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Enzyme-Catalyzed Organic Synthesis: NAD(P)H
Cofactor Regeneration Using Ethanol/Alcohol
Dehydrogenase/Aldehyde Dehydrogenaee and
Methanol/Alcohol Dehydrogenase/Aldehyde
Dehydrogenase/Formate Dehydrogenasel

Summary: An enzyme-catalyzed system potentially ap-
plicable to large-scale synthesis is described.

Sir: We have recently described a number of methods for
regeneration of NAD(P)H from NAD(P)+ for use in en-
zyme- catalyzed organic syntheses requiring nicotinam id e
cofactors.2-8 In this paper we compare two additional
useful schemes, and apply these schemes to syntheses
producing 0.l-O.5-mol quantit ies of products (Figure 1).
The first method is based on catalysis by two enzymes-
alcohol dehydrogenase (ADH, EC 1.1.1.1) and aldehyde
dehydrogenase (AIdDH, EC 1.2.1.5)-and converts ethanol
to acetate. This scheme has been demonstrated previously

2  N A D ( P ) + 2  N A D ( P ) H

in millimole-scale syntheses.e'l0 The second uses ADH,
AldDH, and formate dehydrogenase (FDH, EC 1.2.1.2) and
converts methanol to CO2. The first generates 2 equiv of
reduced nicotinamide cofactor/equiv of ethanol, and ac-
cepts either NAD+ or NADP+; the second generates 3
equiv of reduced nicotinamide cofactors/equiv of methanol
but accepts only NAD+. The relevant kinetic parameters
for the enzymes in these schemes are summariz'ed in Table
I. The only feature of these parameters which requires
specific comment concerns ADH: the enzyme from Soc-
charomyces cereuisiae has high specific activity with eth-
anol but is specific for NAD+; that from Leuconostoc
mesenteroides reduces both NAD+ and NADP+ but has
Iower specific activity.

In a representative procedure for NADH regeneration
using ethanol as ultimate reducing agent (A, Figure 1), a
500-mL solution containing potassium pyruvate (15.1 g,
120 mmol), NAD+ (50 pmol), ethanol (3.3 g,70 mmol), and
p-mercaptoethanol (39 mg, 0.5 mmol) was mixed with
PAN-immobilized yeast ADH (90 units, 0.5 mL of gel),rl
AIdDH (110 units, 10 mL of gel), and l-lactic de-
hydrogenase (L-LDH, 200 units, 0.5 mL of gel). The re-
action mixture was stirred at 25 oC under argon, and the
pH of the solution was controlled automatically at 8.0-8.2
by adding 2 N KOH through a peristaltic pump. More
ethanol (3.3 g, 60 mmol) was added after 1 day. The
reaction was complete in 2 days. The solution, after re-
moval of the enzyme-containing gel, was concentrated to
20 mL and acidified with concentrated H2SOa to pH 2.8,
followed by addition of ethanol (200 mL). The precipitates
were separated by filtration and discarded, and the filtrate
was concentrated at room temperature to an oily residue.
The residue was diluted with water (150 mL) and neu-
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Figure 1. A: Regeneration of NAD(P)H using ethanol and
alcbhol dehydrogenase/aldehyde dehydrogenases. B: Regener-
ation of NADH using methanol and alcohol dehydrogenase/al-
dehyde dehydrogenase/formate dehydrogenase. Abbreviations:
ADi{, alcohol dehydrogenase from yeast (for NAD) or from 1,.
mesenteroides (for NAD or NADP); AldDH, aldehyde de-
hydrogenase from yeast (for NAD or NADP); L-!pI-{' t -lactic

dLhydiogenase; GIuDH, glutamic dehydrogenase; FDH, formate
dehydrogenase.
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Table I. Kinetic Parameters for Alcohol

J. Org. Chem., Vol. 47, No. 14, 1982 2817

Dehydrogenase, Aldehyde Dehydrogenase, and Formate Dehydrogenase

enzyme substrate K-, mM sp act . ,  un i ts  mg - '

alcohol dehydrogenase o

S. cereuisiae
alcohol dehydrogenase b

L. Mesenteroides

aldehyde dehydrogenase c

S. cereuisiae

formate dehydro genase d

Candida boid in i i

E t o H  ( 1 3 ) ,  N A D  ( 0 . 0 7 4 )
MeOH (80) ,  NAD
EtoH,  (50) ,  NAD (0 .5)
ErOH (50) ,  NADP (0 .085)
MeOH (70) ,  NAD
MeOH (70) ,  NADP
cH3cHo (0 .009) ,  NAD (0 .03)
cH3cHo (0 .009) ,  NADP (0 .03)
HCHO (0 .7) ,  NAD
HCHO (0.7),  NADP
H C O , -  ( 1 3 ) ,  N A D  ( 0 . 0 9 )

4 0 0
1 0
7 0
9 0

1 . 5
2

80
8

3 6
a

J
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Table II. Advantages and Disadvantages of NAD(P)H Regeneration Systems

system advantages disaclvantages

EtOH/ADH/AIdDH

o
D .

A
a -

5 .
6 .

CH3OH/ADH/AIdDH/FDH 1.
2 .
J .

