a l r r l
i s  e a s i l - i ' L ) r e p a r c c l  b v  t h e  r c a c t i t l r r  o l . g , l r t c o s r ' r v i t h  p r v r i d i r r c - s i r l l t r r  t r i t r r i c l c

Q 1 7 ) .  A l t h c t t r e h  t h c  c o s t  r l i  t h c  r t t . r t c r i a l s  r r s e r l  t o  p r c ; - r a r c  ( 1 6 5  ( 5 7 ( ) " n r o l
p r o t l r . t c t  f o r n r e d )  i s  a L r o u t  t h c  s i l n r c  a s  t h a t  o i C ( r l ) ,  C ( r S  i s  n r u c h  s i r l p r l g ; 1 1 l
tn ; rke .  U l r io r tu r ra te l r , ,  the  sPcc i f ' i c  ac t i v i t v  o l ' / - .  / / / r ' . s t ' / r / t ' r - t r i r l t ' s  C( tPDH rv i th
C 6 S  i s  s o  l o \ ^ ' a s  t o  n r a k e  t h e  r e g e n c r a t i v c  c n z v r t r c  p r o h i L r i t i v e l r /  e \ p c n -
s ive .  Yeas t  C6PDH,  I ton 'cver ' ,  u t i l i zcs  C6S a t  a r r  accc l - r tab lc  ra te ,  anr - l  a
s t ' s tcn t  o f  C6S and C6PDI- I  ( r ,eas t )  n r igh t  L re  d  L r r . t c t i ca l  svs tenr  fo r  rege l t -
e r a t i o n  o i  N A D P H  f r o r n  X A p p .

The C6P/G6PDI- I  s t ' s te r t t  i s  one o i  the  bcs t  n re thc lds  ava i la l r le  io r
r e g L ' n e r a t i n e  N A D P H .  i t  i r  l e s s  a t t r a c t i v e  t r l r  r e s e n € r . ' l t i r r e  N A D H ,  a l -
though i t  n ra - r ,  L re  p re ie rab le  o \ :e r  io r r t ra te , ' ITDIJ  io r  ap f - l i ca t i i tns  i r t  u 'h ich
the  s tab i l i t v  o i  enz \ /n les  i s  in rpur tan t .  l -he  r l . r io r  c \L r r l t se  i l r  svs tenrs
t r s i i r s  G 6 P , G ( I P D H  t o  r . * * " , l " r o t e  N A D ( P i H  i s  i h c  G 6 l '  i t s c l i .  T i i i s  e r -

F€ t rse  l t ' l av  L re  par t ia l l v  recovered i r r  i r rs ta l rccs  in  rv i r i ch  the  L- ryproc- iuc t ,
( r P C ,  h a s  v a l r r e  ( 4 2 , 1 1 ; \ .

GIuc o s eiGlu co se D ehyd ro genas e

\ \ /ong et  a l .  (118)  have descr i l rer l  the t rse of  s lucose arrd g iucose
del rvdrogenase (GDH) f ronr  f inc i l l t ts . r ' i ' ( ' r i -s  to  resenerate NAIIH IEc1.  (18) ,
R : r?].  Clr-rcoserGDH had prer, iouslv L-,eerr r-rsed irr svrrtheses of ethan-
o l -1-r /1  Q19) and L-carn i t ine (120) .  The outstarrc l ing feature of  GDH f rom
B. caret ts  is  i ts  s tabi l i t r ' .  When immobi l ized on PAN gel  (111) ,  the enzvme
rv i ths tands  hea t ingo t  SS"C fo rT  d  in  0 .544  NaCl ,pA  7 .5 ,  n ' i t h  no  lo i s  o f
activi t) ' .  Irr  a 6-d svrrthesis of o-lactate, NADH \\ 'as cvcied 36000 t imes
rt ' i t l r  rro loss in GDH activi trr.  The GDH irom B. cerctrs is stable irr 02 and
accepts either NAD or NADP rt ' i th high specif ic act ivi tr ' .  Like G6P, glu-
cose is stable and is a strong reducing agent. i t  does not, hor\/ever, cata-
l) 'ze the h1'c1.u,ton of NAD(P)H. I t  is verv inexperrsive and requires no
preparation. Clucose not onlv is irrnocuous to €r21,11st, but actual lv en-
hances the stabi l i tv of many enz\/n1es. The init ial  cost of GDH is a disad-
vantage of the svstem, and, l ike 6PC, glucorrate mav complicate t ire reac-
t ion n'ork-rp. For repeated processes, though, in n,hich gluconate does
not complicate isolat ion of products, the lort '  cost of glucose and the sta-
bi l i ty and high specif ic act ivi ty of GDH make this method one of the least
expensive methods for regenerating NAD(P)H. For laboratonr-scale s\/11-
thesis, this method is also excel lent.

Methods Based on the Oxidation of Alcohols

Ethanol  and a lcohol  dehydrogenase (ADH) have been used exten-
s ive l t '  for  NADH regenerat ion (722,123) .  fhe i r  combir rat ion is  par t icu-
Iarlv suited to analy-t ical procedures (121-126). Etharrol is an effect ive
reductant  in  coupled-substrate reduct ions of  act ive a ldehrrdes,  such as

Ap p I i ed B ioche m istty a nd B i ote c h nology Vol .14,  l9B7
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l . r c t . - t l t l c l t v r i c  ( ) r '  bc t rz -a lc le  hv r ie  ( t2 ; ,12 . i ) .  I - th . rno l i r \ l l l  I  I l . r s  t , r , t ' r r  l r t , t ' n
t t scc i  t t l  t ' cc lL rcc  cvc l i c  ke t t , r i cs  (127 ,121) ) . ' l ' he  r t ,ac lv  av i t i l aL r i l i t r ' . t r r t j  l o r t
c t r s t  O f  L - ro t l t  t ' eagc t ' l t  a r rc l  cnz \ 'n rc . i r r c l  t l r c  vo la t i l i t v  o l ' L r t r th  t , t l r . r r ro l  ;11 . i
acc ta lc leh t ' c le  t l ake  thc  svs tcn r  a t t rac t i vc .  For  gcne ta l  sv r r thc t i c  L rL l l ' l - r ( ) ses ,
I l t ln 'evet ' ,  c thal ro l  ar r t l  ADI  I  a lone prove to l rc  t r r rs . - r t is factorr ' .

I lecatrsc ethanol  is  onlv  rveaklv  reduci r re,  or r l \ ,  the rnost  act ivc a l t ic -
hvdc 's  are rc 'ducccl  i r r  goocl  v iu lc l r .  iV i th  othc l r  subi t rates,  et lu i l ibr ia  nrust
bc c l r iven bv great  excesses of  c tharro l  or  Lrv renrctv ing aceta ldehvc- le .  Lc l r l
c t rncetr t t 'a t ions of  i tceta ldehvdc.  inh iL. ' i t  veast  ADIJ aK,  :  0 .67 nrA4)  anr i
l rcr rse I iver  ADH (K'  :  O.bSZ rnA4) ( i :O) .  This  i r rh i l r i t ion is  pu, : t iu l l , ,
l lo l lco l l lpc ' t i t ive ancl  thus par t icu lar lv  d i f f icu l t  to  o\ /ercol t - le  (20) .  I lc t th  et l i -
a t ro l  a l rd aceta ldehi 'de c- leact ivat€ 'enzvnrc 's ,  and aceta lc lehvde conclenses
rvi t i r  NA DH to gi ve i ,  2-d i  hvd ro-2-ethi ' l  ic ienc.nicoti  rra nri t le aclerr i  ne d i  n r-r-
c leot i r le  (7 i7) .  I f  EtOH,/ , \DH is  to  resenerate NAD(p)H for  prep- ,arat ive
sVtrt iresis, acetalr- lc 'hvcle nrust bc- renrr-rved dlrr ing the reactiorr.

One nret i rod for  rcurr tv i r rg aceta ldehvde is  to  i iveepr  the volat i le  a lc le-
ir" 'cle frotn t l-re reactiorl  vessei bv a streanr crf nitrogen arrd sribsgql lentlv
to t rap i t  as i ts  sen ' r icar l ' razonc t i : t ; ,1 i : ) .  ,A seconcl  i t ra tegv uses veast  a i -
del r i 'de dei rvdrosenASe (AldDH) to ox ic ' i ize aceta ldehvde fo acetat  e  (120) ,
cot rcotn i tant l r '_  gery l . l t ing a second equivalent  of  rer luced cofactor  [Eq.
( f  9) ] .  The EIOHiADH/AI ;DI l  svste-rn l ias Lreen usecl  i r r  0 .1-rnol  svntheses
of  t - - lactate,  L-g l t r tanrAtr . ,  an, - i ,  us i r rg c ' thanol -  7 ,7-d.  ,  r - -g lutar j ra te-a-r / ,
(110 ,1 -3 - i ) .  \ \ ' i t h .ADH i ron r  veas t ,  the -  svs tem rec luces  NAD;  rv i th  ADH
ironr L. t t tcsattfc 'r 'oir/c-s, i t  r . ' . luces NADP. TIie aclvarrtages of this svstenr
are i ts  h ieh poterr t ia l  for  NAD(P) reduct ion,  i ts  appl icabi l i tv  to  e i thr . r
NAD or  NADP, and the lou 'cost  of  i ts  reduci r rg agei r i ,  e thanol .  Both en-
z\rmes are conlnercialh'  avai lable, n' i th moderate-to-l i igh specif ic act ivi_
t ies. Acetate does uot i ,ur, ' , ' ,  enzvnles or cofactor ancl rfrelv complicates
product isolat ion. Reactiorr progr.rr is morri tored bv assaying for etha-
uol. Disadvantages irrclude the requirement for trvo etrzi 'n ' les arrd the
sel l i i f  i t t ,  of 9o!f enz,\/mes to autooxidation. The rp". i f i .  act ivi tv of
AIdDH rvith NADP is lorv. Unfortunatelv, because acetaldehvde foirna-
t ion should be rate l imit ing, the more expensive and more sensit ive en-
zt lme, AldDH, tnust be used in excess. A third strategv to remove acetal-
delryde might be to trap acetaldehvd e in sit tr  as i ts ivanide or bisulf i te
addit ion product (120) or as a hvdrazone or semicarbazone derivative.
These r-nethods undoubtedlv r l 'ould face problerns of enzvme inactiva-
t ion, nucleophil ic degradation of NAD (61i, reaction rt , i th reactants, suclr
as aldehvdes and ketones, or slorv rates of reaction r,r, i th acetaldehyde.

A regeneratiorr scheme sirni lar to EIOH/ADH/AIdDH oxidizes nietfu-
anol  to  Co2 rv i th  cata lvs is  bv ADH, AldDH, and FDH (133) .  Each ec lu iva-
ler r t  o f  MeoH g. , r . ru i .s  th iee equi 'a lents of  NADH 1bq.  (zoy l .  This  s1,s-
tem has the advantages of  h igh reducins potent ia l  ind lorv  cost  of
MeOH. Carborr dioxide is a part icularly convenient f inal product. Disad-
vantages of  the svstem inc lude i ts  requi rement  of  three enzvmes arrd i ts
rest r ic t ior r  to  NAD(H).  AI I  three enzvmes are sensi t ive t .  ox idat ior r .

Applied Biochemistry and Biotechnology Vol. 14, l9B7
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Sprcc i l - i c  ac t i v i t i cs  rv i th  I \1c ( ) l  l ,  l l . L - ( ) ,  . t n r ' l  l lC ( )  r  a rc  lo r r ' .  I ; on t i i r l t l t ' -
h l r jg  r t ta \ /  c icact ivr tc  e r rzvnr( 's  nr( ) r ' r '  rapr ic l lv  than ace ta lc ic l rvr ic  (1.1- / ) .

' f he  
E tOI  I /ADI I / , \ l t l l l l  I  an r - l  I r l cOt l i r f  p t l iA lc iD l  I i l - l f l  I  svs rc rns  . r r ( ,

less prract ica l  for  Ia [ - ror ' ; r tor \ , -scalc  cof . rc tor  regencrat ion tharr  t i r r ' 'sc  Lr . tscc l
o r r  Fb l i ,  GDIJ ,  o r  G( IPOi t  a lonc . ' l -hcv  l , ' r , ' , , t ve  n r ( ) re  enz - \ , r l cs . tnd  a rc
l l lore co l l rpr le l  t t t  asset lL t le  ant l  t r t l l i ip- r11iatc . ' fhr . \ ,n ta\ ' [ .c  i rsef r - r l  fc l r  large-
scale s t ,n thesis ,  hor t 'evcr ' .  

' f l ie  
EtOH/AI f  I  I iA ldDH svstern,  especia l l r , ,

provicles arr inexpensivr. nrethocl for cofactctr reger' ' , . .rnt in,-, .  Ir4icioorgnn-
isms desierred tc l  have h igh levc ls  o i  the necessar \ r  enz\ / r t res in  thr .  correct
proport ions-or crucle citracts ironr i l ' resc cel ls-rnigl i t  eff icierrt lrr  aiford
the errzvme activi tv rec-luired for t l -rese trr:o- and three-enz\/nre rt iqtnera-
t ion schenrcs.

Methods Based on the Oxidation of Dihydrogen

Ir r  pr i r rc ip le,  d i i rvdrogen i : ; . ' r r r  a t t ract ive chemical  rc .ductant .  l t  is  in-
exper- rs ive,  s t ronglv  redtrc ing,  and innocl roLrs to  enzvntes ancl  r r icc-r t ina-
nr ide coiactors.  I ts  corrsunrp-r t is l l  le . ives no bvp-r rpducts ancl  is  easi lv  morr i -
tored to prrc tv ide a q l r ick and.r i r t r ] - r lc  n ' reasure of  the exterr t  c l f  react ion.

