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ABSTRACT

The present invention provides a method for synthesizing
NAD or NADH in an enzyme reaction system requiring
NAD or NADH so as to supplement NAD lost due to
thermal decomposition in the enzyme reaction system, and
a transformant set for coenzyme production used in the
method. That is, the present invention relates to a method for
producing a coenzyme including performing synthesis of
NAD or NADH in an enzyme reaction system requiring
NAD or NADH by adding one or more thermostable
enzymes required for a reaction for synthesizing NAD from
nicotinamide, to the enzyme reaction system, and a transformant set for coenzyme production including one or more
transformants into which one or more genes encoding thermostable enzymes required for a reaction for synthesizing
NAD or NADH from nicotinamide are introduced by using
a non-thermostable microorganism as a host.
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METHOD FOR PRODUCING COENZYME
AND TRANSFORMANT SET FOR
COENZYME PRODUCTION
TECHNICAL FIELD
10001] The present invention relates to a method for
synthesizing NAD or NADH from decomposition products
of NAD in an enzyme reaction system requiring NAD or
NADH, and a transformant set for producing NAD or
NADH used in the method.
10002] Priority is claimed on Japanese Patent Application
No. 2015-33843, filed on Feb. 24, 2015, the content of
which is incorporated herein by reference.
BACKGROUND ART
10003] In accordance with the recent development in the
technology of gene modification, a method for producing a
useful organic compound by using a microorganism as a
reaction system in a synthesis reaction and using a metabolic
pathway that the microorganism has is being used also for
industrial mass production. Furthermore, in order to synthesize an organic compound more efficiently, attempts have
been made to artificially construct a synthesis pathway
(artificial metabolic system) specific to a substance production by modularizing a plurality of metabolic enzymes in
advance and combining the enzymes arbitrarily, without
modification of a metabolic pathway of a living microorganism. It has been reported that with a method using the
artificial metabolic system, for example, lactic acid, malic
acid, 1-butanol, and the like can be selectively produced at
high yield from glucose and glycerol (for example, refer to
NPL 1).
10004] It is possible to easily provide a metabolic enzyme
modularized to be used(enzyme module) with a low cost by
allowing a transformant in which a gene encoding the
metabolic enzyme is introduced into a microorganism, to
produce the metabolic enzyme. Among the enzymes, it is
preferable to use a thermostable enzyme as the enzyme
module from the viewpoint that the thermostable enzyme
excels in physical and chemical stability and is suitable for
industrial use. As a method for producing the thermostable
enzyme by microorganisms,for example, a method in which
a transformant in which a gene encoding a target thermostable enzyme is introduced into non-thermostable acid-fast
bacteria is cultured to produce the thermostable enzyme in
the transformant, and then the cultured transformants are
heat treated, and thereby the thermostable enzyme immobilized in the dead sterilized bodies of the transformant is
obtained is disclosed (for example, refer to PTL 1). In the
method, because proteins derived from the acid-fast bacterium which is the host are all deactivated and only the target
thermostable enzyme is immobilized in the dead sterilized
bodies of the transformant in a state of maintaining the
activity, there is an advantage that a side reaction caused by
the enzyme derived from the host does not occur even in a
case of adding the dead sterilized bodies in the reaction
system as they are.
CITATION LIST
Patent Literature
10005] [PTL 1] Japanese Unexamined Patent Application,
First Publication No. 2011-160778
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Non-Patent Literature
10006] [NPL 1] Krutsakorn, et al., Metabolic Engineering,
2013, vol. 20, p. 84 to 91.
SUMMARY OF INVENTION
Technical Problem
10007] According to the method using the artificial metabolic system, it is possible to utilize the advantage of the
enzyme reaction that excels in substrate specificity and
stereoselectivity of a compound and that can be synthesized
a target organic compound under relatively mild conditions,
and to more efficiently produce an organic compound which
was difficult to produce through organic synthesis. However,
the method is poor in terms of stability in a reaction for a
long period of time, and an amount of the target organic
compound obtained as the result has not yet met the level of
industrial mass production. This results from thermal
decomposition of coenzymes required for the enzyme reaction, particularly NAD and NADH which are redox coenzymes, not from a problem in stability of an enzyme module
used. In order to stably synthesize a target organic compound for a long period of time, it is necessary to appropriately supplement NAD and NADH which are reduced
due to thermal decomposition, from outside the reaction
system, but NAD and the like are relatively expensive and
this is why there is no progress in industrial use of the
method using the artificial metabolic system.
10008] The main purpose of the present invention is to
provide a method for synthesizing NAD or NADH in an
enzyme reaction system in order to supplement NAD or
NADH lost due to thermal decomposition in the enzyme
reaction system requiring NAD or NADH, and a transformant set for producing NAD or NADH used in the method.
Solution to Problem
10009] As a result of intensive research, the inventors of
the present invention have constructed an artificial metabolic
pathway for salvage synthesis of NAD from nicotinamide
which is a thermal decomposition product of NAD (NAD
artificial synthesis pathway)and an artificial metabolic pathway for salvage synthesis of NADH from nicotinamide
(NADH artificial synthesis pathway), and have found that an
enzyme reaction system requiring NAD or NADH can be
supplemented with NAD or NADH lost due to thermal
decomposition more inexpensively by adding metabolic
enzymes required for the NAD artificial synthesis pathway
or for the NADH artificial synthesis pathway to the enzyme
reaction system so that NAD or NADH is synthesized in
the enzyme reaction system, not by externally adding NAD
or NADH directly, and therefore have completed the present
invention.
