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Several of thc most convenient s-"-stems that have been proposcd
tbr the regeneration of the nicotinamide cofactors are specif ic for
\ . , \D(H) . r ' r  A l though NADP(H) is  less comnron in  srn thct ica l lv
i n te res t i ng  b iochemica l  pa thu 'avs  t han  \AD(F { ) .  on  t hose  oc -
cass ions r ihen NADP(H) is  requi red.  one is  rcs t r ic ted for  i ts
rcgenerat ion . to  twr)  procedures.a:  Here u 'c  descr ibe three
pract ica l  s \s tenrs  that  accompl ish t ranshvdrogenat ion between
\ . {D (H)  and  } iADP(H)  co fac to rs  (eq  l )  and  dcmons t ra t c  t hc i r

N A D H  +  N A D P *  - =  \ A D *  +  \ A D P H  (  I  )

app l icat ion to  prob lems in  pract ica l  s ln thes is  (Schemc l ) .n  These
s ls tems permi t  regenerat ion procedures that  are spec i f ic  for  onc
co fac to r  ( i ' r -AD(H)  o r  \ADP(H) )  t o  be  coup led  t o  t he  o thc r .

Thc f i rs t  o f  these schemes ut i l i zcs  the f lavocnzrme d iaphorase
(E.C 1.6 .4 .3)  f rom Clost r id iunt  k l t ' rer i .  the second uscs a icohol
dehydrogenase f rom Leuconost ic  n tesenter r t ides (ADH, E.C
1 .1 .1 .1 )  i n  a  s ! - s tem con ta in i ng  bo th  e thano l  and  ace ta ldehydc ;
t he  t h i r d  i nvo l ves  g lu tam ic  dehyd rogenase  (G luDH,  EC  1  4 .1 .3 )
in  so lu t ions conta in ing g lu tamate (Glu) .  2-kc tog lu tarate  (2-KG) '

and ammonium ion.  Added redox-act ive subst ra tes are requt red

f ' u r  t r ensh rd roscnu t i on  uc t i v i t r  u i t h  { t ) l - l  and  ( i l uD } l  bu t  n t l l
l ' t r r  d iuphor i l \c .  \ \h ieh c t rn t r t ins  F ' \D end uh ich cata lvzes hrdr idc
t r l r ns l c r  bc tu  ecn  t t r t d t zcd  and  r cduccd  n rc r l t i nan l i de  coenz r  n l cs
drrcct i l  \ \  c uscd conccntrat ions r)f  the addcd substratcs for ,A,Dtl
l nd  ( i i uDH tha t  we re  5  104 , , . .  Re l c r ' en t  k i nc t i c  pa rame tc rs  l ' o r
t hcse  enz l 'mes  a r r -  summar i zed  i n  T r t b l c  I .

Demonst ra t ion o f  the coupl ing o f  a  \ .ADP*-spec i f ic  enz lmat ic
ox idat ion to  a  regenerr t t ion s ls tent  spec i f ic  for  \ADH -  NAD*
\ r  as  acconrp l ishcd br  convers ion of '  p \  ruvatc  to  l . - lac ta tc  (  I  )  and

( l )  S u p p t r r t c d  b r  t h e  \ a t i o n a l  I n s t i l u l e s  o i  H e a l t h  ( ( ; \ {  1 6 5 ' 1 - l  a n d  ( i M

- l 0 l 6 l  )
t l ) S h a k e d .  2 . .  \ \ h i t e s r d e s .  G .  \ 1 .  J . . | n t .  C h e r n . . S r , , , .  1 9 8 0 .  1 0 ) . 1 1 0 1 .
( J ) J o n e s . . l  .  B .  B e c k .  J .  F .  I n  

* A , p p l i c a t i o n  o l  B i o c h e m i c a l  S i s t c m s  i n

O r g a n i c  C h e m i s t r y - :  J o n c s .  . l  .  B . .  P c r l n r a n .  D .  S i h .  ( '  . 1 . .  E d s . l  W i l e v - l n -

t e r s c i e n c e :  \ e w  Y o r k .  I  9 7 6 :  p  I  0 7 - 4 0  I  .
( - 1  I  \ \ ' o n g .  C . - H , ;  \ \ ' h i t e s i d e s ,  G .  \ ' t .  J .  . - 1 n t .  ( ' h e n t . . S o r ' .  1 9 8 1 .  1 / ) - ' ? .