Severa l  a t raero l - r ic  Lracter ia  produce hvdrogenase (Hase)  enz\rmes
that  cata l ) 'ze t i re  d i rect  reduct ton of  NAD, methv l  v io losen ( i t4 \ l ; ,  or
ot lrer redox d) ' . t  Lrv H2 [Eq. (27\]

H2 r  NAD(or  2  i \ I \ / r  ) NADH - r  H- (or  2  \ '1 \ / -  - -  2  IJ * )  (27)

Whole cel ls  conta in ing Hase act iv i tv  or  par t ia l lv  pur i f ied Hase enz\ /mes
Irave been immobi l ized and shon'n to  reduce NAD (135-138) .  A major
problem lvi th the use of puri f ied Hase is the enz\rme's extreme suscepti-
bi l i ty to inactivation bv dloxvg€n or other oxidizi irg species. Hase immo-
bi l ized in n,hole-cel l  form shon's increased stabi l i tv and gives productiv-
i ty numbers [Eq. (28), refs (139-747)) for biochemical reductions
one-to-trvo orders of magnitude greater than those for cofermentations
rvith veasts.

PN : productivity number _
(mmol  product) (28)

(kg drv \veight catalyst)(h)

Hase from Metlnrtoltncterium thennonutotropilticunt has been partially
purified, immobilized,, and shotvn to be stairle in preparative reg".,"ru-
t ions of NADH and NADPH (106)._ For NADH regeneration [Eq. (21)],
Hase catalyzes the reduction of MV2 * by H2. Lipoamide dehydrogenase
(LipDH) or ferredoxin reductase (FR) then catalyzes the reduction of
NAD by MV " .  For NADPH regeneration [Eq . (22)],  Hase catalvzes the
reduction of a soluble f lavin analog, F,,,  by H2. The Fo-NADP reductase
(F3NR) then catalvzes the reduction of NADP bv reduced F6. Compared
to other Hase enzvmes, Hase from M. thcrrttoautotroTthicul l  has the ad-

t_t ^ .- .-
I  l d > t r
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\ /a l l t ages  t l ra t  l a rge  qL lan t i t i es  c . rn  L re  ob ta i r re r i  r v i th  l i i g l i  sp rcc i f i c  ac t i v i t v
f ronr  a l to l tpathogenic orgal" ' r isnr ,  t l ra t  i t  is  s table,  a l rc l  that  i t  is  r rot  i r rc-
ve rs ib l v  i l rac t i va ted  bv  O. .  A  d isadvan tase  o f  us ing  I l asc  to  ac t i va tc  I {2  i s
that  the e l tzvme is  r rot . , rn ' , r lerc i . r l lv  nvoi iab le.  I t  rec lu i rcs a fer rnerr ta t ion.
One fermentat ior r  o i  M.  t l tc r t t t t tn t t lo t roy l t ic rnt r ,  ho\ \ 'L ' \ ,er ' ,  _ \ , ie lds a nr ix ture
of Hase, F11, and FpNR (al l  the con-lponents rreeded ior NADPIJ rege;lera-
t ion) .  Because F1lNR is  NADl ' ] (H)-speci f ic ,  MV and e i ther  L ipDi  t  or  FR
nrust  be added to regenerate NADH. The L ipDH is  urrs ta l ' r le  under  the
react ion corrd i t ions,  and FI(  e i ther  is  expensive (S816i100 U) or  requi res
iso lat ion f rom spinach leaves.  Thus,  th is  approach is  nrore t rsefu l  for
NADPH regenerat ior r  than for  NADII  resenerat ior r .  Present lv ,  iso lated

!o l .  systems are suf f ic ier r t lv  complex and expensive as to be impract ica l .
Reductiorr of cofactors bv IJ2 is attract ive, hoit ,ever, for st,stems in rvhicir
reactant  costs arrd ease of  prodr- rc t  iso lat ior r  arc implsp13l i f .  Sr , ,51sms based
on permeabi l ized u 'hole ce l ls  \ \ rar rant  fur ther  developrnent .

In  an ef for t  to  reduce NAD b) '  H.  r t ' i thout  us ing Hase,  a n,ater-
so luble rhodiunr  complex cata lvzed the reduct ion of  prr rurrate to  racemic
lactate bi 'H, (142). o- and t-- laciate deirvdrogenase t l ien catalvzecl the re-
duct ion of  NAD b) ,  Iactate IEq.  (23) ] .  Tf te  l i rn i ted stabi l i ty  of  t fue rhodium
cata lvst  under  the react ion condi t ions arrd the requi renrent  for  h igh in i t ia l
cotrcentrat ions of NAD and Iactate nrake this svsten-l impractical.  The
strategrr of combining a nonenzvmatic catalrrst for act ivat ion of H2 rvith
a l l  enzvmat ic  cata l l 's f  for  reduct ion o i  NAn(p)  rernai t ' ls  an at t ract i r le  one
arrd deser\zes further explorat ion.

Electrochemical Methods

Direct cathodic reduction of NAD(P) generates the correct regio-
isomer of NAD(P)H in onlv V75% )' ield (143). A major problern in lhis
process is the one-electron reduction of NAD, fol lorved bv radical coup-
l ing at C-4 of the nicotinamide r ing to form an enzvmaticai l f  inactive 4,4'
dinrer (143-146). Presumablr., nonselective red.rttiot't to give 1,2- and
1 ,6-dihydronicotinamide species also occurs. Immobil izai ion of NAD
supPresses intermolecular radical coupling and so faci l i tates reduction to
enzymatically active NADH (147). A coated electro de (145) has been used
to reduce NAD to NADH with goocl select ivi ty (>95%).

An attract ive alternative to direct electrochemical reduction of
NAD(P) is indirect electrochemical reduction, using electrorr transport
agents as media tors (149 ,750). In principle, catalyt ic quanti t ies of an inex-
p.ensive, water-soluble redox dye could be reduced bv an electrode in a
chemical ly well  defined manner and a potential less cathodic than the
o\/erpotential for t l ' re reduction of NAD(P) [- 1.1 V (149)].  The reduced
mediator could then reduce NAD(P) in a spontaneous (150) or enzvme-
catalyzed (149) step. Methylviologen has been used as such an eleitrorr
transfer agerrt.  I ts reduction of NAD(P) requires an enzvme catalvst, Lrut
rnany organisms contain MV-dependent NAD(P) reductases (147,149).
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Irr  part ic l r lar ,  t , l t ,c t rorr t icrobinl  rer iuct i t t r rs of
g a t c d  ( 1 4 0 , 1 4 1  , 1 5 7 - 1 5 4 ) .  I r r  t h c s e  s v s t e n r s ,
t racts are usecl  tct  catalr , rze the redr_rct ictn of

; 'rrodrrcer-l NIV lEq QE)l

Che nau lt a nd lUh ite sides

NAD( l ' )  havc  L reen  invcs t i -
n ,holc  ce l ls  t l r  cruc le ce l l  r 'x -

NAD(P) b) ,  c lect rochet t r ica l lv

N A D ( P )  +  2 l r 4 V '  +  H ' _ - N A D ( I , ) H  +  2  N 4 \ / 2 (2e)

Urrfortunltely, these methods have not beerr demorrstrated irr prepara-
t ive ly  usefu l  regenerat ions of  NAD(P)H.  Orre system using t r is(brpyr i -
d ine)rutheniurn as mediator  arrd no enz\rme as cata lvst  has dei rorr -
strated TTNs for NAD(H) of 2-3 (150). ( l i  should be r ioted that some
enzvmes avoid the requi renrent  for  NAD(PXH) as cofactor  a l together .
Enoate reductase and 2-oxo-acid reductase catalyze the direct reduction
of  substrates bv MVt (710,117,151-153,155,1s6) .  Reduced l r , lV can be
generated b1' eit i rer electrociremical reduction or hvdrogenation.)

Irr order to couple enzvrnatic select ivi t ies n' i th the use of an electrorle
as the ult imate source of electrons, tr t 'o combined electrochemical ie nzv-
mat ic  methods have beerr  tested for  NAD(P)H regenerat ion in  0.1 mol-
scale syntheses (757,155) .  One method tEq.  (2a) ]  involves e lect roc i remical
reduction of a mixture of oxidized dithiothreitol (DTT) and l ipoamide
(LiPNH2). Reduced LipNH2 then reduces NAD in a reaction catalvzed bv
LipDH. In  the other  method [Eq.  (25) ] ,  L ipDH or  FR mediates the redui -
t ion of NAD(P) bv MV -, lvhich arises from cathodic reduction of N{V2. .
These systems dif fer from str ict lv enzymatic svstems onlv in that the stoi-
chiometric reductant (regenerating reagent) has been replaced b) 'u cath-
ode and a catalt ' t ic electron transfer agent. On the basis of cost, the trvo
hybrid eiectrochemical methods are comparable to purelr/  enz\rmatic svs-
tems. Although the electron transfer agents are used in catalr, f ic 10. 

-r-7q")

quanti t ies, their expense is signif icant. The main advantage of the hybrid
electrochemical methods is the absence of stoichiometrJc quanti t ies of
byproduct from- which the product must be separated. Disadvantages are
the reduced stabi l i t ies of LipDH and NAD(P)(H), the need to isol i te FR,
and the complexitv of the equipment required.

Chemical and Photochemical Methods

Dithionite has been used as a reductant for in situ corrversion of
NAD to NADH wi th turnovers for  NAD(H) of  up to 105 (35,49,s1,
720,759). Although dit l ' r ionite is inexpensive and i ts use requires no re-
generative enzyme, i t  has disadvarrtages. Total turnover numbers for
NAD(H) are not high. Dithiorr i te is unstable irr solut iorr (160) and can re-
ductively inactivate dehydrogenase enzvmes. Furthermore, direct reduc-
t ion of the substrate by dithionite carr Lre a probler-n.

A photochemical scheme for NAD(P) reductiorr uses tr is(bipyri-
d ine)ruthenium( l l )  as a photosensi t izer  (161,162) .  In_one s) 's tem' tEq
(26)1, photochemical ly excited Ru(bpv)] - reduces MV2 , to MV ' ;  MV l
then reduces NADP irr a reaction catalvzed b1' FR. The ruthenium photo-
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setrs i t izer  ca l r  be regener i ' r tcc l  br ' . r  var ie tv  o l - r 'er l r . rc ing agents:  EL) ' l - r \ ,  thr -
t t ls ,  c l r  t r ie tharro larn i r re.  A s i r r i i l . r r  svste i ' , , r . , r " ,  r r r t ,s t r l tc i r larnct l l l r l l ' r111l i i11-
iunr-porphl r ;1nr ' r rc( l l )  as photc lscr ' r i i t i r . - . l .  f r l r  t l re  reserrerat ior i  o i  runp
(163) .  These svstems have L-reerr  e lnpr lo l ,gd in  ch i ra l  rcduct ior rs  o1,  ketones
arrd c t -  ar rd B-keto ac ic ls  (161 ,163) ,  in  pfcparat ior rs  of  opt ica l lv  act ive
amino ac ids (163) ,  in  CO2 f ixat ior r  to  for r l  nra l ic  arrd isoc i t r ic  ac ic- ls  (161) ,
and in  H2 €\ 'o lu t ior r  f ronr  a lcohct ls ,  lact ic  ac ic l ,  anc i  a lanine (1 i i5) .  L ight
energV is  harnessed to dr ive othr ' r \ t ' ise endergonic  processes.  Scl  iar ,
I tolt 'et 'er, TTNs for NAD(PXH) and conversiorrs irave been lorr,  (10--+0
arrd 10-407", respectively), arrd these S),stenrs are contple.x.

Biological Methods

Arr  a l ter t ta t ive to  the use of  pur i f ied enz\-nres ior  NAD(P)H resener ' -
a t ion is  the use of  r t ,ho le ce l ls  or  orqanel les pt - rssessing the enzvnre act i r ' -
i tv  des ' red.  The pr inc ip le advantages of  th is  s t rat .g i  are reducecl  costs
for  enzt ' rne act iv i tv  and,  i r r  cer ta in case.s,  increased enz ' , ,me staLr i l i t r , .  As
meut ioned prev iousl \ r ,  n 'ho le ce l ls  possessing Hase a i t iv i t_r ,  have Lreerr
immobi l ized and used to reduce NAD ( l i5 ,  136) .  Arraerobica l lv  sror t 'n  5.
cereuisine cel ls reduce extracel lular NAD irr the presence of etharrol.  When
ininrobi i ized, these cel ls have been found to reduce NAD at rates of up ttr
15 pmol/min/g gel (166) arrd to renrain active throueh repeated r-rses. I f
inrmobil ized rt ' i th puri f ied dehvdrogenases clr aerobical lv gro\\ ' l r  veast
cel ls, thev accornpl isl ' r  crrcl ic regeneration of NADH. Using n,ater as the
ult imate electron donor, frozen-than'ed blue-green alga (167) or irnmobi-
l ized chloroplasts (168) reduce NADP. Wherr mixed n' i th bacterial Hase
and ferredoxin, chloroplasts regerrerate NADPH for the p-rroduction oi H.,
from lt 'ater (169,170). The stabi l i t ies of these svstenrs are l imiterl .

Conclusion

Various methods to generate NAD(P)H in situ from NAD(P) have
been developed and characte r ized. N{erely replacing NAD(P)H bi 'NAD(p)
as the start ing material in preparative enzvmatic reductions lort 'ers the
cost of cofactor by 75+90%. Recvcling the cofactor reduces its effective
cost erren further. High total turnovers of cofactor require a high selectir ' -
i ty for the formation of enzl 'rnatical lv act ive NAD(P)H. At preserrt,  onlv
methods in which the reduction of NAD(P) is enzym€-Catal l '2ed provide
this high selectivi ty. Even withirr this constraint,  I lon,ever, n' lanv recv-
c l ing svstems ex is t  that  have addi t ional  advantages of  lor t '  cost ,  s tabi l i tv ,
or  ease of  operat ion.

