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Abstract: In the synthesis of fine chemicals, bio-
transformations have been recognized as useful
methods and applied for large-scale manufacturing.
Especially, the recent development of recombinant
DNA technology has greatly expanded the whole mi-
crobial cell processes for manufacturing fine chemi-
cals. The whole-cell approaches have been applied
not only to single conversion process but also to bio-
transformations requiring cofactor regeneration,
such as reductions with NADH or NADPH and phos-
phorylations with ATP. The whole microbial cell
conversion process with cofactor regeneration en-
ables the production of complicated compounds,
such as sugar nucleotides and oligosaccharides, on
an industrial scale.
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1 Introduction

In the synthesis of fine chemicals, biotransforma-
tions have been recognized as useful methods and
applied for large-scale manufacturing during the
past century, because enzymes are excellent cata-
lysts with rigid regio- and stereospecificities under
mild conditions. Many enzymes are used for the
syntheses of various compounds, and some of them
are immobilized and used repeatedly without de-
creasing the activities.!'! As isolations of enzymes
are laborious procedures, whole-cell reactions with-
out isolating enzymes have been developed since the
1950’s.1?! Baker’s yeast is the most popular microor-
ganism for biocatalysis.’! Other microorganisms
such as Rhodobacter sphaeroides,”"! Rhodococcus
rhodocurous,® Fusarium oxysporum,[ﬁ] Psudomonas
putida!” were also utilized. However, bioconversions
using whole cells as ‘bags of enzymes’ have some
drawbacks, 1) weakness of the enzymatic activities,
2) permeability of the substrate or the product, 3) in-
hibition of the cell growth by the substrate or the
product, 4) degradation of the substrate or product
by cellular activity, 5) difficulties of isolation and
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purification from the reaction mixture. Recently,
many approaches for the whole-cell conversion have
been investigated, and some of them are applied to
industrial production.®

Among the enzymatic conversions, there are the re-
actions requiring cofactors such as reductions with
NADH or NADPH and phosphorylations with ATP. For
the efficient utilization of the cofactors, various cofac-
tor regeneration systems have been devel-
oped."1%11-121 The most popular regeneration of
NADH was carried out by dehydrogenases, and these
include the use of baker’s yeast (Saccharomyces cere-
visiae) as a catalyst. Although 8. cerevisiae has been
widely used for the supply of reducing power, it is
rather difficult to freely combine it with the desired
reactions. Recent genetic engineering technologies
have made it possible to construct a strain with the
capability for cofactor regeneration by introducing
heterologous genes.!'3!

In this review, we focus on bioconversion processes
with cofactor regeneration, especially those using
whole-cells of genetically engineered bacteria.
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2 NAD(P)H Regeneration

There are many enzymatic reactions including hy-
drolysis (ester, amide, epoxide, nitrile), esterification,
reduction, oxidation, carbon-carbon bond formation,
and so on."’! Reactions catalyzed by oxido-reductases
requiring a nicotinamide coenzyme NAD(P)H have
been used in various fields, and to circumvent the
high cost and instability of the coenzyme, the recy-
cling of NAD(P)H has been intensively investigated
and well developed. Formate dehydrogenase, as the
NADH regeneration system, has been used for the
production of (R)-2-pentanol,™* deoxyfructose 6-
phosphate,[15] alcohols,'%!7l p_amino acids,'® and
L-amino acids.!"%?%?! To retain the cofactor in the re-
action mixture, a representative method was devel-
oped using polymer-bound NADH, which had two ad-
vantages, the increase in molecular size and the
improvement of stability.''>?? Sorbitol®? and xyli-
tol?* were produced by using negatively charged
membranes, which were able to retain NAD(P)H in
the reaction mixture. An alternative approach such
as microcapsules was also investigated.*"!
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Figure 1. Microbial conversions with cofactor regeneration.
(a) Hexanol production with baker’s yeast. (b) (11)-CHBE
production with recombinant E. coli; GDH: glucose dehy-
drogenase, AR: aldehyde reductase. (c¢) (R)-1,3-Butanediol
production with recombinant E. coli; CpSADH: secondary al-
cohol dehydrogenase. (d) L-Amino acid production with re-
combinant E. coli; FDH: formate dehydrogenase, AADH: L-
amino acid dehydrogenase. (e) p-Amino acid production
with recombinant E. coli; L-AlaDH: vr-alanine dehydrogen-
ase, AlaR: alanine racemase, DAAT: pD-amino acid amino-
transferase.  (f) Hydromorphone production with
recombinant E. coli; MDH: morphine dehydrogenase, STH:
soluble pyridine nucleotide transhydrogenase, MR: morphi-
none reductase.
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The whole cells of baker’s yeast, Saccharomyces
cerevisiae, have been used as a cofactor regenera-
tion system,!'?! and it was demonstrated that even
in the solid/gas system, acetaldehyde and hexanol
We[gg] produced in the gas phase (Figure 1, reaction
a).

