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Abstract:

Industrial enzyme catalytic reactions for the production of
useful optically active compounds have been developed. The
first example is a unique process for the production ofpb-p-
hydroxyphenylglycine (D-HPG) from b,L-5-p-hydroxyphenyl-
hydantoin. This process involves two immobilized enzyme
processes, hydantoinase antil-carbamoyl-b-amino acid ami-
dohydrolase (DCase). A thermophilic bacterium producing
thermostable hydantoinase and a mesophilic bacterium produc-
ing DCase were isolated, and the thermostability of the latter
enzyme was improved by a protein-engineering technique. Both
enzymes could be reused in long-term repeated batch reactions
as immobilized enzymes for industrial production. The second
example is an enzymatic reduction system for the production
of optically active alcohols from the corresponding carbonyl
compounds. Effective production of ethyl §)-4-chloro-3-hy-
droxybutyrate was achieved with high productivity (350 g/L,
>99% ee) by constructing the recombinantEscherichia coli
overproducing both carbonyl reductase (S1) and the cofactor-
regenerating enzyme, glucose dehydrogenase. We also found
various types of reducing enzyme that are useful for the
production of various compounds.

1. Introduction

Optically active compounds such as chiral amino acids
and alcohols have been widely recognized as important
synthetic intermediates for pharmaceuti¢di®r the prepara-
tion of these chemicals, biocatalysts have proven to be a
useful tool. Enzymatic reactions can typically be carried out
in aqueous medium at ambient temperature under atmo-
spheric pressure, and high selectivity has been observed i
the reactions, especially enantio- and regioselectivities.
Further, the introduction of new biotechnologies such as
protein engineering and recombinant DNA techniques have
led us to develop a “super enzyme” reaction system, which
enables highly efficient enzymatic reactions applicable to the
industrial production of useful chemicals.

We have succeeded in establishing several enzyme
technologieg, which have been used for the industrial
production of intermediates of optically active pharmaceu-
ticals. Among the technologies, we describe here the
establishment of a bioreactor system foramino acid
production, and an enzymatic reduction system for optically
active alcohols.
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2. Application of a Bioreactor for bp-Amino Acid
Production

D-Amino acids have become increasingly important in the
pharmaceutical field as intermediates or chiral synthons for
the preparation g8-lactam antibiotics, physiologically active
peptides, pyrethroids, and the like. We have established an
economical and efficient production process feamino
acids using microbial hydantoinase (Schemé 1. this
processp,L-5-substituted hydantoin can be quantitatively
transformed into the corresponding optically actixe
carbamoylp-amino acids by dynamic kinetic resolutianp-
Hydroxyphenylglycine (D-HPG), which is used as the side
chain of semisynthetic penicillins and cephalosporins, has
been produced by this process. Amam@mino acids, the
highest demand is for D-HPG, and several thousand metric
tons of it have been produced per year. First, we developed
a hydantoinase process involving hydrolysis of the corre-
sponding hydantoin with microbial cells and chemical
decarbamoylation. At present, this process has been improved
and has become a bioreactor system involving two-step
reactions with immobilized enzymes, i.e., hydantoinase and
N-carbamoyl-amino acid amidohydrolase (DCadephis
unique process has the advantage of low production costs
and reduced waste.

In this section, we describe the development of the
bioreactor system, especially noting the improvement of
DCase stability during long-term usage as an immobilized
enzyme by means of a molecular engineering technique using
a directed evolution methad”

As shown in Scheme 1, the hydantoinase reaction, which
guantitatively converto,L-5-substituted hydantoin tiN-

rl“,arbamoyla—p—hydroxyphenylglycine, is the first step in the

newly established bioreactor system for the production of
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Org. Chem.1987, 33. (c) Takahashi, S. IBncyclopedia of Bioprocess
Technology: Fermentation, Biocatalysis and Bioseparatiditkinger, M.

