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ABSTRACT 

The regeneration of nicotinamide-adenine dinucleotide (reduced 
form, NADH) by the reaction of NAD with hydrogen gas was carried 
out in the presence of the hydrogenase from Alcaligenes eutrophus. 
And the formations of alcohol, CO2, and 6-phospho-gluconate were 
observed by a combination of the above system and corresponding 
dehydrogenases. NADH was regenerated by hydrogen gas with the 
hydrogenase and recycled in these reactions. 

Index Entries: Hydrogenase; alcohol dehydrogenase; formate 
dehydrogenase; 6-phospho-gluconate dehydrogenase; NAD; hydro- 
genation. 

INTRODUCTION 

Some photochemical (1-3), electrochemical (4-7), and enzymatic 
(7-9) systems for nicotinamide-adenine dinucleotide (phosphate) (reduced 
form, NAD(P)H) regeneration have been reported, as shown in Scheme 1. 

*Author to whom all correspondence and reprint requests should be addressed. 
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I. Electrochemical Method 

e- MV2+~ X /,--~NAD(P)H 

%< l I 
MV + J ~ NAD (P) 

2. Photochemical Method 

Dix>< h~ 
S + 

NAD �9 s _MV2+*-. x , , ~  IP)H >< 
MV + NAD ( P ) 

3. Enzymatic Method 

2H +~ 

MV2+ f NAD(P)H 

MV + NAD ( P ) 

El: Ferredoxin NADP reductase; E2: Hydrogenase from D. vulgaris. 

Among these systems, enzymatic systems are of great advantage to 
produce compounds with a high optical purity and the simplicity of the 
systems. When the hydrogenase from Alcaligenes eutrophus was used, 
NAD was directly reduced by hydrogen gas and no mediator, such as 
methyl viologen, was needed. In this study, the hydrogenase from A. 
eutrophus was used for the regeneration of NADH from NAD, with hy- 
drogen gas as a reducing agent; ketone hydrogenation was tried by a 
combination of the system, with alcohol dehydrogenase (ALDH), as 
shown in the following scheme. 

H2-.,, F .AD ,-.,, d ,  alcohol 
I ~y~ro~enasel I~.I 

2H +~/ ~ NADH// ~ ketone 
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MATERIALS AND PROCEDURES 

The hydrogenase from A. eutrophus was partly purified according to 
the literature (10). The activity (1 U) of hydrogenase used was to reduce 1 
#mol NAD for 1 min in the system containing hydrogenase and NAD 
(2.01 x 10 -4 tool dm -3) in 4.0 mL of a 5.0 x 10 -3 tool dm -3 Tris-HCL buffer 
(pH 8.0) under 300 torr hydrogen pressure at 30~ ALDH from Thermo- 
anaerobium brockii and other enzymes were obtained from Sigma Co, St. 
Louis, MO. 

The sample solution, which consisted of hydrogenase, NAD, ALDH, 
and ketone (if included) in a Tris-HC1 buffer (pH 8.0), was deaerated by 
repeated freeze-pump-thaw cycles. The reaction was carried out at 30~ 
by the introduction of hydrogen gas into the above system. 

Ketones and alcohols were analyzed by gas chromatography with a 3 
m long column of PEG 6000 at 80~ by using nitrogen as a carrier gas. The 
electronic spectra were measured using a Shimadzu MPS 5000 spectro- 
meter, and the concentration of NADH was determined from the absor- 
bance at 340 nm. 

RESULTS AND DISCUSSION 

Reduction of NAD by Hydrogen 
When hydrogen gas was introduced to a system containing hydro- 

genase and NAD, the spectrum of the solution changed with reaction 
time, and the characteristic absorption band of the reduced form of NAD 
was observed at 340 nm, as shown in Fig. 1. The NADH concentration 
increased linearly with the reaction time at low NAD conversion. When 
4.04x 10 -4 mol dm -3 NAD was used, the conversion of NAD after 20 min 
was 49.5%. The initial reduction rate of NAD by hydrogen strongly de- 
pended on NAD concentration and hydrogen pressure. Especially at low 
pressure of hydrogen, the rate was proportional to hydrogen pressure. 

Reduction of Ketone by Hydrogen 
Since NAD is reduced by hydrogen with the hydrogenase, the hydro- 

genation of ketones to alcohols could be accomplished by adding ALDH 
to the above system. The hydrogenation of some ketones were tried. As 
ketones, 2-butanone, 2-pentanone, 2-hexanone, and cyclohexanone were 
used. All the ketones were hydrogenated, the corresponding alcohols were 
formed, and no byproducts were observed. Table 1 shows time depen- 
dence of alcohol formation. Alcohol formed almost linearly with reaction 
time, and then the formation rate decreased. Table I also shows the turn- 
over number of NAD against alcohol after 12 h reaction. The results show 
that NAD recycled catalytically in the system, and ketones were easily 
hydrogenated by hydrogen gas with the combination of hydrogenase and 
alcohol dehydrogenase. 
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Fig. 1. Time dependence of the spectrum change of the solution con- 
raining NAD (2.0x10 -4 mol dm -3) and hydrogenase (4 U) in the presence of 
hydrogen (320 torr). 

Table 1 
Time Dependence of Alcohol Formation a 

Reaction time/h 
Product, 

Reactant 10 -3 mol dm -3 2 4 8 12 Turnover number 

2-Butanone 2-Butanol 3.10 6.78 9.83 10.0 10 
2-Pentanone 2-Pentanol 0.89 1.56 3.94 4.78 8 
2-Hexanone 2-Hexanol 1.39 3.44 6.00 7.72 8 
Cyclohexanone Cyclohexonal 1.83 3.72 6.67 8.44 5 

a The sample solution (7.0 mL) contains hydrogenase (18 U), NAD (1.0 x 10- 3 mol dm- 3), 
2 3 ALDH (5 U), and ketone (1.25 x 10- mol dm- ). The reaction was carried out under a 

hydrogen atmosphere (340 torr) at 30~ 

Other Hydrogenation Reactions 

When  formate dehydrogenase or 6-phospho-gluconate dehydrogenase  
(6-PGDH) was used instead of ALDH, the corresponding hydrogenat ion  
proceeded by hydrogen  gas. 

H2 + CO2---* H C O O H  

H2 + CO2 + Ribulose 5-Phosphate -,, 6-phospho-gluconate 

Figure 2 shows the time dependence  of formic acid formation with the 
combination of hydrogenase  and formate dehydrogenase .  In this reac- 
t'ion, mixed gases of H2 and CO2 were  introduced.  Figure 3 shows the time 
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Fig. 2. Time dependence of formic acid formation. The sample solution 
(7.0 mL) contains hydrogenase (6.8 U), NAD (1.0 x 10 -3 mol din-3), and formate 
dehydrogenase (3.0 U). The reaction was carried out under a hydrogen (314 torr) 
and CO2 (215 torr) atmosphere at 30~ 
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Fig. 3. Time dependence of 6-phospho-gluconate formation. The sample 
solution (7.0 mL) contains hydrogenase (18 U), NAD (4.09x 10 -3 mol dm-3), 6- 
PGDH (10 U), and ribulose 5-phosphate (1.0 x 10 -2 mol dm-3). The reaction was 
carried out under a hydrogen (340 torr) and CO2 (215 torr) atmosphere at 30 ~ 
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dependence of 6-phospho-gluconate formation with the combination of 
hydrogenase and 6-PGDH. In this case, mixed gases of H2 and CO2 also 
were used. From the above results, hydrogenations by hydrogen gas with 
the combination of hydrogenase and corresponding dehydrogenase were 
accomplished. 
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