Recently, Escherichia coli cells expressing the het-
erologous NAD'-dependent dehydrogenase were
constructed and used for biotransformations with
NAD(P)H regeneration. Ethyl (R)-4-chloro-3-hydro-
xybutanoate [(/1)-CHBE] is a promising chiral build-
ing block for the chemical synthesis of various useful
compounds. The asymmetric reduction of ethyl 4-
chloro-3-oxobutanoate (COBE) to (R)-CHBE was
achieved by using recombinant E. coli overexpres-
sing the aldehyde reductase gene from Sporobolo-
myces salmonicolor and the glucose dehydrogenase
(GDH) gene from Bacillus megaterium as a catalyst
(Figure 1, reaction b).[*’! (R)-CHBE was formed at
268 g/1. (94.1% yield; 91.7% ee) in an organic sol-
vent-water two-phase system. To produce (R)-1,3-bu-
tanediol, which is also an important chiral synthon for
the synthesis of various optically active compounds,
the (8)-1,3-BDO dehydrogenase gene (CpSADH) was
cloned from Candida parapsilosis and overexpressed
in E. coli (Figure 1, reaction c).”® (R)-1,5-BDO was
produced at an amount of 47.4 g/I. (94.7% yield;
93.5% ee). This recombinant FE. coli expressing
CpSADH also produced ethyl (R)-4-chloro-3-hydroxy-
butanoate from ethyl 4-chloro-3-oxobutanoate with
isopropanol (36.6 g/L, 99% ee).

The synthesis of optically active amino acids has
been extensively studied. L-Amino acids (L-leucine,
L-valine, rL-methionine, 1-alanine, L-phenylalanine,
L-tyrosine, etc.) were produced from o-keto acids
with E. coli cells overexpressing heterologous genes
of thermostable 1-amino acid dehydrogenases
(AADH), such as leucine dehydrogenase (LeuDH)
from Bacillus sphaericus, alanine dehydrogenase
(AlaDH) from Bacillus stearothermophilus, and for-
mate dehydrogenase (FDH) from Candida boidinii
with only an intracellular pool of NAD* for the regen-
eration of NADH (Figure 1, reaction d).*°! p-Amino
acids (p-glutamate, p-leucine, p-methionine, D-va-
line, etc.) were also produced from a-keto acids with
E. coli cells overexpressing thermostable heterolo-
gous genes of b-amino acid aminotransferase (DAAT)
such as alanine racemase (AlaR), L-alanine dehydro-
genase, and FDH (Figure 1, reaction e).*”! The solu-
ble pyridine nucleotide transhydrogenase (STH) of
Pseudomonas fluorescenes was overexpressed in
E. coli and applied for regeneration of both NADH
and NADP in the production of the important semi-
synthetic opiate drug hydromorphone (Figure 1, re-
action f).1%"!
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5 ATP Regeneration

The development of an efficient and economical ATP
regeneration system is also indispensable for the
synthesis of many bioactive compounds. Several ATP
regeneration systems using isolated enzymes or
whole cells have been published as shown in Fig-
ure 2. The reaction catalyzed by acetate kinase re-
quires acetyl phosphate as the phosphorylating agent,
which is very easily prepared and stable in solution
(Figure 2, reaction a).[1’51] Pyruvate kinase, a key en-
zyme of the glycolytic pathway of bacteria, catalyzes
pyruvate release from phosphoenol pyruvate (PEP),
along with its major synthetic product ATP (Figure 2,
reaction b).’?! Polyphosphate kinase catalyzes the
phosphorylation of not only of ATP but also other nu-
cleoside diphosphates (NDPs) using polyphosphate
[(P),] as a phosphoryl donor, yielding nucleoside tri-
phosphates (NTPs) (Figure 2, reaction c)./*!