The best rnethods for laboratorl ' -scale regeneratiorr of NADH are
formate/FDH, glucoseicDH, and C-OplCOpDfr. Although the applica-
t ions for NADPH regeneration are more l imited than those for NADH
regeneration, glucose/GDlI and G6P(G6S)/G6PDH are the best svstems
for this task. The question of best nrethodology beconres more complex
in large-scale syrrthesis. Forrnate/FDH is the best developed and charac-
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tcr ized nrethocl .  I t  has L- 'cc l r  uscc l  i r r  nr ( ' r .nLrrarrc  reactors orr  up to the
p i lo t -p r lan t  sca le  fo r  the  con t i r rL rous  p r 'o ( - luc t ion  o f  an r i r ro  ac ic l s  (1 ( ) .1 ,
771,172) .  l t  should Lre usefu l  n 'hcrr  l r r rge anroLrr r ts  oI  r 'nz- \ 'nre or  long rcac-
t ion t ime's  are not  p ' r roblenrat ic .  Glucose, ' ( ;DI  I  is  . r  e , r t i . i  nrc thod i . . ,hcrr
g lucorrate bvp ' r roduct  is  r rot  a  problern.  S-r ,s ter t rs  Lrasecl  o l t  EtOl l /ADI  I  arc
a pract ica l  a l ternat ive for  NAD(P) lJ  regenerat ion,  esprg6js l lv  n ' l ie l r  aceta l -
t lehvde carr be eff icierrt l \ /  rentoved or rcactt 'cl  fr-rrt i rer.

Cofactor  regenerat ion schernes for  Lroth NADH anc- l  NADPH are suc-
cessful to the extent that cofactor is no louger the dourinarrt cost of p-r1'e-
parative reductiorrs. The cost of enz\rnres or reaqerrts is e.qual to or, fclr
s \ /s tents us ing NAD(H),  rnuch ereater  that r  the iost  o f  cc l factc l r .  Fur ther
advances in  cofactor  regerrerat ion n, i l l  conre through improved met i rods
of  et rz t , lne iso lat ion and stabi l izat ion or  through the developmerr t  o i
chemical  or  e lect rochemical  nrethods havi r rg sc. lc 'c t iv i t ies for  enzvnra-
t icai lv act ive NAD(P)H qreater tharr 99.3,/ i  .

REGENERATION OF OXIDIZED NICOTINA]VIIDE
COFACTORS: NAD(P)H --- NAD(P)

Although NAD(P) is  more stable in  so lut ion t i ran NAD(P)H,  svn-
t l re t ic  schemes involv in  g i r r  s i f  r r  reqenerat ion of  NAD(P) are less n 'e l l  de-
veloped and more poorlv understood than those invoh,ing regeneration
of NAD(P)H from NAD(P). Tl ie NAD(P)-l inked oxidations oiterr face olr-
stacles of unfavorable therrnodvnantics and product irrhibit ion. Because
regioselectivi ty is not the problem in the oxir iat ion of NAD(P)H that i t  is
in the reduction of NAD(P), chemical and electrochernical strategies are
more practicable for regeneration of NAD(P) than for regeneration of
NAD(P)H. Sti l l ,  lon' rates of regeneration and inactivation of cofactor
tend to l imit the total turnover numbers achieved bv these metl-rods. We
favor enzvmatic methods of cofactor regeneration over chemical or elec-
trochemical strategies because thev are intr insical ly more compatible
with biochemical systems than are chemical or electrochemical systems.
Equations (30-33) summarize the reactions used to oxidize NAD(P)H.
Table 7 compares the methods of regenerating NAD(P), and Table 9 l ists
propert ies of the enzvmes used.

\J

tl
-oocAAc@- + NHa*

NHs'

-oocntcoo-

NAD(P)H

(30)

NAD(P)

(31 )
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(32)

(33)

ctJ3cHo

EtOH

o'- \aFMNH2\atoo

II
Hzoz -/ \ FMr,t -/ \ NADH

u n  i n
t t Z \ J t  Z \ J z

O. KETOG LUTARATUG LUTAMATE D EHYD ROG ENAS E

Amuroniunr  u-ketoglutarate (crKG; 2-oxosl r - r tarate)  and g lutar t rate
dehvdrogenase (GluDH) have been used to reqerrerate NAD(P) tEq.  (30) ]
i r r  svn theses  o f  up  to  0 . i  mo l  (21  ,111 ,117 ,173-175) .  Th is  svs tenr  a l l on ' s
the ox idat ion of  e i ther  NAD or  NADP r- rnr ler  anaerobic  conr l i t ions.  The
reduct ive aminat ion of  oKG is  thermoclvnanr ica l lv  suf f ic ier r t  to  dr ive
tnost  b iochemical  ox idat ions (Table - l ) .  Both oKG and GIuDH are inex-
pensive,  and both oKG and e l l r tamate are s table arrd innocuous to en-
zvmes. The progress of the reaction rr lav be monitored bv assaving for
oKG. One disadvantage of this svstem is t ire formation of stoichiom"et. ic
quant i t ies of  g lutamate,  f rom n 'h lch the product  must  be iso lated.  A sec-
ond is that the specif ic act ivi tv of GIuDH is orr lv nroderate. The oKG/
GIuDH is  present lv  the best  nrethod for  regeneiat ing NAD(P) in  most
enz_yme-catalvzed reactions requir ine NAD(P).

Pyruvate/t- Lactate D e hyd ro g e n a s e

The use of pvruvate and L-lactate dehvdrogenes (LDH) to regener-
ate NAD [Eq.  (31) ]  has the advantage thaf  LDH is  less expensivd thal
and has a higher specif ic act ivi t) '  than GIuDH (Table 9). Pvruvic acid is
less expensive than a-ketoglutaric acid. The py' luvate/LDH svstem, as
that based on GluDH, does not require 03, but is i tself  stable in air.  Prog-
ress of the reaction can be monitored bv assa\r ing for p)fruvate. Disad-
vantages of the pvruvate/LDH svstem are i ts inabi) i ty tooxidize NADPH
and a reduction potential less favorable than that of oKG/GIuDH (Table
4). Lactate formed as o !1'product mav comp'r l icate n,ork-up.

There has been son' le concern about the stabi l i tv of pvruvate in solu-
t ion (21) .  Pyryvate may condense n ' i th  i tse l f  and may,  add nucleophi l i -
ca l lv  to  NAD (62,63) .  The addi t ior r  to  NAD is  cata lvzed br , 'LDH
(63,70,71,82,83). We arrd others, hon,ever, have used 

'pl, ,r .ruuie/LDH
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lv i t l ror - r t  L) roblcnt  to  regcl reratc  Nr \D in  cnz\ 'n t i t t ic  ox i t - la t ions o l .  l0- l ( ) ( )
nrr t r t l l  o f  lnater ia l  (7 . i .1  ,176) .  Sol t rb le NAD(l  l )  is  s taLr le  urr r ler  rc . ' rc t ior r  con-
d i t ior rs .  I t r  t tur  pre l in l inarv rvork,  l -DI  I  sccnrs to  Lre nrorc s tablc  t l rar r
CluDI l ,  ar rd tur t tover-  rates arc Lret tcr  rv i th  f r ) / rurvatcr t -DI l  tharr  rv i t l r
oKCiC luDH.

Another  substrate of  LDFI  that  n la\ r  be r rsefu l  for  i ru  s i l r r  ox idat i t t r - r  o f
NADH is  g lvoxv late.  We have us€r l  g l i 'oxv late/LDlJ to  regerrerate NAt)
in  smal l -scale (severa l  rnrnol )  ox idat ior rs  ( /3) .  The advantage's  of  subst i tu-
t i r rg  g l l ,oxy late for  pt ' ru t rate are se\ /era l .  GlvoxvlatL ' is  less experrs ive t i ran
pyrurzate (p i ' ruv ic  ac id,  $10ipr6 l ;  g lyoxy l i i  n . i .1  ur  a 50l ,aqueous solu-
t ion,  $2.80/mol) .  The reduct ion of  g lvox, l , la te is  thermodvnamical lv  lnorc
favorable than e\ /e l r  the reduct ive anr i r rat ic ln  of  uKG (1 'able 4) .  I3ecause
glvoxvlate catrnot enol ize as does pvruvate, solne clf  the reactiorr patir-
\ \ravs impclrtant to the degradation of Fr)/t 'uvate are rrot accessible to glr,-
oxv late.

Gl t 'oxv late/LDH does have a Frotent ia l  d isadvarr tage (Sci reme 6) .  I r r
the LDH-cata l t 'zed reduct ion of  g lvoxv late bv NADH, g lvoxv late acts  as
arr  analog of  p i ' ruvate (177-1;9) .  l ' r i  t i re  presei ' rce of  NA5,  hon,ever ,  LDH
recoguizes the hrrdrated fornr of givox), late as an analog of lactate and
catah'2ss i ts oxidatioir to oxalate. Thus, in the presence of NAD(H), LDI-i
is capabie of catalvzing the disprrop'rort iorrat iorr of glvoxvlate to glvcolate
and oxalate (180). Presentlv, practical €xp'rsr lst ' rce is insuff icient to judge
the extent to n'hicir the oxidatiorr of glvoxvlate interferes rvith NAD re-
generation. Oniv small  scale reactions over a l imited raltse oi condit iorrs
have been examined.

NADH

o\ coo HO_._ COO

Heo

NADH
HO

I
I

Hol\coo

Scheme 6.
oxylate.

Lactate Dehydrogenase
- ooc_coo -

Lactate Dehydrogerrase-Catal1,2sd Disproport ionat ion of  Glv-

Lactate Dehydrogenase
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Ac etal d e hyd e/Alc o h o I D e hyd ro g e n a s e

Aceta ldehvc ' le ,  coup-r led u ' j th  a lcohol  c lc l rvdr"osendsc ( r \DI  l ) ,  h . rs
bec'n usc'd to regenerate NAD frcnr NADI I,  u, i i6 r- i tx :  I000-19090 i .
p repara t ions  Of  f ruc tose  anc l  cYc l i c  ke tc l r r cs  ( lg1  ,1S2) .  Advap tagcs  s l
t rs ing aceta lc leh l ,6"  and ADH i r ic lude t l te  lon,  cost  o i  aceta ldehvcie anci
ADH arrd the' high. specif ic act ivi tv of ADI-l  (1-alr le 9). Bgt6 acc.taicle61,61"
and ethanol  are r , 'o la t i le  e l rough not  to  compl icate p ' r roc luct  iso lat i , , , - . , .  b i r -
advantages 0 i  the system are the Ic , rn,  red 'uct ior r  potept ia l  9 f  aceta lc le-
hy 'de,  the pt lss ib le deact ivat ion of  enzvrnes bv aceia lc lehvde or  et l ranol .
and the i r rs tabi l i ty  of  aceta ldehvde in  s i r lu t ion jaceta lc lehyde.  is  capable of
Lrot l r  se l f -condensat ion and react ion n, i th  NAD (53,82)1.  Mair r ta i i r i r rg  ac-
etaldehrrde at a lotv reactor cortcentrat ion bv continuous addit ior-. ,  i r-ru,,
obviate the problems of  enzt ' ine deact ivat ic ln  arrd aceta lde6r ,de . - leco ' i -
posit iorr '  Although i t  has rrcit  L.eerr reportc,d, acetaldeiryclc. iADll  , t-r .r ,*, t . t
be able to resetrerate NADP if  ADH from L. trrcsarttct 'oi , ici  ctr Tltct ' t tr0tulnat.o-
b iurr t  l t rock i i  is  used (18. j ,731) .

Other Enzymatic Methods

., -^t l thgugir a s)/stem of oxaloacetate (OA) arrcl malate dehvdrosL'r lase
(l \4DH) has been used to resenerate NAD for arralvt ica-l  puiposes
(185,786) ,  i t  is  unsui table for  preparat ive appl icat ior rs .  A l ihot rgd f , lbH is
inexpensive,  OA is  expensive and decarboxylates reaci i ly  i r r  so i -ut ion.  T i re
ha l f - l i f e  o f  OA i s  19  h  o r  l ess  (21 ) .

.  I r r  pr inc ip le,  02 as the termir ra l  ox idant  has advantages of  econom\r
and convenience. Dioxvgerr is inexprepsi l ,g, ancl i ts ult i i rate reductioir
product  is  H2O. One d isadvantage of  O2 is  the sensi t iv i tv  of  marrY er- l -
zvmes tort 'ard 6i6xvgen, superoxide, and Lreroxide. A iecond is that
unmediated electron-transfer reactions invoiving dioxvgen are often ki-
netjcal lv slort 'and dif f icult  to monitor. The NADH oxidise (187) a.d old
yel lorv enzYme (185-190) catalvze the direct oxidatiorrs of NADH and
NADPH, .: :PTtivelv, by Or. OnIv NADH oxidase has been investigated
for use in NAD regeneiat ion (1 91-193).