C., Drew, S. W, Eds.; John Wiley & Sons: New York, 1999; p 1963. (d)
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Scheme 1. p-Amino acid production process
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D-HPG. The hydantoinase of thermophilic microorganisms Table 1. Thermostability analysis of mutant DCase3

that had been isolated from a soil sample and had been used |ocation of substituted thermostable
in the cell reaction process for the production of D-HPG mutation amino acid temperature (°C)
has high stability and activity. Because of the high stability _
of the enzyme, it can be reused in long-term repeated batch >/ HiS Pe'[; g;'g
reactions as an immobilized enzyme for the bioreactor 203 Pro Lele 68.0
process. Sef 66.5

The second step in the bioreactor is the DCase reaction, Ala? 67.7
which involves decarbamoylation ®f-carbamoyk-p-hy- éﬁ:ﬁ %'8
droxyphenylglycine. We first tried to obtain DCase-produc- Hisd 65.2
ing microorganisms from natural sources for the substitution lled 67.2
of chemical decarbamoylation to the enzymatic reaction. Thr 67.5
Agrobacteriumsp. strain KNK712, which effectively pro- 236 val g‘"ac /14

. . ef 72.0

duces DCase, was then isolated from a soil sarfipléie Thrd 69.5
DCase fromAgrobacteriumwas found to have high specific wild-type - 61.8
activity and broad substrate specificity towaecarbamoyl-
p-amino acids, includingN-carbamoyl-D-HPG. The ther- 2The mutagenized DCase genes were analyzed, and the amino acid

bili £ th h | ith i substitutions resulting from the mutations were deduéd&@efined as the
mostability of the enzyme, however, was low, with ItS  temperature of heat treatment for 10 min that caused a decrease in DCase activity

remaining activity after treatment at 6C for 20 min being ~ 9f 50%.¢Obtained by random mutagenesis using A9H-HCl or NaNG.
Iy 5054 d Obtained by site-directed substitutions using saturation mutagenesis.
on 0.

For the practical use of the DCase as an immobilized (g4ction. From approximately 34,000 colonies, we found 16
enzyme, both high reactivity toward-carbamoyl-D-HPG  ¢|gnes that had high thermostability and showed no reduction
and high stab|l|ty_are required. Wg therefore tried to improve ¢ activity in crude extract. From the sequence analysis of
the thermostability ofAgrobacteriumDCase by means of  he DCase genes, it became apparent that the increase in

i i -7 . . .

directed evolutiort.” The DCase gene from thégrobac-  thermostability was caused by an amino acid change of the
teriumsp. strain KNK712 was cloned and was overexpressed 57ih amino acid from His to Tyr, the 203rd amino acid from
in Escherichia colicells;?i.e., the DCase accounted for 50% prq to Ser or Leu. or the 236th amino acid from Val to Ala.
of the soluble prote'in in 'the.cells. Next, the 'DCase gene WasThe thermostable temperature, which was a parameter of
randomly mutagenized in vitro; then selection of the DCase hermostability and was defined as the temperature that
was performed, which improved its thermostabififyThe caused a 50% decrease in DCase activity following heat
screening was carried out by means of a high-throughput yreatment for 10 min, was 61 for the wild-type DCase.
method, i.e., a colorimetric colony assay method, by which g 3 result of the mutation, the thermostable temperature of
colonies of the remaining DCase activity after heat treatment ., tant DCases His57Tyr, Pro203Leu, Pro203Ser, and
(65 °C, 5 min) could be detected on the basis of the y/a236Ala increased to 67.3, 68.0, 66.5, and 71G
generation of coloring matter by the enzymatic coupling respectively (Table 13.