On the other hand, a whole-cell ATP regeneration
process has been reported by using yeast®* and Cor-
ynebacterium ammoniagenes (Figure 2, reactions d
and e).%% In yeast, several treatments (freeze-drying,
addition of solvent of surfactant, etc.) are required to
permeabilize the cells. The yeast system was well stu-
died and many high-energy compounds, such as ATP
(GTP, CTP, UTP), deoxy-ATP (dGTP, dCTP, dTTP),
UDP-Gle, UDP-Gal, UDP-GlcNA¢, GDP-Man, CDP-
choline, glucosamine 6-phosphate, were successfully
produced using glucose as an energy source.!>*!

(@) Acetyl phosphaté /~ ADP Product
Acetate kinase I
Acetate ATP Substrate
(b) PEP ADP Product
Pyruvate kinase“ l
Pyr ATP Substrate
(©) (P)n ADP Product
Polyphosphate kinase x ‘
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(d) R ‘
Glucose | X ADP X i Product
EthanoH+CO2 :\ ______ ATP 7\ ' Substrate
Yeast
(€) Glucose :"- . XI-)i’ ----- \: Product
cor )( [ i
H20 4.2 _ATP /N gubstrate
Acids C. ammoniagenes

Figure 2. ATP regeneration processes.
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Another system using C. ammoniagenes has been
also studied and applied for large-scale production.
Some examples of the production system with C. am-
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Figure 3. Whole-cell processes with ATP regeneration. (a)
ATP production from adenine by C. ammoniagenes cells.
(b) GMP production from XMP; GS: GMP synthetase. (c)
IMP production from inosine; GIKase: inosine kinase. (d)
CDP-choline production from orotic acid and choline; CS:
CTP synthetase, CK: choline kinase, CPC: choline phosphate
cytidylyltransferase. (e) UDP-Gal production from orotic
acid and galactose; galK: galactokinase, galU: glucose 1-
phosphate uridyltransferase, galT: galactose 1-phosphate
uridyltransferase.
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moniagenes and recombinant E. coli are shown in Fig-
ure 3. Reaction a of Figure 3 is the basic ATP production
scheme with C. ammoniagenes.” In this reaction,
adenine is a precursor of AMP and glucose is used hoth
as a starting material for phosphoribosyl pyrophos-
phate (PRPP) and an energy source. A solvent and sur-
factant are added for permeabilizing the cells. ATP for-
mation lasted for 13 h and 37 g/L of ATP were produced
(yield of adenine to ATP was approximately 82%).[55].
Reactions b - e in Figure 3 show examples of the reac-
tions with the combination of C. ammoniagene cells
and recombinant E. coli cells. In these examples, C.
ammoniagenes cells contribute to ATP regeneration,
and recombinant E. coli cells contribute to the cataly-
sis. GMP synthetase, encoded by guaA in E. coli, cata-
lyzes the glutamine- or NH;-dependent synthesis of 5’-
guanylic acid (GMP) and it requires ATP as a cofactor.
GMP was produced by the coupling of C. ammonia-
genes cells and recombinant E. coli cells overexpres-
sing the guaA gene. Both cells are treated with organic
solvent and surfactant to permeabilize the cells. After
23 h, 70 g/L (85% yield) of GMP were produced from
5’-xanthylic acid (XMP) (Figure 3, reaction b).®/ When
the gene for inosine kinase instead of GMP synthetase
was expressed in E. coli, IMP was produced from ino-
sine and glucose (Figure 3, reaction c).1"!

Cytidine diphosphate choline (CDP-choline) is an
important intermediate in the biosynthesis of phos-
pholipids such as lecithin, and is used as a drug for
brain injuries. Through the combination of C. ammo-
niagenes and recombinant E. coli overexpressing
CDP-choline biosynthetic genes (CTP synthetase, cho-
line kinase, and choline phosphate cytidylyltransfer-
ase), CDP-choline was efficiently produced from orotic
acid, choline, and glucose (11 g/L, 23 h) (Figure 3, re-
action d).[58] In the same manner, UDP-Gal, which is
the substrate of galactosyltransferases, was efficiently
produced from galactose and orotic acid by using
C. ammoniagenes and recombinant E. coli overexpres-
sing UDP-Gal biosynthetic genes (Figure 3, reaction
e). In this case, 44 g/L of UDP-Gal accumulated after
a 21 h reaction.®® Similarly, 17 g/L of CMP-NeuAc
were produced after a 27 h reaction starting with oro-
tic acid and NeuAc through the coupling of recombi-
nant FE. coli cells overexpressing the genes of CMP-
NeuAc synthetase and CTP synthetase, and C. ammo-
niagenes."*1 18 g/1. of GDP-Fuc were produced after a
22 h reaction starting with GMP and mannose through
the coupling of recombinant E. coli cells overexpres-
sing the GDP-Fuc biosynthetic genes.!*!!