10010] That is, a method for producing a coenzyme, and a
transformant set for coenzyme production according to the
present invention are the following [1] to [18].
10011] [1] A method for producing a coenzyme, including
performing synthesis of NAD in an enzyme reaction system requiring NAD by adding one or more thermostable
enzymes required for a reaction for synthesizing NAD from
ADP-ribose and nicotinamide, to the enzyme reaction system.
10012] [2] The method for producing a coenzyme according to [1], in which the thermostable enzymes required for
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a reaction for synthesizing NAD are nicotinamidase, nicotinate phosphoribosyltransferase, nicotinate-nucleotide
adenylyltransferase, NAD synthase, ADP-ribose pyrophosphatase, and ribose-phosphate pyrophosphokinase.
10013] [3] A method for producing a coenzyme, including
performing synthesis of NADH in an enzyme reaction
system requiring NADH by adding one or more thermostable enzymes required for a reaction for synthesizing
NADH from ADP-ribose and nicotinamide, to the enzyme
reaction system.
10014] [4] The method for producing a coenzyme according to [3], in which the thermostable enzymes required for
a reaction for synthesizing NADH are nicotinamidase, nicotinate phosphoribosyltransferase, nicotinate-nucleotide
adenylyltransferase, NAD synthase, ADP-ribose pyrophosphatase, ribose-phosphate pyrophosphokinase, and oxidoreductase that catalyzes a reaction for synthesizing
NADH from NAD.
10015] [5] The method for producing a coenzyme according to [4], in which the oxidoreductase is dehydrogenase
with sugar, alcohol, or organic acid as a substrate.
10016] [6] The method for producing a coenzyme according to any one of [1] to [5], further including performing
synthesis of ATP in the enzyme reaction system by adding
one or more thermostable enzymes required for a reaction
for synthesizing ATP from AMP or ADP, to the enzyme
reaction system.
10017] [7] The method for producing a coenzyme according to [6], in which the thermostable enzymes required for
a reaction for synthesizing ATP are adenylate kinase and
polyphosphate kinase.
10018] [8] The method for producing a coenzyme according to any one of [1] to [7], in which the thermostable
enzyme is synthesized by an expression system of a nonthermostable microorganism.
10019] [9] The method for producing a coenzyme according to any one of [1] to [8], in which the thermostable
enzyme is synthesized by a transformant into which a gene
encoding the thermostable enzyme is introduced by using a
non-thermostable microorganism as a host.
10020] [10] The method for producing a coenzyme according to [9], in which a heat treated product of microbial cells
obtained by culturing the transformant is added to the
enzyme reaction system.
10021] [11] The method for producing a coenzyme according to any one of[8] to [10], in which the non-thermostable
microorganism is E. co/i.
10022] [12] A transformant set for coenzyme production,
including one or more transformants into which one or more
genes encoding thermostable enzymes required for a reaction for synthesizing NAD or NADH from ADP-ribose and
nicotinamide are introduced by using a non-thermostable
microorganism as a host.
10023] [13] The transformant set for coenzyme production
according to [12], in which the thermostable enzymes are
nicotinamidase, nicotinate phosphoribosyltransferase, nicotinate-nucleotide adenylyltransferase, NAD synthase,
ADP-ribose pyrophosphatase, and ribose-phosphate pyrophosphokinase.
10024] [14] The transformant set for coenzyme production
according to [12], in which the thermostable enzymes are
nicotinamidase, nicotinate phosphoribosyltransferase, nicotinate-nucleotide adenylyltransferase, NAD synthase,
ADP-ribose pyrophosphatase, ribose-phosphate pyrophos-

phokinase, and oxidoreductase that catalyzes a reaction for
synthesizing NADH from NAD.
10025] [15] The transformant set for coenzyme production
according to any one of [12] to [14], further including one
or more transformants into which one or more genes encoding thermostable enzymes required for a reaction for synthesizing ATP from AMP or ADP are introduced by using a
non-thermostable microorganism as a host.
10026] [16] The transformant set for coenzyme production
according to any one of [12] to [15], in which one type of
genes encoding the thermostable enzymes is introduced into
one transformant.
10027] [17] The transformant set for coenzyme production
according to any one of [12] to [16], in which the nonthermostable microorganism is E. co/i.
10028] [18] The transformant set for coenzyme production
according to any one of[12] to [17], in which the transformant is heat treated.
Advantageous Effects of Invention
10029] By using a method for producing a coenzyme
according to the present invention, it is possible to stably
perform a target enzyme reaction system using an enzyme
essentially requiring NAD or NADH as a coenzyme, which
are likely to be lost due to thermal decomposition, for a long
period of time, even without externally adding expensive
NAD or NADH after the start of the enzyme reaction.
10030] In addition, by using a transformant set for coenzyme production according to the present invention, the
method for producing a coenzyme can be carried out more
easily.