D.iaphorase enzymes from man\/ sources (1,east, pig heart,  Clostr i_
diunt kluyueri) catalvze the oxidation of NADtplU bii e"hctron-transfer
dy:s, such as methy,lene blue (MB), dichlorophenolinclophenol (Dcplp),

319 po,ass ium ferr icyanide [K3Fe(CN)6, ]  1z i , lo+y.  Some dves, 'such as
YB,_ mf) '  be used catalyt ical lv and reoxidized bv O,. Otl iers, suc6 as
Fe(CN)i-,  cannot be reoxidized in situ and must be uied stoichiometric-
a l ly  as the terminal  ox idant .  Both O2lMB/diaphorase and Fe(CN)?- /d ia-
Phorase have been used to recvcle NAD for small-scale s1'nthei is (21).
These sYstems offer l i t t le advairtage over other enzymatic met6ods or
Pyl" ly chemical methods. Diaphorlse is not cheap, and the reoxidation
of MB by O, is slorv. The high ionic strengths of^ferr iq,anide solut ions
(t lvo equivalents of ferr icyarr ide rnust be uiecl since i t  undergoes a one-
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lre rr-ic-\,.t rr icie
n ] ( ) i e t i c s .

c l c c t r o n  t r a l r s f c r )  l ' e d u c c  t h e  a c t i v i t i e s  o f  n r a n v  e  n / - \ ' n r c s .
a lso  nr ; tv  c lcac t ivAte  e l tz \ / l l tes  L ' r t '  d i rec t  ox ic la t i i r r r  o f  th io l

EI ectro c he m ica I Metho d s
' l -hc 

c i i rect  anocl ic  ox idat ion of  NAI I (P) l l  is  far  nrore sLrccess[u l  tharr
d i rect  e lect rochemical  reduct ion of  NAD(P).  The Ni \DI l  ox ic l ized at  car-
Lrcrtr or plat inr-rm electrodes vielcls cctfactor that is 90-99.3'/r ,  gl lTymatical lv
act ive (195-19,r - ) .  Sur face mocl i f icat ions,  such as the adsorpt ior r  o f  aro lna-
t ic  catechols  or  the covalent  i rnnro l r i l izat ion of  LDH onto e lect rodes,  inr -

f i rove t i re  e lect rc lchemical  act iv i tv  o i  NAD(H) (198,199) .  The corr t inuous
elect rochemical  regenerat ior r  o f  NAD has been demonstrated in  reactors
ox id iz ing  e t l rano l  to  ace ta ldehvde  (19b ,200 ,207) .

A major  problem l imi t i r rg  the pract ica l i tv  o i  e lect rochemical  proce-
c ' lures for  regerrerat ion of  NAD(P) is  e lect rode iou l ins by adsorbed com-
porrerrts of the solut iorr,  includins coiactor (202-201). D),e-rnediated elec-
t rorr  t ransfer  betr t 'een NAD(P)H and the anode might  min i rn ize the
interact ron o i  cofactor  rv i t l - r  the e lect rode.  At  present ,  \ r 'e  knorv of  no re-

i - )or ts  of  c lve-mediated e lect rochemical  regenerat ion of  NAD(P).

Chemical and Photochemical Methods

The metirod most frecluentlv reported ior regeneratiorr of NAD is
t irat of jorres and Tavlor (205-208), in rt 'hich f lavi ir  mononucleotide
(FN{N) oxidizes NADH, and the reduced FI\4N (FMNHT) is reoxidized in
sif  t t  bt '  reactiorr n' i th O: [Eq (33)].  The advantage of the O2iFMN svstem
is i ts simplici tr . ' .  I t  requires no added enz\/mes, and FI\4N is commercial lv
ai 'ai lable. The rnajoi disadvantage is that the reaction of FMN rvit i r
NADH is slotr '  (21). The small  rate constant for the reaction of FMN rn,i th
NADH requires that the trvo species be used in such high concentrat ions
that FMN is typical lv present at concentrat ions sin'r i lar to that of the
reactant, and th-e ffl for NAD seldom exceeds 25. Since the product is
often readily separated from FMN by extraction into an organic solvent,
high concentrat ions of FMN might be tolerable, except that FMN itself  is
expensive ($250/mol). Introducing FMN reductase (EC 1.6.8.1) to cata-
lvze the reduction of FMN by NADH improves the regenerating system
(209-210). Although the addit ional enzyme complicates the system, the
use of NAD and FMN is more eff icient.

Other electron-transfer dyes, such as MB, DCPIP, phenazine metho-
sulfate (PMS), and potassium ferr icyanids react direct lv to oxidize
NAD(P)H. Of these, PMS reacts rvith NADH most rapidly, but al l  react
Inore rapidly than FMN (21). To be useful for cofactor regeneration, how-
ever, both the reaction with NAD(P)H and the reoxidation of the reduced
dye by 02 should be rapid. The DCPIP and potassium ferr icyanide are
not oxidized by O..The PMS is reoxidized by O., and i t  is used to regen-
erate NAD in many analy t ica l  procedures (725,126,211) .  I t  has been used
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t r l  rccyc lc  NAD i r r  sr la l l -scalc  c lx i t l . r t ions oI  c tharro l  ar r t ' l  a t t r . | r r ls te r 'onc
(212-214) . ' f he 'PMS is  uns tab lc ,  hon 'evc r - .  l t  r cac ts  n ' i t h  O1  .u rd  fo r rns  1 ' r r ' -
ocvani r re (phcl tocata lvzeci )  r l r  2-keto- , \ r - r t re thv lprher taz ine arrd p-rherraz i r re
(dark) (215). The prrolr lenr of instabi l i tv can be p-rart ial lv ot 'erconle Lr_1, y1,-
p lac ing I ' }MS n ' i th  the nrore s t i ib le  ; ' rhenaz- ine et l tosul fa te (PES) (125) .

Photoexci ta t ion i l rcreases the rates o i  NAD( l ' )H ox ic la t ion bv severa l
e lect rorr - t ransfer  dves (192) .  Cata l_vt ic  quant i t ies of  MB and PI \4S,  n,herr
i r radiated b1 '  r , is ib le  l ig f i t ,  [aye regenerated NAD a.d NADP, resPec-
t i r re l ) ' ,  in  ox idat ions of  e thanol  arrd 6PG, respect ive l ,v  (216) .  The TTN for
NAD reached 1725.  Polvnrer ized FN4N (192)  arrd immobi l ized acr i f lav in
(217)  have been usecl  to  reqerrerate NAD photochern ica l lv  in  reactors of
specia l ized conf igurat ior r .

Biological Methods

Esclrcricl t in col icontairrs in i ts inner nrembrane respiraton, errzvr-ne(s)
t l ra t  ox id ize NADH and NADPH (218,2 i9) .  \ \ /hen imrnobi l ized,  n 'ho le E.
col i  ce l ls  resenerate NAD or  Ni \DP.  L.  r r tcsut tcro i r lc 's  exhib i ts  a i r igh
NADH oxidase act iv i t r ' ,  and the pernreabi l ized bacter ia  have L ' reen immo-
bi l ized by microencaprsulat ion .rnd used to regenerate NAD for the oxida-
t ion of androsterone (220). Biolosical methods for reseneration of
NAD(P) f rom NAD(P)H have not  been thorougi r lv  explored,  and l i t t le  is
known about the cri t ical issue of the stabi l i tv of these pref 'ral2f ions. Thet,
desen e explorat ion for  industr ia l  process" i  i . t  rvh ich 'process costs are a
major concern.

Conclusion

Methods for in sitrr NAD(P) regeneration are fen,er and less devel-
oped than those for NAD(P)H regeneration. A frequerrt obstacle is not
the cofactor regeneration i tself ,  but noncompetit ive or mixed product in-
hibit ion associated n' i th the oxidation of substrate (27,777). Methods for
identi fying and minimizing probable effects of product irrhibit ion on en-
zymatic conversions have been outlined (21,111).

The aKG/GluDH is the most satisfactory, most generally applicable,
and best characterized method for laboratory-scale NAD regeneration. It
is virtually the only method for NADP regeneration. Pvruvate/LDH and
glyoxylate/LDH are promising as less expensive and more convenient
methods for NAD regeneration in certain appl icat ions, but these proce-
dures require further development. Acetaldehyde/ADH also deserves
further development for NAD(P) regeneration, since acetaldehyde is in-
expensive and ADH has high specif ic act ivi ty. Important questions are:
Can continuous reagent addit ion or enzvme immobil izat ion prevent en-
zyme inactivation? Horv can the redox potential of the system be in-
creased? Can ADH from organisms other tharr yeast be used to regener-
ate NADP?
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F o r  i n c l t r s t r i a l - s c a l c - t r s c ,  r r r c t l t o r i s  o l ' r - e g c n ( ' r - . l t i n g  N r \ l ) ( 1 , )  a r . e  n o t
f r r l lV  t l c ' r ' c l c tp ' red ,  a r td  no  rne thr l t l  i s  conrp lc t t ' l v  s . r t i s i . rc t9 r r , .  r \ ce t . t l t . l c -
h - i 'de /ADl l  has  rcget tL ' ra tcc l  NAD sLrcc( ' ss f r r l l v  i r r  . r  snr . r l l  co lu r r r r r  reac tor .
( /81) .  E lec t roc l rc rnc ia j  rc tc l t t ' l ' . t t io l r  i s  r r ro ' r 'e  L r r - . t c t i c . r l  l ' o r -  t l r i t - l i z i r rs
N A D ( P ) H  t l r a n  f o r  r e d u c i n . q  N A D ( [ ' ) , . t n d  n r c t l r o r ] s  t o  i n r L r r o v c  v i c l c l s  o f
ac t iVe  co iac t t l r  and t t l  p re ' t ,en t  the  prass i r , ; r t io r r  o i  e lec t roc les  [ r l , cgnrpg-
ne ' t t t s  in  so lu t ion  \ { 'a r ran t  c leve lc t f ' t111ent .  f ro r  usc .  rv i th  enzvrnes  tha t  a l . t ,
t r t l t  se t ts i t iVe  to  02 ,  NAD(P)H c lx i r l . rse  r r r  c l ia l - r l r r l rase  e , , r , , , r , . , s - ( ) r  r '5 .1c
c e l l s  h a V i r r g  s u c h  e t t z v n r a t i c  a c t i v i t r , - d c s c , i v e  f u r t I e r  i p y c s t i q a t i r l r r .

REACTOR DESIGN

The reactor  co l r f igurat ior r  mrrst  c( rnvL.n icnt  ior  r - rse i r r  laL ' royat6r t , -scale
svrr thesis  is  the batch reactor- .  fvp jqs l l r , ,  r -e . rgents arr r j  cofactor-arc pr .es_
err t  in  so l r - rL ' r le  for t t t ,  a t rd et rzvrnes are i rnnroLr i l izec l  on insoluble suppor ts
(3,9,121,227,222) .  Inrn iobi l izat i t r r r  o i  er rzvnrr - .s  fac i l i ta tes thei r  , * . , , . , " . r ,
l ' rortr reactors and, general lr ' ,  i r)1;-rt- , . , . , ' " .  t l reir stal-r i l i tv r-rrrcler r.eacticlrr ct.r , i_
d i t ions.  I f  the cofactor  is  rec i 'c ler i  1Or- i ( l r  t inres,  i t j  e f fect ive cost  is  lor '
enough to a l lorv  i ts  use as an €\p ' rgp.1.b ie reagel r t .  Batch reactors l . lave
tirree disadvantages. First,  t i re pirvsical sep-.,arj t io,-,  of t i re reactiorr solu_
t ion f rom immobi l ized enzvnres re( ' ]Lr i res an adcl i t ional  s tep ' r .  Seco.d,
s i r rce products renra in i r r  t l ie  react io i r  vessel ,  i r rh ib i t ior r  o f  epzymes b '
products or  poor  substrate co l tvers iorrs  cat rsec- l  bv uufavorable t i rer lnoc l r l -
namics carr  be problemat ic .  Thi rd,  processi r rg of  re lat ive lv  iusoluble c . r , j - r -
pounds,  such as s tero ids,  requi res h ieh c l i lu t ions arrd,  i l ' , rs ,  larse reac-
t ion voluntes.

More convenierrt for large-scaie svrrthesis tharr for laboraton, svrrt6e-
s is  are co lumn (181) ,  ho l lon '  f iber  (128,200,201) ,  apd prembrai re-based
(703,223) reactors. These config.urat ions al lon' corrt irruous processing of
an inf luent substrate solut iorr t t 'hi le product is rernoved from the eff lr ient
stream. Continuous-f lon' svstems are also useful rt ,hen electrochemical
regeneration of nicotinanride cofactors is employed. Enzyme-catalyzeci
s1'nthesis, mediated or unmediated electrochemical regeneration of co-
factor, and product extract ion can al l  occur in separate lel ls (224). In col-
umn or hol lolv-f iber reactors, soluble nicotinamide cofactors mav be
present in the feed solut ions. With appropriately long residence t imes,
Fgn TTNs for the cofactor Inav be aclrieved (1 28-,787y."1f cofactors are to
be retained within ultraf i l trat ion membranes or on column beds, ho*,-
e\/ .erl  jh"y must be attached to some insoluble or high-molecular-rveight,
soluble support.  A ful l  discussion of cofactor immobil izat ion is 

"not

rvithin the s.cope of this paper, but a brief sumnlarv of the rt ,ork done in
this area fol lorvs.

In an early immobil izat ion of a nicotirramide cofactor, NAD 1,as
covalently bound to diazotized glass. beads and found to be epzymati-
cal ly act ive (225). The formation bt l , tn-10-an'r ino6exyl)-NAD and i is sub-
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sc ( luc r - t t  coup l ing  to  ScLr l ra l ' osc  J l l  r r ' as  t l re  l i r - s t  sv r r thcs is  o f  a  c l c l i r r r ' t i -
s t ruc tu re  NAD pr1 ; l -1 ,11 rc i ' 1 : :O ; .  r \  s i r t r i l a t ' n r ( ) l t ( )n tc l ' , , \ " ' - [16 -a r r r i l t o l re rv l )
carbanrov l rnethv l l -NAI I  (227) ,  ar r t l  i ts  N, , \DI '  analog (221i )  h . rvr  Lrccrr
preparec l  ar rd usecl  extensivc l t ,  bv I \ {os l rach arr r i  con ' r l rkers.  