. + E 9 0  1 8 9 9
15)  \ \ 'ong .  C '  - t l  . :  \ \ ' h i tes ides .  G.  \ {  .  J  Org .  Chent  .  in  p ress

( 6 )  T h e  i l a v o e n z r m e  p l r i d i n e  n u c l e o t r d e  t r a n s h l d r o g e n a s e  ( E C  I  6  I  l )

I ' ron t  pseudt , tnones  or  sprnach ca ta lvzes  d i rec t  t ranshydroge na t ion  l  Krp lun .
\ .  O . .  C o l o u r c k .  S .  P . :  \ e u i e l d ,  E  F .  J .  B i o l .  ( - h e m . 1 9 5 3 .  1 1 ) - 5 .  i - 1 5 ) .  S i n c e

\ A D P *  i s  a  p o t e n t  d e a d - e n d  i n h i b i t o r  f o r  t h i s  c n z \ m c .  t h c  f o r w a r d  r e a c t i o n
( \ A D P *  +  \ A D H  -  \ i \ D *  +  \ A D P t { )  i s  v e r r  s l o w  ( C o h e n .  P . T :  K a p l a n .
\ .  O.  J  B i r t l .  ( 'hem.1970.  l4 -5 .  -1666-4671)  Moreover .  the  enzvnre  iso la ted

f ronr  e i ther  source  (ca .  l0  un i ts  f rom I  kg  o isp inach or  pseudontona.s  ce l l s )
h a s  l o w  s p e c i f i c  a c t i v i t l  ( 0 . 1 - 0 . - l  u n i t  r n g  ' ) .  W ' e  d i d  n o t  a t t e m p t  t o  u s e  t h i s

enz)  mc 1 'o r  Ia rge  -sca le  s l  n thcsrs .
( 7 )  P i g  h e a r t  l i p o a r n i d e  d c h r d r o g e n a s e  r s  c s s c n t i a l l l  s p c c i f i c  l b r  \ A D *

( N A D P *  i s  o n l r  i ' r i  a s  a c t i v e  a  s u b s t r a t c  a s  \ A D * .  i n  e i t h c r  t h c  p r e s e n c e  o r

t h e  a b s e n c e  o l ' a d d e d  l i p o i c  a c i d l .  A d d r t i o n  o i  l i p o i c  a c i d  t o  l h e  t r a n s -

hvdrogenat ion  svs tem conta in ing  d iaphorasc  f ron t  ( ' .  k lv re r i  d id  no t  improve

i ts  ca ta l l t i c  ac t i v in .  bccause l ipo ic  ac id  (o r  l ipoant idc)  i s  a  poor  subs t ra tc  fo r

t h i s  e n z r  m e
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Table I. Kinetic Parameters for Diaphorase, ADH, and ti luDl{

J.  Am. Chem. Soc. ,  Vo l .  104,  No.  12,  1982 3543
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vn 
HflH

H C O ;
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N A D  -

{ T l>{
N A D P H

bzc=^f co,
H  C 0 2

3

o Abbreviat ions: I--LDH, L-lact ic dehydrogcnase; 6-PCiDII.  6-
pho sphogluconic dehydrogenase ; P R I, ph osphoribo isom erase ;
ADH, alcohol dehydrogenase; (iluDH, glutirmate dehydrogenasc;
ICDH. isocitrate dehydrogenase; liDll, fbrmate dehydrogenase;
(ilu, glutzunate; 2-KG, 2-ketoglutarate. 

-fhe 
components in paren-

thescs wcre not added but gcnerated in the reaction.