BRIEF DESCRIPTION OF DRAWINGS
10031] FIG. 1 is a diagram showing an aspect of a NAD
salvage synthesis pathway having ADP-ribose and nicotinamide as a starting raw material.
10032] FIG. 2 is a diagram showing an aspect ofthe NAD
salvage synthesis pathway having nicotinamide as a starting
raw material.
10033] FIG. 3 is a diagram showing an aspect of an ATP
synthesis pathway.
10034] FIG. 4 is a diagram showing a thermal decomposition reaction of NAD in Reference Example 1.
10035] FIG. 5 is a diagram showing a change in NAD,
nicotinamide, and ADP-ribose in the thermal decomposition
reaction of NAD over time in Reference Example 1.
10036] FIG. 6 is a diagram showing an activity value of
TtNAPRT (a relative activity value in a case where the
activity in a reaction solution not containing NAD is set as
100%)under the presence of NAD having a concentration
shown in a horizontal axis in Example 1.
10037] FIG. 7 is a diagram showing a change in a concentration ofNAD in a reaction solution over time in a case
where the reaction solution containing NAD and thermostable enzymes required for the NAD salvage synthesis
pathway and the ATP synthesis pathway is incubated at 60°
C. in Example 1.
10038] FIG. 8 is a diagram showing a change in a concentration ofNAD in a reaction solution over time in a case
where the reaction solution containing NAD and thermostable enzymes required for the NAD salvage synthesis
pathway and the ATP synthesis pathway is incubated at 60°
C. in Example 2.
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10039] FIG. 9 is a diagram showing a change in a concentration of NADH in a reaction solution over time in a
case where the reaction solution containing NADH and
thermostable enzymes required for the NADH salvage synthesis pathway and the ATP synthesis pathway is incubated
at 600 C. in Example 3.
DESCRIPTION OF EMBODIMENTS
10040] A method for producing a coenzyme according to
the present invention includes performing salvage synthesis
of NAD or NADH in an enzyme reaction system requiring
NAD or NADH by adding one or more thermostable
enzymes required for a reaction for synthesizing NAD or
NADH from nicotinamide, to the enzyme reaction system.
The method for producing a coenzyme according to the
present invention may be used for the enzyme reaction
system requiring both NAD and NADH.Among the methods for producing a coenzyme according to the present
invention, a method for performing salvage synthesis of
NAD by adding one or more thermostable enzymes
required for a reaction for synthesizing NAD, to the
enzyme reaction system requiring NAD is called "a method
for producing NAD".Among the methods for producing a
coenzyme according to the present invention, a method for
performing salvage synthesis of NADH by adding one or
more thermostable enzymes required for a reaction for
synthesizing NADH, to the enzyme reaction system requiring NADH is called "a method for producing NADH".
NAD or NADH is synthesized from nicotinamide which is
a thermal decomposition product of NAD or NADH in the
enzyme reaction system requiring NAD or NADH. This
makes it possible to supplement NAD or NADH lost due to
thermal decomposition in the system, even without externally adding NAD or NADH directly and to stably synthesize an organic compound that is a target product of the
enzyme reaction system for a long period of time.
10041] In the method for producing NAD according to
the present invention,"the enzyme reaction system requiring
NAD" means a reaction system that is an extracellular
reaction system (so-called in vitro reaction system) and that
includes an enzyme reaction by an enzyme requiring NAD
as a coenzyme. The enzyme reaction system may be a
reaction system consisting ofonly one step enzyme reaction,
and may be a reaction system consisting of two or more
steps enzyme reaction. In a case of the enzyme reaction
system consisting of two or more steps enzyme reaction, at
least one step may be the enzyme reaction by the enzyme
requiring NAD as a coenzyme. In addition, the enzyme
requiring NAD as a coenzyme is not particularly limited
and can be appropriately determined based on a target
organic compound and a reaction pathway.
10042] In the method for producing NADH according to
the present invention,"the enzyme reaction system requiring
NADH" means a reaction system that is an extracellular
reaction system (so-called in vitro reaction system) and that
includes an enzyme reaction by an enzyme requiring NADH
as a coenzyme. The enzyme reaction system may be a
reaction system consisting ofonly one step enzyme reaction,
and may be a reaction system consisting of two or more
steps enzyme reaction. In a case of the enzyme reaction
system consisting of two or more steps enzyme reaction, at
least one step may be the enzyme reaction by the enzyme
requiring NADH as a coenzyme. In addition, the enzyme
requiring NADH as a coenzyme is also not particularly
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limited and can be appropriately determined based on a
target organic compound and a reaction pathway.
10043] In the method for producing a coenzyme according
to the present invention, as the enzyme reaction system
requiring NAD or NADH, a reaction system performed in
neutral to alkaline environments is preferable, a reaction
system performed in an alkalescent environment in which
pH is 7.6 to 9.0 is more preferable, and a reaction system
performed in an alkalescent environment in which pH is 7.8
to 8.5 is further more preferable. In a case where pH of the
reaction system is neutral to alkaline, main thermal decomposition products of NAD or NADH are nicotinamide and
ADP-ribose, and this is because NAD and NADH can be
efficiently resynthesized by the method for producing a
coenzyme according to the present invention.