' f l rc  
NAI)

I l lononter  was at tached to sr . r l t ,b ic  c lext r ' . r r  ar rd usecl  i r r  a  rnenrb l 'ar rc-
Lrctund reactor  for  the cont inuous product ior r  o f  a lani r rc  f ronr  p) , I 'ur , . r te
(223) .  Wi th galactose/ealactose dehvt l rogerrase,  the,  cofactor  r r 'as re 'cvc lcd
90 t inres

N( ' - [ (6-arn i r rohexvl )carbanrov lnrethv i ] -NAD has L ' reen co- imrnobi -
l ized r t ' i th  and covalent lv  at tached to horse l iver  ADII  to  prov ide conr-
p lexes requi r i r rg  no exogenoLrs cofactor  (229,230) .  Dextrarr -NAD has
beerr co-imurobi l ized n' i th LDH and ADH irr a col lasen nlernbrane. to con-
ver t  e thanol  and prr ruvate to  aceta ldehvde and lactate (2 i1) .  Arrother
nlol lomer, succit t) ,1-NAD, cap Lle attacfted to ir trmyl pol] ,et iryle'rre'pr 'rre
or  polv lvs i r re arrd used s inr i lar i r ,  (232,2- i . i ) .

In  an impressive demonstrat ior r  o f  the ef f ic ienc\r  o f  er rzvr- r re reActors,
\V ichmann et  a l .  (703)  l inked NAD to pol r ret i r r ' lene g lvcr . r l  o f  molecular
n 'e isht  10 ' t  (PEG-10000).  The PEG-10000-NAD n,as ie ia i t re . l  i r r  a  mem-
brane reactor  n ' i th  L- leuc i r re dei rvdroqenase and used to conver t  cr -ke-
toisocaproate to L-leucine. F-ornrateIFDH regerrerated redtrced cofactor.
L-Leucine was produced cont inuouslv  for  48 d,  r t ' i th  a rnean v ie ld of
0.321 moli l ld. The nicotinarnide cofactor \ \ /as recvclecl more tharr 5000
t imes .

ACKNOWLEDGMENT

This rt ,ork \ \ras supported in part Lrv the NIH, CM 30367, and bv the
Department of the Navy, MDA 903-E6-M-0505. H.K.C. acknon,leclges
support from NIH Training Grant 5-T32-GM-07598 (1984-85).

REFERENCES

1.  wh i tes ides ,  G.  M. ,  and wong,  C. -H.  (1985) ,  An{e i t , .  Chcm.  In t .  Ed .  Er t ,q .24 ,
6 7 7 .

2.  Jones, J.  B.  (1986),  Tetrnlrcdrot t .  42,3351.
3 .  Whi tes ides ,  G.  M. ,  and Wong,  C. -H.  ( i983) ,  A ld r ich in r .  Ac tn  76 ,27 .
4 .  F inde is ,  M.  A . ,  and Whi tes ides ,  G.  M.  (1984) ,  Annu.  Re l t .  Mad.  C lwn.79 ,

263.
5. Whitesides, G. M. (1985), in Enzrynrcs irr Orgnnic Syrrfircsi-s (Cilta Found.

Sqnt l t .  i l l ) ,  P i tman,  London,  p .76 ' .
6 .  Suck l ing ,  C.  J . ,  and Suck l ing ,  K .  E .  (1974) ,  Chun.  Soc .  Rc i ' .  3 ,387.
7.  Suckl ing,  C. J. ,  and Wood, H. C. S. (1979),  Clrcm. Br.  15,213.
8.  Jones, J.8. ,  Sih,  C. J. ,  and Per lman, D. (eds.)  (7976),  ATtTt l icnt iorrc of  Bio-

clrcnical Systcrtts itr Organic ClrcntistnT, Wiley, Ne\r' York, NY.
9. Clribata, L (7978), Imntolti l izcd Enzynrc-s-Rcscrirch nnd pguglsTtrtrc'rrf , Halsted,

Nelt ' York, NY.

Ap p I i ed B ioc he mistry a n d Biotec h nology Vol. 14, l9B7



N icoti na m i de Cofacto r Re qe n e rati o n r 9 l

10.  J t r r rcs ,  J .  I l . ,  in  t \ s r l t t t c l r i c  Sry t t l l t r ' . . i . ' ,  t '< r1 .5 ,  l \4or r i son ,  I  D . ,  e r '1 . ,  Acar l t 'n r i c ,
Ncn'  \ ' r l rk,  NY, pp. 309-3-11.

11. [3e'rgnrcy,er,  IJ.  U. (cd.)  (1971),  h,1t l ] tods ol  Et t : t l t t t r t l ic  , , \  ur t l ' t l .s ts,  2nt i  Ecl . ,  . , \ca-
c lemic ,  Ner t '  Y< l rk /Ver lag  C l rc t t t ie ,  \Ve in l re i l l ;  (b )  IJc rg t t te t ,e r ,  l { .  U . ,
l3c rqnrever ,  J . ,  anc l  Crass l ,  i v ' I .  ( t ' ds . ) (19E4- lc )87)  Mc lh( ) ( /s  ( ) f  L , t t z t l r r rn l i t 'A r tn l -
y.s is,  3rd Ed.,  Acac- lenr ic,  Nerv York/ \ /er lag Chernie,  \Vcinhr ' i l t r .

12 .  Bover ,  P .  D.  (c .1 . )  (1975) , ' l - l t t  Er r t ln r ( rs ,  \ / ( )1 .2 ,3 r r ' l  Ec l . ,  Acadenr ic ,  N t :n '
York,  N\ ' .

13 .  Bersnrever ,  H .  U. ,  Bergn lever ,  J . ,  and Crass l ,  N{ .  (ec ls . )  (19 .94- i987)  h4 t l l t -
r r r / .s o. f  Et tzr lnrnt ic Attnlqsis,  3rd Eci . ,  Acaclemic,  Nert '  \ 'orkr 'Vr ' r las Chcrnic ' ,
\ \ /e inheirn,  l - rp.  126-328.

14 .  l )e r r \ , ,  L .  1 . ,  and Wctze l ,  I { .  (198-1) ,  Sc ia t tcc  226,555.
1 5 .  I r e r s h t ,  A .  R . ,  S h i ,  l . - P . ,  \ V i l k i n s o n ,  A .  J . ,  B l o r t ' ,  D .  i \ { . ,  C a r t e r ,  I ' . ,  W a 1 ' e ,

N ' I .  N ' { .  Y . ,  a n d  \ \ / i n t e r ,  C .  I ' .  ( 1 9 8 - 1 ) ;  , A t r c . C h a t r r . 9 6 , 4 5 5 ;  A r r t .  C l t u r t . l r t t .  E d .
I- t t ,q.  23,  467.

16 .  \V in te r ,  C .  P . ,  an t l  Fcrs i r t ,  z \ .  I i  (1984)  ' l ' ro tds  
B i t t t t ' t ' l t r ro l .2 ,  113.

17 .  Ka iser ,  E . ' f . ,  anr l  Lar t ' re r rce ,  D.  S .  (1984) ,  Sc i t 'ncc  226,505.
1S.  Havenqa,  K .  J . ,  Lau ' l i s ,  \ ' .  8 . ,  and Snc 'decor ,  I l .  R .  (198+)  European Pater r ts

A p p l .  E P  1 1 4 , 5 0 7 .
1 9 .  \ \ i i l s o n ,  N ' f .  E . ,  a r r c l  \ \ i h i t e s i c i e s ,  G . i U . ( 1 9 7 . S ) ,  l .  A t r r .  C l t c r t t . S r r c .  1 0 0 , 3 0 ( r .
20 .  U lmer ,  K .  M.  (1933) ,  Sc ic r icc  279,  666.
21 .  Lee,  L .  C . ,  and \Vh i tes ides ,  C.  l \ { .  (1985) ,  l .  A t r r .  C l tc t r t .  Soc .  107,6999.
22. \ \ / i l l ianrs-Ashman, H. C.,  and Banks, J.  Q951),  Arch. Bi t tc l rctr t .  Bioylrr1s.50,

5 1  3 .
2 3 .  H a k a l a ,  \ { .  T . ,  C l a i d ,  A .  J . ,  a r r d  S c h n ' e r t ,  C .  \ \ / .  ( 1 9 5 6 ) ,  l .  B i t t l .  C l t e t t t . 2 2 l ,

791.
24 .  Saka i ,  T . ,  Uc l ' r ida ,  T . ,  and Ch iba ta ,  I .  (1973) ,  Agr .  B i t t l .  Chur t .37 ,7049.
25 .  Saka i ,  T . ,  Uch ida ,  T . ,  and Ch iba ta ,  I .  (1973) ,  Agr .  B io l .  C lwr t .37 ,1041.
26. Kornberg, A. (i957), Metlrcds En=t1trtol. 3, 876.
27 .  \ \ /a tanab€,T . ,  Oka,  O. ,  Hoda,  Y . ,  and Sahek i ,  T .  (1979) ,  Japanese Paten ts

79 80,493; 79 80,194.
28. \ \ /atanab€, T. ,  Oka, O.,  Hoda, Y.,  and Sal-reki ,  T.  (1975),  Japanese Patents

75 760,484;75 160,485.
29. Saegi ,  H.,  and Kubo, E. (1976),  Japanese Paterr t  76 28,776.
30. Viesture,  Z. ,Furmane, R.,  and Eglais,  V.  (1983), lv4ikrolut .  Sir t t .  Fentrct toa

Poluclt. Iklt Prep. Fonn 703.
31. Furmane, R.,  Viesture,  Z. ,L iepina, V.,  Darge, M.,  and l rgens, A. (7978),

Tcklurcl. Mikrobtt. Sint. 97.
32. Nakayama, K.,  Sato,  Z. ,Tanaka, H.,  and Kinoshi ta,  S.  (1968),  Aur ic.  Biol .

Clrcnr. 32, 7337.
33. Red Star Yeast Co.,  Randolph, MA.
31. Horecker,  B.  L. ,  and Kornberg,  A. (1957),  Mct lnds Ertzt1rr to l .3,879.
35 .  Mura ta ,  K . ,  Ka to ,  J . ,  and Ch iba ta ,  I .  (7979) ,  B io tcc l t .  B iou tg .27 ,887.
36. Hayashi ,  T. ,  Tanaka, Y.,  and Kan'ashima, K. (1979),  Biotccl t .  Bioatru.2L,

1 0 i 9 .
37. Uchida, T. ,  Watanabe, T. ,  Kato,  J. ,  and Chibata,  I .  (1978),  Biotcch. Bicrcng.

20, 255.
38. Lehninger,  A.  L.  (1957),  l r4at l tods Ertzyntol .3,  885.
39 .  Raf te r ,  G.  W. ,  and Co lou ' i ck ,  S .  P .  (7957) ,  Mct l rcds  Enzynto l .3 ,8B7.
40 .  Eguch i ,  S .  Y . ,  N ish io ,  N. ,  and Naga i ,  S .  (1983) ,  Agr .  B io l .  C \ tcnr .47 ,2947.
41 .  Wal t ,  D .  R. ,  F inde is ,  M.  A . ,  R ios-Mercad i l lo ,  V .  M. ,  Auge,  J . ,  and \ {h i te -

s ides, C. N{.  (7984),  l .  Am. Clrcnt .  9oc.706,234.

Applied Biochemistty and Biotechnology Vo l .  l 4 . l 9B7



{  : : l :  l . ) d  ) . i :  } l : l i l l l t * i , i l i i S l  : a : : , :

192 C h e n a u I t a n d W h itesides

1 2 .  \ V a l t ,  I ) .  I i . ,  I i i o s - l \ { c r c a d i l l o ,  \ ' .  \ 1 . ,  , . \ r r q e  ,  1 . ,  . r r r r l  \ \ ' l r i t e s i t i t ' s ,  ( ; .  \ 1 .
( 1 9 8 0 ) ,  l . , ' \ r t r .  C l t t ' t t t .  S t r r ' .  1 0 2 ,  7 . S 0 5 .

13 .  Kr r r t rL rc rg ,  A .  (1950) ,  l .  B io l  ( - l r t ' t t r .  782 ,  779.
1 - + .  H t r g h e s ,  N .  A . ,  K c n n c r " ,  C .  \ \ / . ,  a n r i ' l o c l r l ,  . \ .  I i .  ( 1 9 5 ( ) ) ,  I  l l i o l .  C l t L r t t . 7 8 2 ,

3733.
45 .  l ' re rub ,  A . ,  Kaufnrar r ,  l l . ,  a r rd ' l ' c i t z ,  \ ' .  (1969) ,  r \ t t t r l .  B io t ' l t t ' t r r .  28 ,  J69 .
16 .  Lo \ r ' r \ , ,  O.  I l . ,  I ' assoneau,  J .  \ / . ,  an . ' l  l l t i ck ,  \ { .  K .  (19611, l .  I l i o l .  C l t t ' t t r .  236,

2756.
4 ; .  \ \ io t rs ,  C . -H. ,  and \ \ /h i tes ides ,  ( , .  \ ' 1 .  ( i9S l ) ,  l .  t \ t r t .  C l t t , r r t .  S t rc .  103, .1U90.
48.  V is t i r r ,  [ i . ,  Sch lenk ,  F . ,  and \ ron  Eu]er ,  I l .  (1937) ,  L lc r .  C l tenr .  Gt , .s .  70 ,  1369.
19 .  Kap lar r ,  N .  O.  (1960) ,  in ' l - l ta  Er t : r1 t t t t s ,  r 'o l .  3 ,  ?nc l  E11. ,  Bover ,  I ' .  D . ,  cd . ,

Academic ,  Ne\ r '  York ,  1 .v ! ,  p r .  105.
5 0 .  A d l e r ,  E . ,  H e l l s t r o m ,  [ { . ,  a n . i  , ' c ' r r r  E u ] c r ,  I I .  ( 1 9 3 6 ) ,  Z .  P l t r t s i o l .  C h t ' t t r . 2 4 2 ,

225.
51  .  \ \ ta rburg ,  O. ,  Chr is t ia r r ,  \ \ I . ,  an t l  Gr res t ' ,  , \ .  (1935)  ,  B io t ' l to t t i sc l rc  l .  )82 ,

r57.
:12.  Oprprenheinter,  N. j . ,  and Kapr lan, N. O. (11)71),  Biocl l t 'nr i -s! t ' r r  73,  1( t75.
5-3 .  Johr rson,  S .  L . ,  and Tuazor r ,  P . 'L  (7 t )77) ,1 - l i r r t ' / r r , l r i s t t ' t1  \6 ,  1175.
5 4 .  K a p l a n ,  N .  O . ,  C o k r r r ' i c k ,  S .  P . , . ) 1 1 r l  I l a r r r r . s ,  C .  C .  ( 1 9 5 i ) , 1 .  B i o l  C l t c r t t . 7 9 1 ,

-161.
55 .  Sch lenk ,  F . ,  \ ' on  Eu ier ,  H . ,  Hc i rv i r rke l  ,  H . ,  C le in r ,  \ \ i . ,  a r rc l  Nvs t r i i rn ,  H .