6-phosphogluconic acid to r ibose-5-phosphate (2). A 600-mL
solut ion containing 6-phosphogluconate (0.2 M), pyruvate (0.2
M),  NAD+ (0.2  mM),  NADP+ (0.2  mM),  mercaptoethanol  (4
mM), and 200 units each of immobil ized phosphoriboisomerase
(PRI, in 6 mL of PANs gel). 6-phosphogluconate dehydrogenase
(6-PGDH, in 8 mL of gel),  diaphorase ( in 20 mL of gel),  and
l- lactate dehydrogenase (I-LDH, in 0.5 mL of gel) was deoxy-
genated with Ar and st irred at 25 oC with the pH automatical ly
control led in the range 8.0-8.2 by adding I N KOH through a
peristaltic pump. The reaction was complete in 8 days, and I and
2 were isolated as described previously:a'e zinc lactate (15.3 g,
94Vo pwe calculated as Zn(t-lactate)2.2HrO, 8l7o yield, 94Vo
enantiomeric excess); barium ribose-5-phosphate (39.5 g, 92Vo
purity determined enzymatical ly, 83Vo yield). The turnover

0.085

0.047

0 . 1
0 .2

0.026

l l t oH ,50  (NAD- )
17 (NADP*)

cH .c [ {o ,0 .25  (NADTI )
0.20 (NADPH)

Glu,  1 .8  (NADP.)
2 -K ( ; , 0 .7  (NADP* )
N l { " * , 3 . 2  ( N A D P H )

o The reaction mixturc was quenched by adding an equal volume of I N NtIClO. to deslro]' N \D{P)H and enzynes. flle concentJation of
NADP was then determined by C{-P/G{-PDH, and NAD was determined by ethanol t d \l)ll. o \lren, A.: luxssc}, \.l,ro.lrtll. Biopbs.
Acta1966,t22,436449. c l latanaka, A.;Adachi, O.; Chiyonobu, T.; Ameyarna. lr l . , lgr Rid.Ch? 1- l97l,J.t ,  1304-1306. a l : i f i ien, L.
A.; Wiggert, B. O. ; Cohen, P. P. J. Biol. Chen. 1965, )4 0, 1083-1090.
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Scheme I. Regeneration of Nicotinamide Cofactors lor Use in
l'.nzy me-Cataly zed S ynthe sis tJ sing I: nzym e-Catal yz ed Transh yd ro -

genat ion:  (A) Regenerat ion of  NADH and NAI)P:  (B) Regenerat ion
o f  NAD and  NADPHa

numbers and res idual  ac t iv i t ies  for  each component  a t  the con-
c lus ion of  the react ion were as fo l lows:  NAD(H) .  1000 (82Vo) ;
N A D P ( H ) .  1 0 0 0  ( 7 0 V o ) , 6 - P G D H .  2  x  1 0 6  ( 7 9 7 , y  P R I , 3  x  1 0 6
( 8 6 7 c ) ;  d i a p h o r a s e , 6  x  1 0 5  ( 8 2 % ) :  r - L D F I , 6  x  l 0 ?  ( 8 8 % ) .

Replacement  o f  d iaphorase wi th  c thanol  (1 .2 ' / ,  v /v)  and im-
mobi l ized ADH ( f rom L.  mesentero ides.200 un i ts  in  5  mL of
PAN ge l )  o r  g l u tam ic  ac id  (18  mM)  and  G IuDH (200  un i t s  i n
5 mL of PAN gel) resulted in ver,"- similar results with approx-
imate ly  the same TN for  NAD(P)+.

