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Enzyme-Catalyzed Organic Synthesis: NADH
Regeneration by Using Formate Dehydrogenaser

Sir.'

Existing methods for regeneration of NADH from NAD+ for
use in organic synthetic procedures based on NADH-dependent
enzymes all have disadvantages.2'3 Here we describe the use of

Scheme I. Synthesis of Dlactate from Pyruvate, Using Irormate
and Formate Dehydrogenase to Regenerate NADH
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formate and formate dehydrogenase to regenerate NADH: we
believe this regeneration system is superior to others presently
avai lable for many applications in synthetic enzymology. Detai ls
of the operation of the system are illustrated by the enantioselective
synthesis of o-lactate from pyruvate (Scheme I).

A 3-L three-necked round-bottomed f lask was equipped with
a pH electrode connected to a pH control ler, an argon l ine, and
a magnetic st irr ing bar. The f lask was charged with I  L of
degassed dist i l led water. Sodium formate (99.9V'. 34 g, 500
mmol), sodium pyruvate (99*o/o,55.0 g, 500 mmol), dithiothreitol
(DTT, 10 mmol), and EDTA (10 mmol) were added. The solution
was adjusted to pH 7.6. Formate dehydrogenase (FDH, EC
1.2.1.2, Boehringer-Mannheim, from Candida boidini i)a and
o- lac ta te  dehydrogenase (o-LDH,  EC 1.1.1 .28,  S igma)  were
coimmobil ized in PAN gel:5 240 mL of swollen gel contained 52
units6 of FDH (47oh yield on immobil izt ion) and 310 units of
D-LDH (51% yield). The gel part icles were suspended in the
reaction mixture, and NAD (0.39 mmol) was added.T The stirred
reaction mixture was maintained at ambient temperature between
pH 7.4 and 7.8  by addi t ion o f  2  N HCl ,  us ing an automat ic  pH
control ler. Argon was bubbled gently through the mixture.

( l )  Supported by the Nat ional  Inst i tutes of  Heal th (Grant  GM 26543).
(2)  Jones,  J.  B. ;  Beck,  J.  F.  Tech.  Chem. (N.Y.)1976, I0A, lO7-401; Ib id.

1976 ,108 ,495-505 .

(3) The most common schemes for NADH regeneration are based on
alcohol dehydrogenases. These use relatively high concentrations of organic
reactants and products in solution, and generate aldehydes or ketones which
are often deactivating toward enzymes. Other enzymatic methods involve
expensive reactants and/or weak reducing agents. Most chemical and elec-
trochemical methods show only modest selectivity for generation of NADH:
Bar i cas ,  W.  H . ;Chambers ,  R .  P . ;Cohem,W.  Ana l .  Le t t .1976 ,9 ,257  216 .
Mosbach, L.; Larsson, P. O.; Lowe, C. Methods Enzymol.1976,44,859 887.
Wang, S.  S. ;  King,  C.-K.  Adt , .  Bictchem. Eng.1979, 12. l l9-146.

(4)  Schi i t te,  H. ;  F lossdorf ,  J . ;  Sahm, H.;  Kula,  M.-R. Eur.  J.  Biochem.
1976,62,  151-160. Michael is  constants for  NAD and formate are 0.09 mM
and l3 mM, respectively. Activities were assayed according to Makave, A.
B. ;  McMart in,  K.  E. ;  Palese.  M.;  Tephly,  T.R. Biochem. Med. 1975, 13,
117  126 .

(5)  Pol lak,  A. ;  Blumenfeld,  M.;  Wax, M.;  Baughn, R.  L. ;  Whi tesides,  G.
M. J.  Am. Chem. Soc. .  in press.

(6) f U = I lrmol product produced per min.
(7) NAD was synthesized in this laboratory from AMP, and used in crude

(-3096 pur i ty)  form; Walt ,  D. ;  Rios-Mercadi l lo,  V. ,  unpubl ished data.  In-
distinguishable results were obtained with commercial NAD (Sigma).

Reaction was complete in 15 days.8 The gel was allowed to settle.

and the supernatant was decanted under posit ive argon pressure
by using a stainless-steel cannula. The gel was washed, and the
washings were combined with the original reaction solution. Zinc
lactate (47.9 g,395 mmol of lactate, J9o/obased on pyruvate) was

isolated in95o/o purity by using a modification of the procedure
of Brin:e i t  contained a 92o/o enantiomeric excess of u-lactate.