(7937), Z. Pltysitt l. Chcnr. 72, 201.
56 .  Cu i iber t ,  C .  C. ,  and Johnsor - r ,  S .  L .  (1977) ,  B i t t c l rc t r t i s fn t  16 ,335.
57 .  Co lorv ick ,  S .  P . ,  Kap lan ,  N.  O. ,  anc l  C io t t i ,  \ ' 1 .  lU .  (1951) ,  [ .  B io l  C l tc r r t .191,

1  1 :
a a /  .

55.  Jo l rnsor r ,  S .  L . ,  a r rc l  Smi th ,  K .  \V .  (1976)  ,  B i t t c l rc t r t i s ln l  15 ,  553.
59 .  B ie l lman,  J . -F . ,  Lap ' r in te ,  C . ,  Ha id ,  E . ,  a r rc l  \ \ / ie rnar rn ,  C.  (1979) ,  B i r r r / rcnr i . s -

t r t l  18,  1212.
60 .  Sar r  P ie t ro ,  A .  (1955) ,  l .  B io l .  C \ tanr .277,579.
61 .  Johnson,  S .  L . ,  and Sr -u i th ,  K .  \ , \ / .  (7977) ,  / .  O, :q .  C l tc t t t .42 ,  25E0.
62. Ozols,  R. F. ,  and Marinett i ,  G. \ \ / .  (1969),  Bi t tc l rcnr.  Biol t l t rys. I lc-s.  Corr l i r r r l r .

34 ,  772.
63 .  Everse ,  J . ,Zo l l ,  E .  L . ,  Kahan,  L . ,  and Kap ' r lan ,  N.  O.  (1971) ,  B ioorg .  C l tu t r . l ,

207.
61. Van Evs, J. ,  and Kap'r1211, N. O. (7957),  I .  Biol .  C\rcrr t .228,305.
65. Van Eys, J. ,  Kaplan, N. O.,  and Stolzenbach, F.  F, .  (1957),  Bi t tchinr.  BioTt ln ls.

A c t n  2 3 , 7 7 7 .
66 .  Bur ton ,  R.  M. ,  and Kap lan ,  N.  O.  ( i954) ,  I .  B io l .  C \ rc t r t .206,283.
67. Burton, R. M.,  San Pietro,  A. ,  and Kap'r l2n,  N. O. (1957),  Arch. Biocl tam.

BioTtltys. 70, 87.
68. Van Eys, J.  (1958),  l .  Biol .  Clwtt .  233, 1203.
59. Gri f f in,  J.  H.,  and Criddle,  R. S. (1970),  Bioclrcnt istry 9,  i195.
70. Wi l ton,  D. C. (1979),  Bioclrcnt .  I . '1.77,951.
77 .  Burgner ,  J .  W. ,  I I ,  a r rd  Ray,  W.  I . , l r . (1984) ,  B i t t c l rcn t is tn l  23 ,3626;3636.
72. Calculat ions are based on in i t ia l  reactor condi t ions reported in references

ci ted by th is paper.  f1 'p ical ly,  in batch reactors,  the total  concentrat iorr  of
nicot inamide cofactor is on the order of  the sum of the Michael is constants
for NAD(P) and NAD(P)H of  the oxidiz ing ar-rd reducing enzvnles,  respec-
t ively.  Such concentrat ions provide arr  ef f ic ient  compromise betn'een max-
imal ut i l izat ion of  enzvmat ic act iv i tv (opt imizing y/y, . , . , , . , . )  and nraximal ut i -
l ization of cofactor loptimizing 7-T,V). \/alues f5r KNnu terrd to Lrc on the
order of  0.  1 mM, and values for K,. . . , , .p11 tend to be on the order of  0.01 mA4

Appl ied B ioc he m istty a n d Biotec hn ology Vol. 14, l9B7



N icoti n a m ide Cofactor R eoe n e ratio n 1 9 3

(1 i , {5 ) .  
- l ' l rus ,  

Kx . . r r r /Kx  r r ;1q  is . t1 ' rp r r t t r i r t ta t t ' l v  10 .  l :o r  cor r l ' r l c t l  e  l rzvn te  s  l r , r r , -
ing  5  {  Kxnr r iKxnur r  - :  10  ar t r l  tha t  t ' l i f f c r  i t ' t  c t l s t  b t ' r ro  n r ( ) rc  thar r  t r to  o r -
ders  o f  n rag t t i tuc lc ,  t l t c  ca lc t r la tcc - l  to ta l  cos t  t r l  cnzy l tc  p rg l  u r r i t  r . r t c  t t l
p r ro t luc t  io rn ra t i t l r r  rcachcs  a  tn in in rurn  rv l te r t  the  ox id iz i r rg  a r r r l  rcc luc i l rg
e l l zv l l les  r I€  p ' r1 '1 '5s t r t  rv i th  re la t i vc  ac t iv i t i t ' s  c l i  f r t tn r  5 : l  to  l :5  ( r -7 ) .  \ \ ' l re l r
the  re la t i ve  enz-vn te  ac t iv i t i cs  a rL 'se t  so  as  to  n r i r r i rn ize  t l rc  cos t  c l l  cnzvnr t ,
F )er  u l t i t  ra te  o f  p roduc t  i r l rn ra t ion ,  these svs tcnrs  a lso  g ivc  c . t l cu l i t c -d
v a l u e s  o f  I N A D ] / ( I N A D ]  +  [ N A D ] J l ) ,  n ' l r i c h  a r c  g c n e r a l l v  i r r  t h e  r a r r g c  o t .
0.20-0.95.

73 .  Chenat r l t ,  I l .  K . ,  and wh i tes idcs ,  C.  NI . ,  u r rp ' ruLr l i shed rcsu l ts .
7 1 .  I J e p p e l ,  L .  A . ,  H a r k r r e s s ,  D . ,  a n d  H i l m o t . ,  R .  ( 1 9 8 2 ) ,  I .  t i i o l . C l i c t t t . z 7 3 , s 4 7 .
75 .  N4 i rva ,  M. ,  Tanaka,  M. ,  l r4a tsush in ra ,  T . ,  a r rd  Sug inrura ,  1 ' .  (1971) , l .  L l io t .

Cl tct t t .  249, 3475.
76 .  Everse ,  J . ,  Anderson,  8 . ,  a r rd  Yr )u ,  K . -S .  (eds . )  (1932) ,  Thc  Pr l r id i r r t ' \ i r rc /c r r -

l idc Coattz l ln lcs,  z\cadcnr ic,  Ne\r '  York,  NY.
7; .  Oprpenireimer,  N. J. ,  and Kaplan, N. O. (7971),  IJ i t tc l tcr t t is l t ' t1 73, - i6.S5.
;s .  Kap ian ,  N.  o . ,  C io t t i ,  N4.  I \ { . ,  and  Sto lzenbach,  F .  E .  (195.1) ,  l .  t } io t .  C l tu r t .

2 7 7 , 1 3 7 .
7 : 4 .  C e r i a c h ,  D . ,  P f l e i d e r L . r ,  C . ,  a r r d  H o l d L r r o c r k ,  J . J .  ( 1 9 6 5 ) ,  B i t t c l t c n t .  Z _ . 3 1 3 ,

a -  4

" { (1 .  Burgner ,  J .  t t r . ,  I I ,  and  Rar , ,  \ \ / .  J . ,  J r .  (1981) ,
S 7 .  P a r k e r ,  D .  l \ 4 . ,  L o d o l a ,  A . ,  a n d  H o l b r o o k  , 1 . 1 .
.S2.  Everse ,  J . ,  Bar r re t t ,  R .  E . ,  Thorne,  C J .R ,  a r ld

Bioclturr. Bioythys. L43, U|.
S i .  A r n o l d ,  C .  i .  ) J r . , a n d  K a p l a n ,  N .  O .  ( 1 g 7 1 ) ,
54 .  Van Evs ,  J . ,  S to lzenbach,  F .  8 . ,  Shern 'ood,  L . ,

Bittclt itrt. Bio1tltys. Acto 27, 63.
5 5 .  B u r t o n ,  K . ,  a n d  \ { i l s o n ,  T .  H .  ( 1 9 5 3 ) ,  B i o c l r c n t .  1 . 5 1 , 8 6 .
86 .  O lson,  J .  A . ,  and Anf insen,  C.  B .  (1953) ,  l .  B io l .  C lu : t t t .20Z,  B l l .
8 7 .  R o d k e r ' ,  F .  L . ,  a n d  D o n o v a n ,  J .  A . ,  J r .  ( 7 9 5 9 ) ,  I . B i t t l .  C h c m . 2 3 4 , 6 7 7 .
88. Rodkev, F.  L.  (1955),  l .  Biol .  Clrcm. Z' t3,777.
89. Rodkev, F.  L.  (7959),  l .  Biol .  Chun. 234, 188.
90. Burton, K. (1957), Erueb. Plrysiol. 49, 275.
91. Clark, W. M. (1960), Oxidntiott-Rcductiorr Potcntinls tt i Or1nttic 5y-sf1,y715,

Wil l iams and Wilk ins,  Bal t imore, MD, pp. 35G518.
92. Long, C. (ed.)  (7961),  Biocl turr ists 'Hnrul l took,  D. \ /arr  Nostrancl ,  Pr i r rceton,

NJ, pp. 85-94.
93.  Dickens,  F. ,  and Mcl l rva in,  H.  W. (1938) ,  B ioc lwn.  1.32,  1615.
91.  Zel i tch,  I .  (1955) ,  l .  B io l .  Cl rcnt .2 ' t6 ,553.
95. Lowe, H. J., and Clark, W. M. (7956), l. Biol. Clrcm. Zzt, gB3.
95. Strecker, H. J.,  and Hararay, I .  (1954), l .  Biol.  Clwn.21r'1,,  ?63.
97. Loach, P. A. (7970), in Handltottk of Biocltcrttisfny, sober, H. A., ed., cRC,

Cleveland, OH, pp. ]3Ha0.
98. Anderson, L.,  and Plaut, G. W. E. (7949), in Rcspirntttry Errzt lnrcs. Lard),,H.

A., ed., Burgess, Minneapolis, MN, pp. 77-81.
99. Woods, D. D. (7936), Bioclrcm. i. 30, 515.

100. Strecker, H. J.,  and Korkes, S. (1952), l .  Biol.  C\rctn. 196,769.
101. Segel, I .  H. (1975), Biochuuicnl Cnlculnt iorrs, 2nd Ed., \ \ / i le1,, Ne\r,york, Ny.

pp.411--115.
102.  Sl raked,2. ,  and Whi tes ides,  G.  M.  ( i980) ,  l .  Am. Cl rc t t t .  Soc.  102,7101.
103.  Wichmann,  R. ,  Wandre) ' ,  C. ,  Bt ickmann,  A.  F. ,  ar rd Kula,  M.-R.  (19S1),

Bioteclttrcl. Biootg. 23, 2789.

Bioclmtr is l r ry 23, 3620.
(1978),  Bi t tc l t t , t t t .  I  .  773, 9r9.
Kaplan, N. O. (1971),  Arclr

l .  Biol .  Clwrt .  219, 652.
a n d  K a p r l a n ,  N .  O .  ( 1 9 5 8 ) ,

i i, i

Applied Biochemistty and Biotechnology Vol. 14, l9B7



194 C lte na u lt an d W lt itesi des

10. i .  
' l ' i schcr ,  \ \ / . ,  l icnrcvcr ' ,  \^ / .  nnd Si r r ( )n,  i l .  (19s0) ,  / i r r r r / rcr r r r r '62.3- l l .

10.5.  Schr i t te ,  l l . .  F lossc lor f ,  J . ,  Sahm, l l . ,  a t rc i  Kula,  \1 . - l i .  ( l97t r ) ,  l : ro .  / .
Biochcttt. 62, 15'l .

i06.  Wong,  C.-11. ,  Danie ls ,  L . ,  f ) rnre-Jol rnson,  \ \ ' .  I l . ,  and \ \ 'h i t t 's id t 's ,  Ci .  l t1 .
(1981) ,  / .  Anr .  Chuu.  Soc.103,6227.

107. ISalch, W. E., and Wolfc, Il. S. (1976), i\yyl. Ltti ' ir,.nr r\Irr'nr/'rrrL 32, 7tii.
108. Slrin, M. (1971), Malhods Ettztlnutl. 23, 110.
109.  Carrea,  C. ,  Bovara,  I t . ,  Longhi ,  I l . ,  and lJarani ,  I i .  ( l9 l i l ) ,  I ) rynrc. \ l ic rob.