The reverse (reductive) transhl 'drogenation was demonstrated
by using the sy'nthesis t>[ threo-o.(*)- isocitr ic acid (3). A 800-mL
so lu t i on  con ta in i ng  l -KG (0 .2  M) ,  f o rma te  (0 .2  M) ,  NaHCO3
(0.2 M) ,  NAD+ (0.2  mM),  NADP+ (0.2  mM),  mercaptoethanol
(4 mM), and 80 units cach of immobilized isocitric dehydrogenase
( ICDH, in  20 mL of  ge l ) .  d iaphorase ( in  l0  mL of  ge l ) ,  and
formate dehydrogenase (FDH, in 35 mL of gel) was deoxygenated
and st irred at room temperature with pH control led at 7.6. The
reaction was 62a complcte in 8 days, and no further reaction was
obse rved . r0  ( i l uD t {  (  100  un i t s ,  i n  3  mL  o f  ge l )  and  ammon ium
sulfate (60 mmol) uerc added to the reaction mixture to consume
the unreacted 2-K(i.  and the rcaction \r 'as al lowed to proceed for
3 addi t iona l  da ls .  Compound 3 u 'as  iso la ted as i ts  bar ium sa l t
(82 g),t  which contarned 88? (91 rnmol) of Ba.,( isocitrate)-t(57%;
y ie ld) .  The turnover  number  and rcs idual  ac t iv i tv  o f  each com-
ponen t  was  as  f o l l ows :  NAD(H) ,  620  (90? ) :  NADP(H) ,  1000
(66%') :  ICDH. 1 .6  x  106 (88% ) :  d iaphorase,  4  x  105 Q8% ) :  FDH.
1 . 5  x  1 0 5  ( 8 0 % ) .

A very similar result was obtained in this conversion of 2-KG
to 3 when the d iaphorase was rep laced wi th  e thanol  ( l .2Tn v  f  v )
and ADH (200 units). The turnover number and residual act ivi ty
of ADH was tJ x 106 (80'/r,) ,  TN and residual act ivi ty for other
components  were s imi lar  to  those observed in  the system us ing
diaphorase. The Glu/GluDH system could not be used in this
instance, because the high concentrat ion of 2-KG (present as a
subst ra te  for  tCDH) inh ib i ts  the dehydrogenat ion o f  Glu . r r

This work establ ishes simple experimental protocols, using
commercially available enzymes, that catalyze transhydrogenation
between NAD(H) and NADP(H).  Of  the three react ions,  that
based on ADH has the highest rate and is the most convenient
to use. I t  has, however. the disadvantage that the system must
contain organic components (ethanol and acetaldehyde), which
might deactivate some enzymes used in synthesis. The di-
aphorase-c atalyzed transhydrogenation requires no added com-
ponents but is kinetical ly slower (and more expensive) than that
based on ADH.

(  l0)  The extent  of  react ion was l imi ted by the equi l ibr ium constant  of  the
ICDH-catalyzed reaction (K = [2KG] [CO2] [NA DPH] / [ ismitrate] [N A DP+]
= 0.17 M; pH 7.0,22 oC: Ochea, S.  Method. Enzymol. l955,  / ,  699-104)
and by product inhibition (K.(isocitrate) = 2.6 N'[: Rose. Z. B. J. Biol. Chent.
t960 .  235 .928-933) .

(11) Fahien,  I . .  A. ;  Wiggert ,  B.  O.:Cohen, P.  P.  " / .  Bio l .  Chem.1965,240,
I  08 3-  I  090.
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These procedures for catalyzing transhydrogenation introduce
an element of f lexibi l i ty into nicotinamide cofactor regeneration
and provide another mcthod of controlling the redox behavior of
systems of enzymes used for organic synthesis.

Regis t ry  No.  NAD,  53-84-9:  NADPH, 53-51-6:  NADH. 58-68-4;
NADP, 53-59-8; diaphorase, 37340-89-9; alcohol dehydrogenase, 903 I -
72-5; glutamic dehydrogenase, 900 I -46- 1 : ribose-5-phosphate, 4300-28- I ;
t-- lactate, '79-33-4: threo-o,(*)- isocitrate, 6061-97-8; 6-pheophogluconic
acid, 2464-1 3-3; pyruvare. 127 - l  7-3; 2-ketoglutarate, 328-50-7.
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