10044] A target organic compound synthesized by the
enzyme reaction system requiring NAD or NADH is not
particularly limited. Organic compounds such as lactic acid,
malic acid, n-butanol and the like, which are useful as a raw
material for chemically synthesized products, medicines,
cosmetics, foods and beverages, are preferable.
10045] In the method for producing NAD according to
the present invention, "a reaction for synthesizing NAD
from nicotinamide" means an enzyme reaction in which
NAD is synthesized last through an enzyme reaction of one
or more steps with nicotinamide as a substrate. Hereinafter,
the reaction is referred to as a "NAD salvage synthesis
pathway" in some cases. The NAD salvage synthesis
pathway may be a natural metabolic pathway inherent in any
living organisms, may be a pathway in which the natural
metabolic pathway is appropriately modified, and may be a
metabolic pathway synthesized artificially.
10046] Specific examples of the NAD salvage synthesis
pathway include a pathway having ADP-ribose and nicotinamide as a starting raw material and using a nicotinamidase
(NAase), a nicotinate phosphoribosyltransferase (NAPRT),
a nicotinate-nucleotide adenylyltransferase (NMAT), a
NAD synthase (NADS), an ADP-ribose pyrophosphatase
(ADPRP), and a ribose-phosphate pyrophosphokinase
(RPK), as shown in FIG. 1. Ribose-5-phosphate is synthesized by the ADP-ribose pyrophosphatase with the ADPribose as a substrate, and phosphoribosyl pyrophosphate
(PRPP) is synthesized by the ribose-phosphate pyrophosphokinase with the ribose-5-phosphate as a substrate. Aside
from this, a nicotinic acid is synthesized by the nicotinamidase with the nicotinamide as a substrate. Nicotinic acid
mononucleotide (NaMN) is synthesized by the nicotinate
phosphoribosyltransferase with a nicotinic acid and phosphoribosyl pyrophosphate as a substrate, and deamino
NAD is synthesized by nicotinate-nucleotide adenylyltransferase from nicotinic acid mononucleotide and ATP.
NAD is synthesized by NAD synthase with this deamino
NAD as a substrate.
10047] Examples of the NAD salvage synthesis pathway
include a pathway having nicotinamide as a starting raw
material and using a NMN nucleosidase and nicotinatenucleotide adenylyltransferase, as shown in FIG. 2. Nicotinamide mononucleotide (NMN) is synthesized by a NMN
nucleosidase from nicotinamide and a phosphorylated ribose
donor such as phosphoribosyl pyrophosphate (PRPP), and
NAD is synthesized by nicotinate-nucleotide adenylyltransferase with nicotinamide mononucleotide as a substrate.
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10048] In the method for producing NADH according to
the present invention, "a reaction for synthesizing NADH
from nicotinamide" means an enzyme reaction in which
NADH is synthesized last through an enzyme reaction of
one or more steps with nicotinamide as a substrate. Hereinafter, the reaction is referred to as a "NADH salvage
synthesis pathway" in some cases. The NADH salvage
synthesis pathway may be a natural metabolic pathway
inherent in any living organisms, may be a pathway in which
the natural metabolic pathway is appropriately modified, and
may be a metabolic pathway synthesized artificially.
10049] NADH is decomposed to NAD through thermal
decomposition, and then decomposed to ADP-ribose and
nicotinamide. As the NADH salvage synthesis pathway, a
reaction pathway on which NADH is synthesized from
ADP-ribose and nicotinamide is preferable. For example, it
is possible to set a pathway in which an oxidoreductase that
catalyzes a reaction for synthesizing NADH from NAD is
added to the NAD salvage synthesis pathway, as the NADH
salvage synthesis pathway.
10050] The reaction for synthesizing NADH from NAD
can be performed by various oxidation reactions with NAD
as the coenzyme. A substrate ofthe oxidation reactions with
NAD as the coenzyme and the oxidoreductase are not
particularly limited. Examples of the oxidoreductase that
catalyzes a reaction for synthesizing NADH from NAD and
that is used in the present invention can include a dehydrogenase with a sugar, an alcohol, or an organic acid as a
substrate. Examples of the dehydrogenase with a sugar as a
substrate include a glucose dehydrogenase (EC. 1.1.1.47), a
glucose-6-phosphate dehydrogenase(EC. 1.1.1.49), a galactose-1-dehydrogenase(EC. 1.1.1.48), a L-arabinose-1-dehydrogenase(EC. 1.1.1.46), a D-xylose-1-dehydrogenase(EC.
1.1.1.175), a glucuronate reductase (EC. 1.1.1.19), and the
like. Examples of the dehydrogenase with an alcohol as a
substrate include an alcohol dehydrogenase (EC. 1.1.1.1), a
glycerol dehydrogenase (EC. 1.1.1.6), a glycerol-3-phosphate dehydrogenase (NAD)(EC. 1.1.1.8) a mannitol-1phosphate-5-dehydrogenase (EC. 1.1.1.17), an inositol-2dehydrogenase (EC. 1.1.1.18), a mannitol-2-dehydrogenase
(EC. 1.1.1.67), and the like. Examples ofthe dehydrogenase
with an organic acid as a substrate include a lactate dehydrogenase (EC. 1.1.1.27 EC. 1.1.1.28), a malate dehydrogenase (EC. 1.1.1.37, EC. 1.1.1.38, EC. 1.1.1.39), an isocitrate dehydrogenase(EC. 1.1.1.41), a tartrate dehydrogenase
(EC. 1.1.1.93), a gluconate-5-dehydrogenase(EC. 1.1.1.69),
a formate dehydrogenase (EC. 1.2.1.2), and the like.