The activi t ies of FDH and D-LDH in the recovered gel after
two consecutive runs (30 days) were respectively 860/o and 89o/o
of the original immobilized activities. After each run, the residual
activi ty of nicotinamide cofactors (NAD plus NADH) was ap-
proximately 55o/o.t0 The turnover number for NAD in the ex-
periment described was 1020; in other experiments, i t  reached
l  500.

The formate-formate dehydrogenase system for NADH re-
generation has advantages and disadvantages. The advantages
are the fol lowing: formate is inexpensive and a strong reducing
agent; l '  CO, and formate are innocuous toward most enzymes;
CO2 can be removed from the reaction as i t  is formed, and does
not complicate the workup of the reaction; the enzyme is com-
mercial ly avai lable, readi ly immobil ized, and stable ( i f  protected
against autoxidation). The disadvantages are the fol lowing: the
commerc ia l  enzyme is  present ly  expens ive ( -5621100 U)12 and
is  unable  to  accept  NADP as subst ra te .4 ' r3
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(8 )  The  reduc t ion  o i  N , \D  to t r iADH was  the  ra te - l im i t i ng  s tep  in  the
catalyt ic  cycle.  When thc rcact ion was carr ied out  at  40 oC (again at  500-
mmol scale) ,  conversion of  p1 ruvatc to lactatc * 'as complete in 7 days.  Both
enzymes retained -  100?, o l  thc i r  act iv i t r  ovcr  the course of  th is exper iment.
The aggregate act iv i ty  of  thc n icot inamide cofactors (NAD + NADH) at  the
conclusion of  thr  react ion \4as 1,106 of  that  at  i ts  star t .

(9)  Br in,  M. Biochem. Prep 1953. J.  6 l  6.  The supernatant  ( l100 mL)
was concentrated under reduced pressure at  45 oC to a volume of  -500 mL.
The pH of  th is solut ion was adjusted to 2.5 wi th concentrated HCl.  Absolute
ethanol  (100 mL) was added and suspended sol ids removed by suct ion f i l -
tration. The solution was neutralized to pH 6.5 by addition of a slight excess
of zinc carbonate and fi ltered. The solution was heated to 65 oC. and cold
absolute ethanol  was added to the solut ion unt i l  turbid i ty  appeared.  Crys-
tall ization was allowed to proceed for 24-48 h at 4 oC. The crystals were
collected by f rltration and washed twice with cold ethanol and twice with ethyl
ether. Assays of chemical and enantiomeric purities were based on enzymatic
methods:  Bergmeyer,  H.  U.  "Methods of  Enzymat ic Analysis" ,  Ver lag
Chemie:  Weinheim; Academic Press:  New York,  1974; Vol .  3,  pp 1446 and
1492.

(10) Pig heart L-lactate dehydrogenase catalyzes the conversion of NAD
to an inhib i tory complex of  pyruvate and NAD: Wi l ton,  D.  C.  Biochem. J.
1979, 177,951-1 .  The same react ion may occur wi th the yeast  o-LDH used
here.

(l l) The equilibrium constant for the reaction HCO2- + NAD+ + COz
+ NADH is log K = 5.79 (based on AG = 7.95; "Biochemist's Hand Book";
Long, C. ,  Ed. ;  Spon.:  London, 1961; p 90).

( I 2) The effective use of the formate dehydrogenase system for regener-
ation of a NAD modified to improve retention in an ultrafi ltration membrane
reactor is described by Wichmann, R.: Wandry. C.; Btickmann, A. F.; Kula,
M.-R. Abstracts,  VI th Internat ional  Fermentat ion Symposium, July 1980
London, Ontario; National Research Council, Ottawa, Canada; Abstr. F-
12.1 .24 (P), p 125. This group has also described an exceptionally useful new
isolation procedure for formate dehydrogenase: Kula, M.-R.; Biickmann, A.
F . ;  Hus ted t ,  H . ;  K roner .  K .  H . ;  Mor r ,M.  Ib id . :  Abs t r .  F -13 .25  (P ) ,  p  139 .

(13) After storage lor 3 months under nitrogen at 4 oC, the coimmobilized
FDH and u-LDH retained )95% of  their  act iv i tv .

Ze'ev Shaked, George M. Whitesides*

Department of Chemistry
M assachusetts I nstitute of Technology

Cambridge, Massachusetts 021 39

Receiued August 4, 1980

H O  H

4r''
o

l l -

. / \ . . o
t l
n