(5) (@) Ikenaka, Y.: Nanba, H.: Yajima, K.. Yamada, Y. Takano, M.: Next, to obtain more thermostable mutant DCases, we
Takahashi, SBiosci. Biotechnol. Biochen1998,62, 1668. (b) Ikenaka, carried out saturation mutagenesis. In addition to the known
glot“éiﬂggl HE;;OYC?(L?E’S)};.B; \égmfg;‘é Y.; Takano, M.; TakahashBiBsci. amino acid changes mentioned above, the following changes

(6) Ikenaka, Y.; Nanba, H.; Yajima, K.; Yamada, Y.: Takano, M.; Takahashi, at e€ach site were found to increase the thermostability: the
S. Biosci. Biotechnol. Biocheni999,63, 91. o 57th His was changed to Leu; the 203rd Pro to Ala, Asn,

(7) (a) Nanba, H.; Takahashi, Seibutsu-kogaku kaisti999, 77, 433. (b) Glu, His, lle, or Thr; and the 236th Val to Ser or Thr (Table

Takahashi, S.; Nanba, H.; Ikenaka, Y.; Yajima, Mippon Nogeikagaku . . .
Kaishi 2000, 74, 961. 1) 3 Further, we constructed multiple mutants with combina-
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Table 2. Comparison of the properties of the wild-type and mutant DCases

mutant DCase

wild-type DCase (His57Tyr/Pro203Glu/Val236Ala)

Vmax (umol-min-t-mg-t. C-D-HP®) 9.0 7.6

Km (MM-pH7-C-D-HPG) 0.89 1.3
optimum pH 7.0 6.4

pH stability 6.5-7.5 6.0—8.0
optimum temperature (°C) 65 75
thermostable temperatiir€C) 61.8 80.8
substrate specificity C-D-AAc C-D-AAc

aC-D-HPG representhl-carbamoylp-p-hydroxyphenylglycine® Defined as the temperature of heat treatment for 10 min which caused a decrease in the DCase
activity of 50%.¢ C-D-AA representdN-carbamoylp-amino acid, and shows that these enzymes react onlyNviterbamoyle-amino acids as substrates, and do not
react withL-form substrates and-form substrates with otheéd-substituted groups, such bisacetyl- orN-formyl-p-amino acids.

Table 3. Properities of COBE-reducing enzymes inCandida magnoliae

S1 S3 S4 R
nativeM2 77,000 67,000 86,000 33,000
subunitM, 32,000 30,000 29,000 35,000
number of subunits 2 2 2 1
family SDR SDR SDR aldo-keto reductase
cofactor NADPH NADPH NADPH NADPH
optimum pH 55 6.0 7.0
optimum temperature 55°C 50 °C 50 °C 40°C
stereoselectivity for COBE >99% ee for (S) 52% ee for (S) 51% ee for (S) > 99% ee for (R)
aMolecular weight? Short-chain alcohol dehydrogenase/reductase.
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4 Figure 2. Operation of immobilized DCase (mutant 455M) in
e the plant. The yield (%) of the reaction (a) and the specific
activity (units/g) of immobilized DCase (H) are expressed.
Addition of immobilized DCase is expressed by arrows.
higher pH regions, and maintained sufficient activity for
O 1 I

practical use (Table 2). On the basis of the determination

of the crystal structure of the wild-type DCase at a 1.7 A

resolution? we were able to explain the thermostable

properties such as hydrophobic interactions, relaxation of the

strain energy of the peptide backbone, and the release in the

strain of the side-chain conformation.

Immobilization of the DCase mutant 455M, which is

highly produced by the recombinaBt coli? was carried

out by adsorbing a macroporous phenol formaldehyde resin
d With tertiary amine as a functional group, followed by cross-
linking with glutaraldehydé® When immobilized enzyme
was repeatedly used in batch reactions, the thermostable
DCase showed improved stability and was practically ap-

20 40 60

Temperature CC)

Figure 1. Effects of temperature on the stability of the mutant
enzymes. The remaining activities of the wild-type DCase
(s++x=++), His57Tyr (—W—), Pro203Leu (--A--+), Val236Ala
(—a—), and His57Tyr/Pro203Glu/Val236Ala (—O—) are ex-
pressed as a percentage of the activity of each nonheated
enzyme.