4 NTP Regeneration System
Recently, applications of oligosaccharides as pharma-
ceuticals in the fields of the prevention of infections

by pathogens or viruses, neutralization of toxins, and
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immunotherapy for cancer have been widely recog-
nized.*?! Therefore, numerous methods for oligosac-
charide synthesis have been developed.*’ Among
these methods, glycosyltransferases are recognized
as good tools for oligosaccharides synthesis because
of their rigid regio- and stereospecificities. The glyco-
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Figure 4. Whole-cell processes with NTP regeneration. (a)
Globotriose (Galal—4GalB1—4Glc) production from orotic
acid, galactose, and lactose. (b) 3’-Sialyllactose (Neu
Aco2—3Galp1—4Glc) production from orotic acid, NV-acetyl-
neuraminic acid, and lactose; neuA: CMP-NeuAc synthetase.
(¢) Lewis X [Galp1—4(Fucal—3)GlcNAc| production from
GMP, mannose, and N-acetyllactosamine; glk: glucokinase,
manB: phosphomannomutase, manC: mannose 1-phos-
phate guanylyltransferase, gmd: GDP-mannose dehydra-
tase, wcaG: GDP-4-keto-6-deoxymannose epimerase/
reductase.
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syltransferase requires a sugar nucleotide as sub-
strate, and an excellent sugar nucleotide recycling
system with several isolated enzymes, which is pro-
moted by an ATP regeneration system, has been re-
ported."" A similar concept was also applied for the
production of 3’-phosphoadenosine 5’-phosphosul-
fate (PAPS).1*5!

Recently, many approaches have been conducted to
produce oligosaccharides through whole-cell pro-
cesses."%! Especially, by the combination of recombi-
nant E. coli and C. ammoniagenes, a system for oligo-
saccharides production that could be applied to the
industrial manufacture was successfully constructed.
By coupling recombinant E. coli overexpressing the
al—4 galactosyltransferase gene from Neisseria go-
norrhoeae and the UDP-Gal production system, glo-
botriose (Galol—4Galp1—4Glc) accumulated to
188 g/L for 36 h from orotic acid, galactose and lac-
tose (Figure 4, reaction a).*°! Globotriose was pro-
duced seven times more efficiently than UDP-Gal
and it was supposed that UDP-Gal was recycled with-
in the system via UTP and UDP. In the same manner,
by the combination of CMP-NeuAc production system
and E. coli overexpressing the 02—3 sialyliransferase
of N. gonorrhoeae, 33 g/L. of 3’-sialyllactose (NeuA-
co2—3Galp1—4Glc) were produced after 11 h start-
ing with orotic acid, NeuAc, and lactose (Figure 4, re-
action b).I*”! Through coupling of the GDP-Fuc
production system and E. coli overexpressing the
al—3 fucosyltransferase of Helicobacter pylori, 21 g/
L of Lewis X [Galp1—4(Fucol—3)GlcNAc] were pro-
duced after 11 h starting with GMP, mannose, and /V-
acetyllactosamine (Figure 4, reaction c).!*!!

5 Conclusion

The whole-cell approaches for the production of fine
chemicals are attractive methods with high yields,
time- and cost-effectiveness, and simple operations.
Recent recombinant DNA technologies will also pro-
mote the usage of whole-cell approaches. Although
several purification steps are required after the
whole-cell reaction, improvement of the purification
process, such as the utilization of simulating moving
bed systems,!*”! will contribute to the efficient isola-
tion. Progress in microbial genetics and microbial
genome research will make it easier to use bacteria
as enzyme sources and make it possible to design
new biotransformation processes.*s!
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