10051] As the oxidoreductase that catalyzes a reaction for
synthesizing NADH from NAD and that is used in the
present invention, it is particularly preferable to use the
glucose dehydrogenase, the formate dehydrogenase, the
alcohol dehydrogenase, or the lactate dehydrogenase
because a substrate thereof is relatively inexpensive. For
example, by adding glucose and glucose dehydrogenase to
the enzyme reaction system in which salvage synthesis of
NADH is performed, NADH is synthesized together with
gluconolactone from salvage-synthesized NAD and glucose by glucose dehydrogenase. Similarly, by adding a
formic acid and a formate dehydrogenase to the enzyme
reaction system in which salvage synthesis of NADH is
performed, NADH is synthesized together with carbon dioxide, and by adding an alcohol and an alcohol dehydrogenase,
NADH is synthesized together with aldehyde, and by adding
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a lactic acid and a lactate dehydrogenase, NADH is synthesized together with a pyruvic acid.
10052] In the method for producing a coenzyme according
to the present invention, as an enzyme required for the
NAD salvage synthesis pathway or the NADH salvage
synthesis pathway, which is added to the enzyme reaction
system requiring NAD or NADH,the thermostable enzyme
is preferable. Because the thermostable enzyme excels in
chemical and thermal stability compared to a non-thermostable enzyme,it is possible to more stably synthesize NAD
or NADH in the enzyme reaction system.
10053] In the present invention and the specification ofthe
present application, "the thermostable enzyme" means an
enzyme that can maintain enzyme activity without denaturation even in a case of being subjected to a heat treatment at
600 C. As the thermostable enzyme added to the enzyme
reaction system requiring NAD,an enzyme that can maintain the enzyme activity and has thermal resistance without
denaturation even in a case of being subjected to a heat
treatment at 70° C. is preferable.
10054] The thermostable enzyme may be a natural enzyme
(enzyme inherent in any living organisms), may be an
enzyme in which a natural enzyme is modified, and may be
an enzyme designed and synthesized artificially. For
example, the natural thermostable enzyme can be isolated
from hyperthermophilic microorganisms or thermophilic
microorganisms. Examples of the hyperthermophilic microorganisms or the thermophilic microorganisms include
microorganisms belonging to Pyrococcus such as Pyrococcus horikoshii, Pyrococcus abyssi, Pyrococcus glycovorans,
Pyrococcusfuriosus, and Pyrococcus wosei; Methanopyrus
such as Methanopyrus kand/eri; Pyro/obus such as Pyro/obusfurnarii; Su/fo/obus such as Su/fo/obus acidoca/darius,
Su/fo/obus is/andicus, Su/fo/obus so/fataricus, and Su/fo/obus tokodaii; Pyrodictiurn such as Pyrodictiurn occu/turn,
Pyrodictiurn abyssi, and Pyrodictiurn brockii; Hypertherrnus
such as Hypertherrnus buty/icus;Pyrobacu/urn such as Pyrobacu/urn aeroph i/urn, Pyrobacu/urn arsenaticurn, and Pyrobacu/urn organotrophurn; Aeropyrurn such as Aeropyrurn
pernix; Therrnococcus such as Therrnococcus profundus,
Therrnococcus kodakarensis, and Therrnococcus garnrnato/erans;Aqufex such as Aqufexpyrophi/us; Therrnotoga such
as Therrnotoga rnaritirna, Therrnotoga naphthoph i/a, Therrnotoga /ettingae, Therrnotoga neapo/itana, and Therrnotoga
petrophi/a; Therrnodesu/fobacteriurn such as Therrnodesu/fobacteriurn cornrnune; Therrnus such as Therrnus therrnophi/us and Therrnus aquaticus; Therrnop/asrna such as Therrnop/asrna acidoph i/urn and Therrnop/asrna vo/caniurn;
Geobaci//us such as Geobaci//us stearotherrnophi/us; Acidi/obus such as Acidi/obus saccharovorans; Su/fo/obus such
as Su/fo/obus so/fataticus, and the like.
10055] In a case of multistep reaction ofthe NAD salvage
synthesis pathway or the NADH salvage synthesis pathway,
a rate of enzyme reaction at each step is determined by a
reaction rate of the enzyme reaction itself and abundance of
the thermostable enzyme in the enzyme reaction system. It
is preferable to add a sufficient amount of each of the
thermostable enzymes used in these synthesis pathways to
the reaction system so that reaction efficiency is not reduced
due to lack of enzyme amount. In particular, it is preferable
that the thermostable enzyme having a relatively slower
reaction rate is added in an amount (unit amount) sufficient
for the reaction system so that the enzyme reaction by the
thermostable enzyme is not rate-limiting. It is also preferable
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to add a sufficient amount thereof to the enzyme reaction
system so that the amount thereof becomes larger than the
abundance of the thermostable enzyme having a relatively
faster reaction rate. By adjusting the abundance of the
thermostable enzyme in the enzyme reaction system with
consideration of a balance with the reaction rate, it is
possible to more quickly and efficiently synthesize NAD or
NADH while suppressing the amount of enzymes. In the
method for producing a coenzyme according to the present
invention, the thermostable enzyme may be added to the
enzyme reaction system before start of the enzyme reaction
for synthesizing a target organic compound of the enzyme
reaction system, and may be added to the enzyme reaction
system after start of the enzyme reaction.