tions of two or three thermostability-related amino aci
substitutions. The resulting mutant DCases showed a cumu
lative increase in thermostability by the accumulation of the
individual mutations. The most thermostable enzyme,

His57Tyr/Pro203Glu/Val236Ala, which had three amino acid
substitutions, showed an increase of approximately@9
in the thermostable temperature (80@, mutant 455M in
Figure 1). It also showed increased stability in the lower and

(8) Nakai, T.; Hasegawa, T.; Yamashita, E.; Yamamoto, M.; Kumasaka, T.;
Ueki, T.; Nanba, H.; Ikenaka, Y.; Takahashi, S.; Sato, M.; Tsukihara, T.
Structure2000, 8, 729.

(9) Nanba, H.; Ikenaka, Y.; Yamada, Y; Yajima, K; Takano, M.; Takahashi,
S.J. Biosci. Bioeng1999,87, 149.
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Scheme 2. Enzymatic reduction system for §)-CHBE
production by recombinant E. coli coproducing carbonyl
reductase and glucose dehydrogenase

OH
Glucose NADP* Cl COOEt
Y Y CHBE
| |
o
Gluconolactone NADPH + H' cl \)]\/COOEt
COBE
Aqueous phase Organic phase

plicable to the production af-amino acidg2 Immobilized

DCase has been used as a bhioreactor system together with

immobilized hydantoinase for the commercial production of
D-HPG, and more than 700 long-term repeated batch
reactions have been realized (Figure’2This bioreactor

process has enabled an improvement of the reaction and

purification yields, and a reduction in byproducts and waste.
As a result, both production costs and the environmental
burden have been reduced.

3. Enzymatic Reduction System

The asymmetric reduction of prochiral carbonyl com-
pounds is an attractive methodology for synthesizing opti-
cally active alcohols. Many trials have been carried out to
develop effective methodologies in the fields of both organic
chemistry and biological chemistry. Regarding biological
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Figure 3. Asymmetric reduction of ethyl 4-chloro-3-oxobu-
tanoate byEscherichia colitransformant in a water/solvent, two-
phase system. The upper figures show the structures of two
plasmid vectors for the construction of the recombinantE. coli
coproducing carbonyl reductase S1 and glucose dehydrogenase.
The lower figure shows the time course of the asymmetric
reduction of ethyl 4-chloro-3-oxobutanoate by using the recom-
binant cells harboring each plasmid vector. The experimental

reduction, there have been numerous reports of using Baker'sconditions were previously described® Dashed lines indicate

yeast as a catalyst, but whole microbial cells such as
Baker's yeast are used primarily in the laboratory. There are
two main obstacles to achieving effective enzymatic reduc-

the concentration of COBE, and full lines indicate the concen-
tration of CHBE. Symbols: (O) E. coli HB101/pNTGS1; (@)
E. coli HB101/pNTS1G.

tion. The first is insufficient stereoselectivity, mainly because Table 4. Enantioselective reduction of alkyl 3-oxobutanoate
the microorganisms have some reducing enzymes that have®y carbonyl reductase S1

different levels of stereoselectivity. The other is the supply
of the reduced form of the coenzyme. Many reducing
enzymes require NADH (reduced nicotinamide adenine
dinucleotide) or NADPH (reduced nicotinamide adenine

dinucleotide phosphate) as hydrogen donors. These are

expensive and not industrially available. The oxidized forms
of the coenzymes, NAD and NADF", are industrially
available, but still expensive for practical use. Therefore, the
enzymatic regeneration of the reduced coenzyme from a
catalytic amount of oxidized coenzyme is effective. However,
in the whole cell reaction, it is difficult to control a coenzyme
supplement system because the cell is a “black box.”

(10) (a) Nanba, H.; Ikenaka, Y.; Yamada, Y.; Yajima, K.; Takano, M.; Ohkubo,
K; Hiraishi, Y.; Yamada, K.; Takahashi, 8iosci. Biotechnol. Biochem.
1998, 62, 1839. (b) Nanba, H.; lkenaka, Y.; Yamada, Y.; Yajima, K.;
Takano, M.; Ohkubo, K; Hiraishi, Y.; Yamada, K.; TakahashiJSMol.
Catal., B: Enzym1999,6, 257.