Tcchnol. 6, 307 .
11CJ.  Wong,  C.-H. ,  and Whi tes ides,  C.  I1 .  (19S3),  I .  r \n .  C|rcn.50. .  105,5012.
111.  Lee,  L.  C. ,  and l { l r i tes ides,  C.  N'1.  (19t i6) ,  i .  Or . r ; .  Ci rcr r r .  51,25.
172. Hirschbein, B. L., and Wlritesides, C. iU. (19tj2), /. z1rrr. C/rcrrr. .Soc. 10.1,

4458.
1 i3.  Isaque,  A. ,  Mi lhausen,  l \ ,1 . ,  and Lcrr ' ,  I l .  I t .  (1974) ,  l i i r rc l rcr r r .  B io; l rvs.  / ics .

Conunun. 59, E94.
1 i4.  \ {ong,  C.-H. ,  Cordon,  J . .  Cooner ' ,  C.  L. ,  anc l  \ \ 'h i tcs i t lcs ,  G.  \1 .  ( l9 l l l ) ,  i .

Org.  Chcut .46,  1676.
i15.  Kazlauskas,  R.  J . ,  and \ t l r i tes ides,  C.  I1 .  (1985) ,  i .  Or lq .  C/rcr r r .  50,  1069.
116.  Cuiseley,  K.8. ,  and Ruof f ,  I ' .  \1 .  (196i ) ,  / .  OIq.  C/rcr r r .26,  l l . ls .
i17.  \ {ong,  C.-H. ,  McCurrv,  S.  D. ,  r r rc l  \ \ 'h i tes jdes,  C.  N' l .  (19S0),  l .  .4r t .  Chr :nt .

Soc . 702 , 7938 .
i18. \{ong, C.-H., Drueckhammer, D. C,.. and Srr'eers, ll. \1. (19Sr), /. ,4rl.

Chent. Sctc. 107,4028.
119.  Levy,  H.  R. ,  Loervus,  F.  A. ,  ar rd Vennesland,  B.  (1957) ,  l .  Ant .  Cl t t t r t .  Soc.

79, 2949.
120. Vandecasteele, J.-P., and Lemal, l. 119S0), Bril/. 5or. C/rirrr. Frrirrce 101.
121. Pollak, M., Blumenfeld, H., l\rax, 1r1., Bauglrn, R. L., and \{'hitesides, C.

M. (1980), l. Am. Clrcnt. Soc. 102, 631-1.
122. Jones, J. 8., and Beck, J. F. (197Q, h rei. (8), pp. 107-{01.
123. Wang, S. S., and King, C. K. (1979), AL1-,'. BiLtchrnt. Enr.72, 179.
124. Kato, T., Berger, S. J.. Carter, J. A., and Lorvrv, O. H. (1973), Aunl.

Biochent .53,86.
,:!:iri,i-*'i i,:r!i i i+;;iiXiii,!q:,:it,;i 125. Bernofsky, C., and Srvan, M. (1973), Annl. Bittchent.53, 132.

126. Schulman, M. P., Gupia, N. K., Omachi, A., Hoffman, C., and N'farshall,
W. E. (7974\, Anal. Biochenr. 60, 302.

127. Zagalak,8., Frey, P. A., Karabatsos, C. L., and Abeles, R. H. (1966t, I.
Blol. Chent. 241, 3028.

128. Fink, D. J., and Rodr.r'ell, V. W. (1975), Biottchn. Biocne, -17, 1029.
129. Dodds, D. R., and Jones, J. B. (7982',, Clrcnt. Corrrrrr., 1080.
130. Wratten, C. C., and Cleland, W. t\r. (1963), Biochcnistry 2, 935.
131. Ginsberg, A. N., and Gavrikova, A. P. (1947\, Biokhitnivn 72, 106.
132. Mansson, M.-O., Larsson, P.-O., and Mosbach, K. (L982\, Methods

Enzyntol. 89, 457 -
133. Wong, C.-H., and Whitesides, C. N{. (1982), l. Org. Cltr:ut. 47,2876.
134. Grisolia, S., Guerri, C., and Codfrev, l{. (1975), Biocheur. Bio1 tr1s. Rcs.

Lontntun, t)b. I  I t1.

i35. Klibanov, A. M., and Pugliski, A. \r. (1980), Bi( ech. Lcll.2,415.
i36. Ergerer, P., Simon, H., Tanaka, A., and Fukui, S. (1982), Bittcchu. Lctt.4,

489.
137. Danielsson, 8., Winquist, F., Mall.rote, J. Y., and Mosbach, K. (1982),

Biotech. ktt. 4. 673.

Applied Biochemistty and Biotechnology Vol. 14, I9B7



N icoti na m id e Co facto r R ege n e r ati o n r95

/ . 1 S .  I ' a v t ' n ,  l l . ,  S c g t r i ,  I r { . ,  i \ l t x r s ; t r r ,  I ' . ,  S c l t n t ' i . 1 t ' r ,  K . ,  I r r i c t ' l r i c l r ,  ( ' .  C , . ,  a r r t l
Sch lcgc l ,  I l .  ( ; .  (19S3) ,  l i i t r / t ' t ' / t  .  l - c t l .  5 ,  {63 .

1 3 9 .  S i r r r o r r , l l . ,  a r r c i  C i i n t l t e r ,  I t .  ( 1 9 t i 3 ) ,  i n  I J i o n t i u r t l i c  C l i r : t r t i s / r ' r y ,  Y o s h i r l a ,  Z .  1 . ,
a r rd  Ise ,  N. ,  eds . ,  Koc lonas l ra ,  

' l ' ok t 'o iE lscv ic r ,  
z \n rs tc r t - la l l  ,  D .207.

1 , 1 0 .  S i r n o r r ,  I l . ,  I J a d c r ,  J . ,  C i i r r t h e r ,  I l . ,  N c u n r a n n ,  S . ,  a r r t i ' i l r a r r c l s ,  J .  ( 1 9 8 4 ) ,
. , \ r t t r .  N) '  ,  c r t r l .  Sc i .  434,  171.

1 1 1 .  S i n r o t r ,  I I . ,  [ J a c l c ' r ,  J . ,  C t i n t h t ' r ,  ] i . ,  N e u n r a n n ,  S . , . r n c l ' l ' h a n o s ,  J .  ( i 9 . 9 5 ) ,
z1r t t .  C / r , 'n t .  97 ,  541;  An,q .  C l r t ' t r r .  I r t l .  I - r l .  1 - r r t .  21 ,  539.

112.  Abr i l ,  O. ,  and \ {h i tes id r -s ,  G.  N ' l .  (1982) ,  l .  r \ t r t .  C l t t ' t t t .  S t rc .  104,  i552 .
143.  Ic r rsc t r ,  N1.  A . ,  and E lv i r rq ,  t '  . l  (1984) ,  B ioc l t i t t t .  l J i l r l r l r r7s .  Ac tn  761,370.
7 4 4 .  J a n i k ,  1 3 . ,  a n c l  E l v i n g ,  P . J . ( 1 9 ( r 8 ) ,  C l r c t r t .  / i c r ' . 6 8 , 2 9 5 .
145.  Burnet t ,  R .  \ ,V . ,  and Undern 'ooc1,  A .  L .  (19( rS) ,  B i r rc / rc r r r i . s t t ' t1  7 ,3328.
11(; .  Biel lnran, J.-F. ,  arrd Lap'r inte,  C. (1978),  Tct .  Lcl l .  683.
f - i7 .  A izan 'a ,  i \ ' 1 . ,  Couqh l in ,  R .  \ \ / . ,  a l rd  Char les ,  \ { .  ( i976)  ,  B i t t t cc l t .  B i r rc r rS .  18 ,

209.
7 ;S.  r \ i zar t 'a ,  \ { . ,  Suzuk i ,  S . ,  and Kubo,  I \ { .  (1976) ,  B ioc l t i r t t .  B i t tp l t rys . ,4c tn  444,

3S6.
1 4 9 .  D o ) ' ,  I i . ] . ,  K i n s e \ , ,  S .  

. [ . ,  
S e o ,  E .  l - . ,  \ \ / e . i i k \ ' ,  N . ,  a n d  S i l v e r r n a n ,  H .  P .

(1972),  f r ru i rs.  NY Acnr l .  Sci .  34,  5SE.
l5 t i .  (a )  \ \ r ienkamp,  R. ,  and Steckhar r ,  E .  (1982) ,  ,4n t .  C / rcnr .94 ,786;  r \ner ' i r r .

C l rc t r t .  I t t t .  Ed .  f : tg l .  27 ,7E2;  (b )  , ^ \ng .  Cher t r .  Suprpr l  . ,  7739.
1 5 1 .  S i r r r o n ,  H . ,  G t i n t h e r ,  H . ,  B a d e r ,  J . ,  a l r d  l ' i s c h e r ,  \ \ ' .  ( 1 9 8 1 ) ,  A n t .  C I r c n t . l t t t .

ELi .  Errs.  20,  867.
152.  Cunther ,  H . ,  F rank ,  C. ,  SchuetT- ,  H . -1 . ,  Bader ,  j . ,  and  S imon,  H.  (1983) ,

Art t .  Cl tcrr t .  I t t t .  Er l .  El t .  22,  322.
153.  S in ron ,  H. ,  C t in ther ,  H . ,  Bader ,  J . ,  a r rd  Neumarrn ,  S .  (1985) ,  E t . : ryn tcs  i r t

Orgar ic Srytr t l tesis Cibn Fotr t t t l .  Svn4t.  11/) ,  Pi tnran, Londor l ,  pp.  97-I77.
151.  Bader ,  j . ,  C i in ther ,  H . ,  Nagataa ,  S . ,  Schuetz ,  H. -1 . ,  L ink ,  M. -L . ,  and S i -

m o n ,  H .  ( i 9 8 4 ) ,  l .  B i o t a c l u t o l . 7 , 9 5 .
1 5 5 .  N e u m a n n ,  S . ,  a n d  S i m o n ,  H .  ( 1 9 8 4 )  ,  F E B S  L c t t . ' 1 6 7 , 2 9 .
156.  Ergerer ,  P . ,  and S imon,  H.  (1982)  ,  B io tachr to l .  Lc t t .4 ,  501.
157.  Shaked,  2 . ,  Barber ,  J .J . ,  and \ {h i tes ides ,  C.  I \4 .  (1981) ,  I .Org .  Chcnt .46 ,

4100.
158.  D iCos imo,  R. ,  Wong,  C. -H. ,  Dan ie ls ,  L . ,  and \ \ /h i tes ides ,  G.  M.  (1981) ,  / .

Org. Clrcnt. 46, 4622.
159.  Jones ,  J .  8 . ,  Sneddon,  D. \ { . ,  H igg ins ,  W. ,  and Leu ' i s ,  A .J .  Q972) , l .  C l rcm.

Soc. Clrcnt .  Corntrnnl . ,  856.
160.  Wavman,  M. ,  and Lem,  W.J .  0977) ,  Cnn.  l .  C l rcn t .49 ,7740.
161. Mandler,  D.,  and Wil lner,  I .  (1984),  l .  Arr t .  Clrcnt .Soc. 106, 5352.
162. Wienkamp, R.,  and Steckhan, E. (1983),  Artg.  C\rcm.95, 508; A^g. Chem.

Int. Ed. Eng. 22, 497.
163. (a) Mandler,  D.,  and Wil lner,  I . ,  ( i986),  l .  Chem. Sttc. ,  Perk.  Trnrts.2,805; (b)

(1986) l .  Clrcnr.  Soc.,  Clrcnt .  Conunun. 851.
164. Wi l lner,  1. ,  Mandler,  D.,  and Rikl in,  A. ,  (1986) / .  Chun. Soc.,  Clrcm.

Cornttttut. 7022.
165.  Wi l lner ,  I . ,  and  Maidan,  R. ,  to  be  pub l ished.
166. Codbole,  S.  S.,  D'Souza, S. F. ,  and Nadkarni ,  G. B. (1983),  Enztprtc Microl t .

Teclntol. 5, 725.
167.  N, l iu ra ,  Y . ,  Nakano,  Y . ,  Yag i ,  K . ,  and Mivanro to ,  K . (1981) ,  Agr ic .  B io l .

Cltcnt. 45, 845.
168.  Karube,  I . ,  Otsuk?,T . ,  Kavano,  H. ,  Matsunaga,  T . ,  and Suzuk i ,  S .  (1980) ,

Biotcclt. Bioarrc. 22, 2655.

Applied Biochemistty and Biotechnology Vol .  l4. l9B7



i  ;  rr  : : i  ) i f  b, i  i r i  i i  j r i r i r i  j i i i i i  i  s r *:  r  : :  r

r96 C h e n a u lt a n d W h itesides

1 6 : ) .  [ ] c l r e r n a r r r r ,  J .  I i . ,  [ ] t ' r c t t s o t t ,  l .  r \ . ,  K a p r l . 1 1 1 ,  N .  L ) . , , t t r t i  K . t t r t e t t ,  \ 1 .  I ) .
(1973),  / ) r ' r r r ' .  , \ ' r i l / .  , ,1cnr/ .  Sci .  LISi \  70,  2317.

170.  Rao,  K .  K . ,  I losa  ,  L . ,  a r r r l  I ia l l ,  I ) .  O.  (1976) ,  [ ] io t ' l rL r r t .  I l i o l thvs .  / i r ' s .
Ct tn t r t t tu r .  68 ,  21 .