1. high equil ibr ium constant for
formation of NAD(P)H

2. appl icable to NAD and NADP

generates a relatively innocous
product  (Ac- )

good specif ic act ivi t ies for
NAD. and EIOH

enzymes commercial ly avai lable
good TN for  NAD(P)(H)
inexpensive reducing a gent
u l t imate product  (CO,)  is  vo la t i le
rest r ic ted to  NADt

(a t  l eas t  wh i le  us ing  t l i i s  FDH)
4,  enzy mes commercia l ly  avai la l t le
5 .  good  TN fo r  NAD(H)

l .  l ' equ l res  two  enzymes

2 .  , \D I l  and  A lc lDH a re  sens i t i ve
to  ox i c ia t i on

3 .  HOAc may  comp l i ca te  some
produc t  i so la t i ons

4.  speci f ic  act iv i t ies are only
moderate for  NADP. (AldDH)

1.  requires three enzymes
2. ADH. AIdDH sensi t ive to oxidat ion
3.  speci f ic  act iv i t ies are only moderate

f o r  M e O H ,  I { . C O ,  a n d  H C O , H

tralized by adding ZnCOs (8.2 g, 65 mmol) to obtain
crystalline zinc l-lactate (32.6 g of solid containingg6%o
zinc bis(t -lactate) trihydrate (106 mmol); 88% yield and
94To ee).3 The turnover number (TN) and residual ac-
tivities were as follows: NAD+, 2400 (92%); ADH, 6 x 107
(8%);AldDH,5 x 106 (87To);I,-LDH, 1 x 107 (96%). The
recovered enzynes were used for repeated preparations of
l-lactate on the same scale; five preparations in a period
of 11 days generated 0.5 mol of l-lactate. The recovered
enzyme activities after these five cycles of synthesis were
as fol lows: ADH, 70%; AldDH, TLVo; L-LDH, 78%.

In a typical procedure illustrating the operation of
ADH/AIdDH for NADPH regeneration, a 500-mL solution
containing monopotassium a-ketoglutarate (22 g, I20
mmol), NADP+ (50 pmol), and ethanol (3.3 g, 70 mmol)
was neutralized with NH4OH to pH 8.0-8.2. p-Mercap-
toethanol and PAN-immobilized ADH from L. mesen-
teroides (90 units based on NADP+, 1 mL of gel), AIdDH
(92 units based on NADP*, 25 mL of gel) and glutamic
dehydrogenase (GluDH, 180 units, 1 mL of gel) were
added. The reaction was conducted at pH 8.2 and was
complete in 2 days. The decanted solution was concen-
trated to - 100 mL, adjusted to pH 6.5, and treated with
ethanol (80 mL) until the solution became turbid. A
crystalline solid (20 g) containing 97 % of monopotassium
r-glutamate (104 mmol, 86% yield) was obtained after
cooling. The TN and residual activities were as follows:
NADP+, 24A0 82%); GluDH, 1 x 10? \89%); ADH, 2 x
r07 (86%); AldDH, 1 x 106 (86%).

The operation of the redox system using NAD+ as co-
factor and methanol as ultimate reducing agent is illus-

trated by a preparation of l- lactate. A 600-mL solution
containing potassium pvruvate (15 g, I20 mmol) ,  NAD+
(10 pmol), yeast ADH (30 units, 15 mL of gel, activity
based on methanol as substrate), AIdDH (34 units, 6 mL
of gel, activity based on formaldehyde as substrate), FDH
(30 units, L2 mL of gel), and I-LDH (50 units, 0.5 mL of
gel) was deoxygenated with Ar, followed by addition of
methanol (1.5% v:v, 0.3 M) and mercaptoethanol (f inal
concentration, 4 mM). The pH of the reaction mixture
was controlled at 8.0-8.2. After 4 days, l- lactate was
isolated as its zinc salt (16.2 g,94% purity,8670 yield,92To
ee). The TN and residual activities were as follows:
NAD+, 1200 (90%); FDH, 3.2 x 105 (88%); ADH, 3 x 105
(828o);  AldDH, g x 105 (86Vo);  I , -LDH, 1.8 x I07 (96%).

The most important feature of these preparations is the
use of ratios of AIdDH IADHI(FDH) such that the first
step (formation of aldehyde) is the slow step. This protocol
insures that the aldehyde concentration in the reactor
remains as low as possible and protects the enzymes from
deactivation.

The advantages and disadvantages of these systems are
listed in Table II. The balance of these characteristics
is that these systems are potentially more economical for
nicotinamide cofactor regeneration in connection with
large-scale synthesis than most others but are somewhat
less convenient for  laboratory-scale (-0.1-10 mol)
syntheses than those based on glucose 6-phosphate;r or
formate.2 We note that it should be relatively straight-
forward by recombinant DNA techniques to produce
microorganisms having high contents of the two or three
enzymes required in these schemes in the correct ratios
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for optimum performance. The use of immobilized whole
organisms of this type, or of crude extracts from them,
would be the most efficient method for preparation of the
required enzymatic activities.

Registry No. NADH, 58-68-4; NAD+, 53-84-9; NADPH, 53-5?-6;
NADP+, 53-59-8; ADH, 9031-72-5; AldDH, 9028-88-0; FDH, 9028-
85-7; ethanol, 64-17-5: methanol. 67-56-1.
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