(11) (a) Chin-Joe, I.; Straathof, A. J. J.; Pronk, J. K.; Jongejan, J. A.; Heijnen,
J. J.Biotechnol. Bioeng2001, 75, 29. (b) D'Arrigo, P.; Pedrocchi-Fantoni,
G.; Servi, SAdv. Appl. Microbiol.1997,44, 81. (c) Kometani, T.; Yoshii,
H.; Kitatsuji, E.; Nishimura, H.; Matsuno, R. Ferment. Technoll993,
76, 33. (d) Csuk, R.; Glanzer, B.Chem. Rez1991,91, 49. (e) Nakamura,
K.; Kawali, Y.; Nakajima, N.; Ohno, AJ. Org. Chem1991,56, 4778. (f)
Ward, O. P.; Young, C. SEnzyme Microb. Technol990,12, 482. (g)
Shieh, W. R.; Gopalan, A. S.; Sih, C. J. Am. Chem. Sod 985, 107,
2993. (h) Zhou, B.; Gopalan, A. S.; VanMiddlesworth, F.; Shieh, W. R.;
Sih, C. J.J. Am. Chem. S0d.983,105, 5925.
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o OH
R1\/U\/COOR2 T R4 COOR,
as
relative
Ry R, activity (%) % ed
Cl CH,CHs 100 >99
Br CH,CH; 72 >99S
CH,CH3 16 >99S
Cl (CH,)7,CH3 4 >909S
N3 CH,CHs 0 N.T.C
CeHsCHO CH,CH3 21 21S
HO CH,CHj3 80 >99S
H CH,CH;3 7 >99R
H C(CHy)s 0 N.T.
CH3CH;, CH,CHs 0.5 N.T.

aThe substrate specificity of carbonyl reductase S1 was measured as the
enzyme activity for each substrate. The assay condition was previously
described? P The reaction mixture, comprising 25 mL of broth B$cherichia
coli HB101/pNTS1G, 10 mmol of substrate, 10 mmol of glucose, 3.2 mg of
NADP*, 25 mg of Triton X-100, and 25 mL afi-butyl acetate, was stirred at
30 °C for 20 h.¢ Not tested.

We therefore tried to construct an “enzymatic reduction
system” for the industrial production of various kinds of
optically active alcohols. In this section, we describe the
establishment of the enzymatic reduction system and its



Table 5. Reductase library for asymmetric reductions

Enzyme Source Cofactor Product
Carbonyl Candida magnoliae NADPH
reductase

OH
x _J._coor

Alcohol Candida maris NADH -
dehydrogenase E\/'\‘/ @\‘/

OH
Carbonyl Micrococcus luteus NADPH HO
reductase Q

0

Glycerol Serratia marcescens NADH
dehydrogenase \/'\/
Carbonyl Rhodotorula glutinis NADPH
reductase var. dairenensis \©/'\/
X\/\/COOR
Carbonyl Devosia riboflavina NADH OH HO,,
reductase \@/v Q