1 7 1 .  \ V a l r d r e v ,  C .  ( 1 9 8 3 ) ,  i n  l l i o / r ' c i r . 8 . l ,  O n l i r r e ,  N o r t h n ' o o c ' l ,  U K ,  p p . 5 7 7 - 5 3 8 .
172. I -cuchtclrL ' rcrgcr,  \ \ / .  (198"1),  Lr t ro l t t - l t t l )nr  C()r i ,q, ' ( 's . i  ( ) / l  Nlctubrnrt t 's  nt td A'1r 'nr-

brnn( 1)nrac.sst'.s, Strt sa, Italr '.
7 7 3 .  W o r r g ,  C . - t J . ,  I ' o l l a k ,  A . ,  N ' l c C u r r \ , ,  s .  D . ,  S u e ,  J .  M . ,  K r r o n ' l c s ,  J . [ i . ,  a t r c l

Whi tes ides ,  C.  \ '1 .  (19S2) ,  N4c thods  Er t : t1 r r to l .89 ,  108.
174.  Car rea ,  C. ,  [ Jovara ,  I l . ,  Crenror rcs i ,  P . ,  a r rd  l -od i ,  I t .  (198-1) ,  B io tcc l t .  B i r ro rg .

26, 560.
1 7 5 .  \ { o r r g ,  C . - H . ,  a r r d  N { a t o s ,  J  I {  ( 1 9 8 5 ) ,  / . O , . , i .  C l u t r t . 5 0 ,  1 9 9 2 .
176.  C l renau l t ,  H .  K . ,  and \Vh i tes ides ,  C.  N4. ,  resu l ts  to  be  prub l i shed.
177.  Lauda l rn ,  C (1963) ,  B ioc l tan t .  Z .  337,  119.
1 7 8 .  D u n c a n ,  R  I  S . ,  a n d  T i p t o n ,  K .  F .  ( 1 9 6 9 ) ,  E u r .  l .  I 3 i o c l t c r r r . 1 1 ,  5 8 .
1 7 9 .  L a n e ,  R .  S . ,  a n d  D e k k a r ,  E .  E .  ( 1 9 6 9 \ ,  B i o c l t c t r r . 8 , 2 9 5 5 .
130.  Ronrano,  \ { . ,  a r rd  Cer ra ,  \ , { .  (1969\ ,  B ioc l t t ' r r t .  B i t rT ; / ry -s .  Ac ta  777,127.
181.  C l rambers ,  R.  I ' . ,  \ \ /a l le ,  E .  \ { . ,  Bar icos ,  \ \1 .  H . ,  andCoher r ,  \ \ / .  ( i978) ,  Er ' : .

Eru.q. 3, 363
1 3 2 .  L e m i e r e ,  C .  L . ,  L e p r e i l ' 1 - e ,  j . , , \ . ,  a n r - l  A l d e r n ' e i r e l d t ,  F .  C .  ( 1 9 E 5 ) , ' f c t .  L e t t .

2 6 , 4 5 2 7 .
1 .93 .  Hatanaka,  A . ,  Ka j i r la ra ,  T . ,  anc i  l ' onroh i ro ,  S .  (7971) , ,4 t ruc .  B io l .  C l rcn t  .  38 ,

1 8 1 9 .
1 8 4 .  L a m e d ,  R .  J . ,  a r r d  Z e i k t r s ,  J .  C .  ( 1 9 8 7 \ ,  B i o c l t a r t .  1 . 1 9 5 ,  i E 3 .
1 8 5 .  K a t o ,  T . ,  B e r g e r ,  S .  1 . ,  C a r t e r ,  J .  A . ,  a r r d  L o r t ' r \ ' ,  O .  H .  ( 1 9 7 3 )  ,  , A r r n l .

Biocl tctr t .  53.  S6.
186. (a) Campbel l ,  J. ,  and Chang, T.  N{.  S.  (7976),  Biocl tan.  Birr ; r / rv-<.  Rcs.

Contrr t t t r t .  69,  562; (b) ( i978) ,  E11..  Et tg.  3,  377.
1 8 7 .  H o s k i n s , D . D . ,  l \ / h i t e l e ) , , H . R . , a n d M a c k l e r , B . ( 7 9 6 2 ) , l . B i o l . C h a t t . 2 3 7 ,

2647.
188. Adachi ,  O.,  \4atsushi ta,  K. ,  Shinagar\ra,  E. ,  and Amevarna, M. (1979),  I .

Bioclrcnt. 86, 699.
189. Haas, E. (1955),  Mct l rcds Ettztprtct l .  2,772.
190. Akerson, A.,  Ehrenberg,  A.,  and Theorel l ,  H. (1963) , inTlrc Ertzt l r r rcs,  vol .

7 ,2nd Ed. ,  Bover ,  P .  D. ,  ed . ,  Academic ,  Nen 'York ,  NY,  p .  477.
L91.  Grvak ,  S .  H. ,  Ota ,  Y . ,  Yag i ,  O. ,  andN{ inoda,  Y .  (1982) ,  l .  Far t r rc t t t .Tec l t r to l .

60, 205.
192.  Chambers ,  R.  P . ,  Ford ,  J .  R . ,  A l lender ,  j .  H . ,  Bar icos ,  \ \ / .  H . ,  and Cohen,

W. (1974), Ertz. F:tg. 2, 195.
193. Baricos, \{. H., Chambers, R. P., and Cohen, W . (1976), Atnl. Lctt . 9 , 257 .
194.  Massev ,  V .  (1963) ,  in  T / re  Enzrpnes ,vo l .T ,2nd Ed. ,  Boyer ,  P .  D. ,  €d . ,  Aca-

demic, Nen' York, NY, p. 275.
195. Kelly, R. N4., and Kint'ain, D. J. 0977), Bioteclt. Bioeng. 19,7215.
195. Jaegfeldt ,  H.,  Torstensson, A.,  andJohansson, C. (7978),  Arnl .  Cl i tn.  Actn

97, 22r.
197. Aizau,a, M., Coughlin, R. \,V., and Charles, M. (1975), Biochint. Bioytlrys.

Acta 385, 362.
198. Jaegfeldt ,  H.,  Torstensson, A. B. C.,  Gorton, L.  G. C.,  and Johansson, G.

(1981),  Atnl .  Clrcnr.  53,  7979.
199. Laval ,  J.-M.,  Bourdi l lon,  C.,  and Moiroux, I .  Q984), l .  Ant.  Chcnr.  Soc . ' I . .06,

4701.
2A0. Coughl in,  R. \^ / . ,  and Alexander,  B.  F.  (1975),  Biotech. Bioarry.  17,7379.

Ap plie d B ioche mistty a n d B i ote c h no I ogy VoL I4 . l9B7



N icoti na m ide Cofacto r Re qe ne ratio n 197

201 ( - - t tuch l i r r ,  I i .  \V . ,  A iz -an 'a ,  I \1 . ,  r \ l t ' r . t t t t l r ' r ' ,  l l .  I j . , . t r r t i  Char l t ' s ,  \ { .  (1977) ,
Biol t 'c l t .  Birrc l r .  77,  515.

202.  Jaeg ie lc j t ,  f i .  (1980) ,  l .  E l r , t ' t t ' o , tn i i l .  C l tc tu .  110,295.
2 0 3 .  N ' { o i r c u x ,  J . ,  a r r d  E l v i r r s ,  I ' .  J . ( 1 9 7 9 ) ,  t \ r t t r l .  C l t c r r r . 5 1 , 3 4 ( r .
20-1 .  N ' lo i reux ,  J . ,  a r rc l  E lv i r rg ,  I ' .  J  ( )978) ,  A t t , t l .  Chcnr .50 ,  105b.
2 ( ) 5 .  J o n e s ,  J .  8 . ,  a r r d  T a v l o r ,  K .  E .  ( 1 9 7 6 ) ,  C n t r .  l .  C | u t r r . 5 1 , 2 9 7 1 .
2 0 6 .  J o n e s ,  J .  8 . ,  a n d  T a \ ' l o r ,  K .  E .  0 9 7 6 ) ,  C n t t .  l .  C l t t , t r t . 5 1 , 2 9 b 9 .
l 0 l .  J o n c s ,  J .  8 . ,  a r r d ' f a i ' l o r ,  K .  E .  ( 1 9 7 3 ) ,  C l t t t r t .  C o t r u t r . ,  l t ) 5 .
2 ( iS .  Jakovac ,  I .  J . ,  Coodbranc l ,  H .  I l . ,  t -ok ,  K .  I ' . ,  anc l  Jones ,  j  I l  (1982) , I .  r \ tn .

Cltcnr. Soc. 1A4, 1659.
2 0 9 .  l V a t a n a b e ,  H . ,  a n d  H a s t i n g s ,  J . \ \ '  ( i 9 8 2 ) ,  N l o l .  C c l l .  B i o c l r t . r t t . 4 4 , 7 B i .
210.  Drueckhammer ,  D.  G. ,  R id r l l t - ,  \ / .  \ { . ,  Anc l  \ {ong,  C. - IJ . ,  (19S5)  I  O, .g , .

Clrcnt. 50, 5387.
211.  P inder ,  S . ,  and C lark ,  J  I f  (1977) ,  Mct l tods  Etnvnro l . lS  B ,  20 .
212.  Lego l ' ,  M. -D. ,  Lar re ta  Gard t ' ,  \ ' . ,  Le  i \ {ou l lec ,  J . - \ . {  ,  Erqan,  F . ,  and ' fhomas,

D. (1980),  Biochirr t ic  62,317.
213.  Leqo\ , ,  I \ , { . -D . ,  Lar re ta  Carde,  \ ' . ,  Erqan,  F . ,  anc l ' fhon ias ,  D.  (7979) ,1 .  So l id

Pltose Bioclrcrtt. 4, 743.
2 1 1 .  L e g o r , ,  N , l . - D . ,  L e  M o u l l e c ,  J . - \ 1 . ,  a n d ' l - h o r t r A s ,  D .  ( 1 9 7 8 ) ,  F E B S  L c t t . 9 4 ,

335.
215. N4cl ln 'a in,  H. J.  0937),  I .  Cl tcrr t  Soc. ,  1701.
216 ju i l ia rd ,  N4. ,  and Le  Pet i t ,  j .  (1982) ,  P l to toc l rc t t t .  P ln to l t io / .36 ,283.
2 7 7 .  M a n s s o n ,  M .  o . ,  N 4 a t t i a s s o n , 8 . ,  c e s t r e l i u s ,  S . ,  a n d  N 4 o s b a c h , K .  ( 1 , 9 7 6 ) ,

Biotecl t .  Bioetry.  18,  1 i45.
215. Cha'e,  E. ,  Adamor,r ' icz,  E. ,  arrd Burstein,  C. ( i982) ,  ATt1t l icd Biochun. I l io-

tcclnrol. 7 , 437.
219.  Burs te in ,  C . ,  Oun iss i ,  H . ,  Lego\ ' ,  N , I .  D . ,  Ge l l f ,  G. ,  andThornas ,  D.  (1981) ,

ATtTtlied Biochem. Biotecltrtol. 6, 329.
220. Ergan, F. ,  Thomas, D.,  arrd Chang, T.  M. S. (1984),  Aptpt l ied Bioclrcnt .

Bioteclutol. 10, 61.
221. Klibanor', A. M. (1983), Adt,. Altlt l . l t4icrobiol. 29, I.
222. Kl ibanov, A. M. (7978),  Arml.  Bioclrcm. 93,7.
223. Davies,  P. ,  and Mosbach, K. (1974),  Biochim. Bioyi ln1s.  Actn 370,329.
224. Al len,  P.  M.,  and Bo\r 'en,  \ ry.  R. (1985),  Trends Bioteclurcl .3,745.
2?-5.  weibel ,  M. K.,  weetal l ,  H. H.,  and Br ight ,  H. J.  egzr) ,  Biochcm. BioTthys.

Res. Cottnnun. 44, 347.
226. Craven, D. 8. ,  Han'ev,  M. J. ,  and Dean, P. D. G. (1974),  FEBS Lett .  38,320.
227. Lindberg, M., Larsson, P.-o., and Mosbacl'r , K. (7973), Eur" l. Biochem. 40,

787.
228. Lowe, C. R.,  and Mosbach, K. (7971),  Eur.  l .  Biochcm.49, S7l .
229. Gestrel ius,  S. ,  Mansson, N4.-o. ,  and Mosbach,K. (7975),  Eur.  J.  Biochem.

57, 529.
230. Mansson, M.-O.,  Larsson, P.-O.,  and Mosbach, K. (1978),  Eur.  l .  Bioclrcm.

85, 455.
231. Morikawd, Y., Karube, I., and Suzuki, S. (7978), Biochim. BioT:\rys. Acta sz3,

263.

?1? Wykes,J ,  R . ,  Dunn i l l ,  P . ,  and L i l l v ,  M.  D.  (7975) ,  B io tcch .  B ioeng. tZ ,57 .
233. Yamazaki ,Y. ,  Maeda, H.,  and Suzuki ,  H. (1976),  Biotech. Bioeng. '18,176r.

Applied Biochemis?y and Biotechnology Vol. 14. 1987


	201(1).PDF
	201(2).PDF
	201(3).PDF
	201(4).PDF
	201(5).PDF
	201(6).PDF
	201(7).PDF
	201(8).PDF
	201(9).PDF
	201(10).PDF
	201(11).PDF
	201(12).PDF
	201(13).PDF
	201(14).PDF
	201(15).PDF
	201(16).PDF
	201(17).PDF
	201(18).PDF
	201(19).PDF
	201(20).PDF
	201(21).PDF
	201(22).PDF
	201(23).PDF
	201(24).PDF
	201(25).PDF
	201(26).PDF
	201(27).PDF
	201(28).PDF
	201(29).PDF
	201(30).PDF
	201(31).PDF
	201(32).PDF
	201(33).PDF
	201(34).PDF
	201(35).PDF
	201(36).PDF
	201(37).PDF
	201(38).PDF
	201(39).PDF
	201(40).PDF
	201(41).PDF
	201(42).PDF
	201(43).PDF
	201(44).PDF
	201(45).PDF
	201(46).PDF
	201(47).PDF
	201(48).PDF
	201(49).PDF
	201(50).PDF
	201(51).PDF