10056] For example, in a case of the NAD salvage
synthesis pathway shown in FIG. 1, it is preferable to add
each of the thermostable enzymes to the enzyme reaction
system such that an abundance ratio (unit ratio) of each of
the thermostable enzymes present in the enzyme reaction
system becomes nicotinate phosphoribosyltransferase=5 to
50, nicotinate-nucleotide adenylyltransferase=10 to 100,
NAD synthase=200 to 600, ADP-ribose pyrophosphatase=1 to 2, and ribose-phosphate pyrophosphokinase=5
to 10, with respect to nicotinamidase=1, and it is more
preferable to add each of the thermostable enzymes to the
enzyme reaction system such that the ratio becomes nicotinamidase:nicotinate phosphoribosyltransferase:nicotinatenucleotide adenylyltransferase:NAD synthase:ADP-ribose
pyrophosphatase:ribose-phosphate pyrophosphokinase=1:
50:75:500:1.2:10.
10057] In the NAD salvage synthesis pathway and the
NADH salvage synthesis pathway, the reaction using ATP is
included. In the method for producing a coenzyme according to the present invention, in addition to the thermostable
enzyme required for the NAD salvage synthesis pathway or
the NADH salvage synthesis pathway, it is preferable to add
the thermostable enzyme required for the reaction of synthesizing ATP (ATP synthesis pathway) to the enzyme
reaction system requiring NAD or NADH. Specific
examples of the ATP synthesis pathway include a pathway
having AMP and ATP as a starting raw material and using
adenylate kinase (ADK) and polyphosphate kinase (PPK),
as shown in FIG. 3. Two molecules of ADP are synthesized
by adenylate kinase from one molecule of AMP and one
molecule ofATP, and from these two molecules ofADP,two
molecules of ATP are synthesized by polyphosphate kinase.
10058] It is possible to produce the thermostable enzyme
required for the NAD salvage synthesis pathway, the thermostable enzyme required for the NADH salvage synthesis
pathway, and the thermostable enzyme required for the ATP
synthesis pathway, which are used in the present invention,
by an expression system using the metabolic system of
microorganisms. The expression system may be an expression system expressed in the transformant in which a gene
encoding the thermostable enzyme (thermostable enzyme
gene) is introduced into a microorganism, and may be a cell
free expression system.
10059] When the thermostable enzyme added to the
enzyme reaction system in the present invention is synthesized in the transformant, the thermostable enzyme
expressed by one transformant may be one, or may be two
or more. In addition, all thermostable enzyme genes required
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for the NAD salvage synthesis pathway or for the NADH
salvage synthesis pathway may be expressed in one transformant.
10060] Isolation ofthe thermostable enzyme gene from the
hyperthermophilic bacteria or the thermophilic bacteria can
be performed according to a known method in this technical
field. Specifically, first, after preparing genomic DNA ofthe
hyperthermophilic microorganisms or of the thermophilic
microorganisms, the genomic DNA is cut with an appropriate restriction enzyme and is linked, by using ligase or the
like, to a plasmid or a phage, which is cut with the same
restriction enzyme or a restriction enzyme that gives a
common cleavage end, and thereby a genomic DNA library
is prepared. Subsequently, using a primer set designed based
on a base sequence of a target thermostable enzyme to be
acquired, it is possible to obtain a target thermostable
enzyme gene by performing PCR with the genomic DNA
library thereof as a template. Alternatively, using a probe
designed based on the base sequence, it is also possible to
obtain a target thermostable enzyme gene by screening the
genomic DNA library thereof The obtained thermostable
enzyme gene may be modified to a codon that is frequently
used in a host cell without changing an amino acid sequence
ofthe thermostable enzyme to be coded. The modification of
the codon can be performed with known technology of
genetic recombination.
10061] The thermostable enzyme gene may be a chimeric
gene in which various tags are attached to a N terminal or a
C terminal. As the tags, for example, it is possible to use a
tag such as His-tag, a HA (hemagglutinin)-tag, a Myc tag,
and a Flag-tag, which are generally used in expression or
purification of a recombinant protein. With the thermostable
enzyme being expressed in a state where a tag is attached
thereto, the purification from the expression system and
measurement of the amount of expression and the like
becomes easy.
10062] The preparation of the transformant in which the
thermostable enzyme gene is introduced into a host cell can
be performed using a known method or a method in which
a known method is modified appropriately. Specifically, for
example, there is a method in which a recombinant vector
containing the gene is obtained by linking the thermostable
enzyme gene to an appropriate vector, and then a host cell
is transformed using the recombinant vector. The transformation of the host cell using the recombinant vector can be
performed according to a known method such as a calcium
chloride method and an electroporation method.