applications, i.e., finding tough and highly efficient reduc- an NADPH-dependent aldehyde reductase (R) reduces COBE
tases and overproducing two enzymes, a carbonyl reductaséo optically pure R)-CHBE. We focused on the reductase
and a cofactor regeneration enzyme, in the senwli cells S1 because of its high stereoselectivity. For the regeneration
by use of recombinant DNA techniques. of coenzyme, two dehydrogenases, formate dehydrogenase
Optically active ethyl 4-chloro-3-hydroxybutyrate (CHBE) and glucose dehydrogenase, are well-kndWirormate
is a useful building block. An asymmetric reduction of ethyl dehydrogenase oxidizes formate to carbon dioxide with
4-chloro-3-oxobutyrate (COBE) is the most economical way NADT* reduction, and glucose dehydrogenase oxidizes glu-
of synthesizing CHBE. Shimizu et al. have reported that the cose to gluconolactone, which is spontaneously converted
combination of an aldehyde reductase frBporobolomyces  to gluconic acid with NAD(P) reduction. For the effective
salmonicolorand a coenzyme-regenerating system containing regeneration of coenzyme, we constructed a recombmBant
glucose dehydrogenase allows the accumulation of 300 g/Lcoli that overproduced both carbonyl reductase S1 from
of (R)-CHBE!? On the other hand, some whole cells of Candida magnolia@nd glucose dehydrogenase fr&acil-
microorganisms@Geotrichum candiduf and Zygosaccha- lussp. (Scheme 2). In the water/organic solvent system, 350
romyces rouxii* were found to produce 5 g/L and 13 g/L  g/L of (S)-CHBE accumulated in the organic phase, with
of (9-CHBE, respectively. The whole cells @andida 85% molar yield (Figure 3). In the aqueous mono-phase
magnoliae which we discovered from the screening experi- system, 208 g/L of (BCHBE was accumulated by continu-
ment, produced 90 g/L of§-CHBE with 96.6% eé® ous feeding of COBE, which is unstable in water. The
Candida magnoliaéhas at least four COBE-reducing en- calculated turnover number of NADRo CHBE was 21,600
zymes, S1, S3, S4, and R (Table!8NADPH-dependent  mol/mol in this case. The optical purity of the formed (S)-
carbonyl reductases (S1, S3, and S4) reduce COBB)to ( CHBE was>99% ee'® The product can be easily extracted
CHBE (>99% ee, 52% ee, and 51% ee, respectively), andwith organic solvent from the reaction mixture. The recom-
binantE. coliwas also a useful catalyst for the synthesis of
various optically active 3-hydroxyacid ester derivatives

(12) Shimizu, S.; Kataoka, M.; Kita, KJ. Mol. Catal., B: Enzym1998,5,

321.
(13) Hallinan, K. O.; Crout, D. H. G.; Hunt, J. R.; Carter, A. S.; Dalton, H.; (Table 4)?9
%ugrrell J. C.; Holt, R. A.; Crosby, JBiocatal. Biotransform1995,12, Further, we obtained the mutant reductase S1, which
(14) Patel, R. N.; McMamee, C. G.; Banerjee, A.; Howell, J. M; Robinson, R. modified the cofactor specificity and which was applied to
S.; Szarka, L. JEnzyme Microb. Technol992,14, 731. the asymmetric reduction of COBE t&){CHBE in co-

(15) Yasohara, Y.; Kizaki, N.; Hasegawa, J.; Takahashi, S.; Wada, M.; Kataoka,
M.; Shimizu, S.Appl. Microbiol. Biotechnol1999,51, 847.
(16) Wada, M.; Kawabata, H.; Yoshizumi, A.; Kataoka, M.; Nakamori, S.;

operating with the NADH regeneration system of formate

Yasohara, Y.; Kizaki, N.; Hasegawa, J.; ShimizuJ) SBiosci. Bioeng1999 (18) Kizaki, N.; Yasohara, Y.; Hasegawa, J.; Wada, M.; Kataoka, M. Shimizu,
87, 144. S. Appl. Microbiol. Biotechnol2001,55, 590.

(17) Chenault, H. K. IrEnzymatic Catalysis in Organic Synthedizrauz, K., (19) Yasohara, Y.; Kizaki, N.; Hasegawa, J.; Wada, M.; Kataoka, M.; Shimizu,
Waldmann, H., Eds.; VCH: Weinheim, 1995; Vol. 2, pp 596—600. S. Tetrahedron: Asymmetr001,12, 1713.
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Table 6. Stereoselectivity of AFPDH for various carbonyl
compounds

Substrate Product Optical purity
of the product (% ee)”
OH
= =
Sy o 99.7 (R)
N
OH
=
N I >99.9 (R)
OH
N =
S | >99.9 (R)
CH
OH
\©)y ¢l \@/\/ X 99.8(S)
O OH
>99.9 (S)
x _J__coor X COOR
O OH
>999 (R
M __coor X _coor ®

aThe reaction mixture comprising 0.5 unit of AFPDH, 0.05 mmol of substrate,
20 mg of glucose, 0.5 mg of NAQ and 4 units of commercial glucose
dehydrogenase in a total volume of 1 mL, 100 mM of potassium phosphate
buffer (pH 6.5), was stirred at 30C for 17 h.

dehydrogenage and formate, by a rational design method
based on the three-dimensional structure of the prété.

resolution of cheap racemic alcohol can be carried out by
using this enzyme. Carbonyl reductase fr&hodotorula
glutinis can reduce the phenacyl halide derivatives to the
corresponding chiral halohydrin derivatives, which can be
easily converted to chiral styrene oxide derivati¥eBoth
isomers of 3-pyrrolodinol derivatives can be prepared by
choosing the enzyme between the reductase fidioro-
coccus luteusnd the reductase fromewvosia riboflavina.

The enzymatic reduction system is a powerful tool for
the synthesis of optically active hydroxyl compounds. But,
in general, the substrate specificity of a reducing enzyme is
not very broad, which limits the application. We could solve
this problem by making various types of useful enzymes and
constructing the recombinari. coli that coproduces the
reductase and the coenzyme-regenerating enzyme as a
biocatalyst for industrial preparation of various kinds of
useful chiral alcohols.

4. Conclusion

Historically, industrial production of D-HPG has been
accomplished by the use of the classical optical resolution
method. In 1979, we established the hydantoinase process,
which involves microbial hydrolysis of 5-substituted hydan-
toins and chemical decarbamoylation, in collaboration with
H. Yamada and his colleagues. Since then, we have made
continuous efforts to improve the process and have created
an efficient bioreactor system. A thermostable hydantoinase
from a thermophilic bacterium and a DCase from a meso-
philic bacterium were obtained from natural sources, and the
thermostability of the DCase was highly improved by a
molecular engineering technique. Both enzymes could be
reused in long-term repeated batch reactions as immobilized
enzymes. We consider the bioreactor system to be the most
economical method for producing D-HPG,; it is also more

The formate dehydrogenase system utilizes a more benignenvironmentally friendly and saves resources in comparison
reaction because its product is cleaner than that of glucosewith the conventional method.

dehydrogenase.

Our second goal was to establish an enzymatic reduction

Regarding the enzymatic reduction system, an effective System, i.e., a general methodology for the production of
recombinant biocatalyst can be prepared by replacing theoptically active alcohols. We developed a process &) (

carbonyl reductase S1 gene with the other desired carbonylCHBE coupled with COBE reductase and GDH as the
reductase gene. We have an enzyme library of some originalregenerating enzyme of NADPH in collaboration with

reductases that can be used for the production of variousShimizu and his colleagues. One of the points of this study
kinds of important chiral alcohols (Table 5). For example, a was to find an enzyme with high tolerance to a substrate
novel NADH-dependent alcohol dehydrogenase fi@an- and product, and with high stereoselectivity, and another was
dida maris (AFPDH) has broad substrate specificity and to construct an effective system with a reductase and an
excellent stereoselectivity toward various carbonyl com- effective cofactor regeneration enzyme. As a result, we

pounds (Table 63 In addition to the asymmetric reduction

achieved high productivity ofS)-CHBE (350 g/L,>99%

of ketones, this alcohol dehydrogenase can also catalyze th&e). Since the industrial production &)¢CHBE began, we
stereoselective oxidation of alcohols. Therefore, the optical have searched for and found various types of reducing
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enzymes for industrial application to produce a variety of
useful compounds.

We have described herein some of the remarkable abilities
of enzymes and noted examples of the application of the
“super enzymes” in the chemical industry.
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