10063] The vector used for introduction of the thermostable enzyme gene is not particularly limited as long as the
vector can be obtained by expressing the thermostable
enzyme in a host cell to be transformed. For example, it is
possible to use a vector such as a plasmid and a phage.
Specific examples thereof include pET11 a, pET21 a, pUC18,
pKK223-3, pBAD, pRCI (Ninh et al., Biotechnology and
Bioengineering, 2015, vol. 112, p. 189-196), pNit-QT2,
pNit-RC2, pTip-QT2, pTip-RC2, and the like. In addition,
the recombinant vector preferably contains a promoter or
other regulatory sequences (for example, an enhancer
sequence and a terminator sequence) for allowing expression of the thermostable enzyme gene in the host cell.
Specific examples ofthe promoter include promoters such as
a T7 promoter, a lambda PR promoter, a PnitA promoter, a
PtipA promoter, a lac promoter, a tac promoter, and a
pBAD/AraC promoter.
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10064] In a case where a plurality of the thermostable
enzymes are required for the NAD salvage synthesis pathway and the NADH salvage synthesis pathway, the promoters regulating the expression of each of the thermostable
enzyme genes may be all the same types, or may be different
types from each other. In a case where the promoters
regulating the expression of each of the thermostable
enzyme genes are not all the same types, as a promoter
regulating the expression of the thermostable enzyme of
having a slow reaction rate and of which an amount of
addition to the enzyme reaction system is relatively large, it
is preferable to use a promoter having high expression
efficiency. As a promoter regulating the expression of the
thermostable enzyme of having a fast reaction rate and of
which an amount of addition to the enzyme reaction system
is relatively small, a promoter having relatively low high
expression efficiency may be used.
10065] In addition, a marker gene may be contained in the
recombinant vector so that the selection oftransformed cells
becomes possible. Examples of the marker gene include a
gene complementing auxotrophy of a host, a gene resistant
to drugs and the like.
10066] The host cell for obtaining the transformant into
which the thermostable enzyme gene is introduced is not
particularly limited, and may be a prokaryotic cell, may be
a eukaryotic single cell, or may be a cell of a eukaryotic
multicellular organism. The cell of a eukaryotic multicellular organism may be a plant cell, or may be an animal cell
such as an insect cell or a mammalian cell. The host cell is
preferably a microorganism because a microorganism is
easy to culture and is suitable for large scale expression.
10067] As the host cell for obtaining the transformant into
which the thermostable enzyme gene is introduced, a nonthermostable microorganism is particularly preferable. In a
case where the thermostable enzyme is expressed in the
transformant with the non-thermostable microorganism as
the host cell, by heat treating the transformant, all proteins
derived from the host cell can be deactivated by thermal
denaturation while maintaining the activity of the thermostable enzyme. Therefore, even in a case where the proteins
derived from the host cell are inserted into the enzyme
reaction system together with the thermostable enzyme,
unintended side reactions can be suppressed. As the nonthermostable microorganism as the host cell, E. co/i; Bacillus such as Bacillus subtilis and Bacillus megaterium;
Pseudomonas such as Pseudomonas putida and Pseudomonasfluorescense; Rhodococcus such as Rhodococcus erythropolis and Rhodococcus opacus; Saccharomyces such as
Saccharomyces cerevisiae; Scizosaccharomyces such as Scizosaccharomyces pombe; Pichia such as Pichia pastoris,
and the like are preferable, and E. coli is particularly
preferable because of high expression efficiency and easy
culturing with a relatively low cost.
10068] The thermostable enzyme added to the enzyme
reaction system of the present invention may be purified,
may be partially purified, and may not be purified. The
purification ofthe thermostable enzyme from the expression
system can be performed with a general method.
10069] Particularly, in a case of synthesizing the thermostable enzyme with the transformant into which the thermostable enzyme gene is introduced by using the non-thermostable microorganism as the host cell, it is possible to add a
heat treated product of the transformant by which the
thermostable enzyme is expressed, to the enzyme reaction
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system as it is. Through the heat treatment, while maintaining the activity of the thermostable enzyme, the proteins
derived from the host cells are deactivated, so that it is
possible to directly add the heat treated product to the
enzyme reaction system without purifying the thermostable
enzyme without unintended side reactions. In addition, the
cellular structure of the transformant, especially the cell
membrane and the cell wall are partially destroyed through
the heat treatment, which leads to the improvement of the
permeability of substances to the inside and the outside of
the transformant. In other words, since a substrate and a
product of the enzyme reaction can permeate the dead
sterilized bodies (the transformant after being subjected to
the heat treatment), even in a case where the thermostable
enzyme in the heat treated product is retained in the dead
sterilized bodies of the transformant, and even in a case of
adding the heat treated product to the enzyme reaction
system as it is, it is possible to perform the enzyme reaction
in the enzyme reaction system by the thermostable enzyme
among the heat treated products. Furthermore, components
such as ADP-ribose, nicotinamide, NAD,NADH,ATP, and
AMP, which are derived from the host cell and contained in
the heat treated product can be used as a raw material for the
enzyme reaction in the enzyme reaction system.
10070] The cell wall of E. coli is relatively easily
destroyed by the heat treatment. Therefore, in a case of a
transformant into which the thermostable enzyme gene is
introduced by using E. coli as the host cell, the thermostable
enzyme in the heat treated product is likely to be leaked from
the dead sterilized bodies rather than retained in the dead
sterilized bodies. In a case of adding the heat treated product
to the enzyme reaction system, the thermostable enzyme
leaked from the dead sterilized bodies is dispersed in the
enzyme reaction system. The efficiency of the enzyme
reaction by the thermostable enzyme is high in the case
where the thermostable enzyme is dispersed in the enzyme
reaction system than the case where the thermostable
enzyme is retained in the dead sterilized bodies. Also from
the viewpoint of the reaction efficiency in the enzyme
reaction system, a non-thermostable microorganism in
which the cell wall thereof is likely to be destroyed by the
heat treatment like E. coli, is preferable as the host cell for
expressing the thermostable enzyme used in the present
invention, than a non-thermostable microorganism in which
the cell wall thereof is unlikely to be destroyed by the heat
treatment.
10071] In the method for producing a coenzyme according
to the present invention, nicotinamide and/or ADP-ribose
which are thermal decomposition products of NAD and/or
NADH originally added as the coenzyme to the enzyme
reaction system can be used as a substrate. Thus, it is
possible to synthesize NAD or NADH without externally
adding nicotinamide or ADP-ribose to the enzyme reaction
system. In addition, only NAD synthesized by the NAD
salvage synthesis pathway may be used in the enzyme
reaction system, by adding only starting raw materials ofthe
NAD salvage synthesis pathway such as nicotinamide to
the enzyme reaction system, without adding any NAD.
Similarly; only NADH synthesized by the NADH salvage
synthesis pathway may be used in the enzyme reaction
system, by adding only starting raw materials of the NADH
salvage synthesis pathway such as nicotinamide to the
enzyme reaction system, without adding any NADH.
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10072] Conditions for the heat treatment of the transformant expressing the thermostable enzyme in the non-thermostable microorganism are not particularly limited as long
as the activity of a target thermostable enzyme is maintained
and the proteins derived from the host cell are deactivated
under the conditions. For example, the heat treatment can be
performed under the conditions that the transformant
expressing the thermostable enzyme is heated at approximately 600 C. to 90° C. for 1 to 30 minutes.
10073] A transformant set for coenzyme production
according to the present invention includes one or more
transformants into which one or more gene encoding thermostable enzymes required for the salvage synthesis pathway of the coenzyme are introduced by using a nonthermostable microorganism as a host. Among the
transformant sets for coenzyme production according to the
present invention, a set including one or more transformants
into which one or more genes encoding thermostable
enzymes required for the NAD salvage synthesis pathway
are introduced by using a non-thermostable microorganism
as a host, is called a transformant set for NAD production.
Similarly, a set including one or more transformants into
which one or more genes encoding thermostable enzymes
required for a NADH salvage synthesis pathway are introduced by using a non-thermostable microorganism as a host,
is called a transformant set for NADH production.
10074] The thermostable enzyme required for the NAD
salvage synthesis pathway is expressed in any of the transformant contained in the transformant set for NAD production. In other words, it is possible to produce every type
of the thermostable enzyme required for the NAD salvage
synthesis pathway by culturing the transformant contained
in the transformant set for NAD production. Similarly, the
thermostable enzyme required for the NADH salvage synthesis pathway is expressed in any of the transformant
contained in the transformant set for NADH production. By
culturing the transformant contained in the transformant set
for NADH production, it is possible to produce every type
of the thermostable enzyme required for the NADH salvage
synthesis pathway.
10075] For example, as shown in FIG. 1, in a case where
the NAD salvage synthesis pathway requires all six types
of the thermostable enzymes such as nicotinamidase, nicotinate phosphoribosyltransferase, nicotinate-nucleotide
adenylyltransferase, NAD synthase, ADP-ribose pyrophosphatase, and ribose-phosphate pyrophosphokinase, the
transformant set for NAD production may be consist ofone
transformant into which all six types of the thermostable
enzyme genes are introduced, and may be consist of six
types ofthe transformants in which the thermostable enzyme
gene are introduced into each of different transformants. In
addition, the set may be consisting of two kinds of the
transformants, that are the transformant into which three
types among the six types ofthe thermostable enzyme genes
are introduced, and the transformant into which three types
of the remainder are introduced.
10076] The transformant set for NAD production and the
transformant set for NADH production may further contain
one or more transformants into which one or more genes
encoding thermostable enzymes required for the ATP synthesis pathway are introduced.
10077] As the transformant contained in the transformant
set for coenzyme production, the transformant described

above can be used, and it is preferable transformants
obtained by using E. co/i as the host cell.
10078] The transformant contained in the transformant set
for coenzyme production may be in a state of glycerol stock
suitable for long term storage, and may be in a state where
colonies are formed on an agar medium. In addition, the
transformant may be in a state of a culture solution (suspension) cultured to some extent in a culture medium, and
may be a transformant in which cultured wet cells are heat
treated.
EXAMPLES
10079] Next, the present invention will be described in
more detail with examples and the like, but the present
invention is not limited by these examples.
10080] <HPLC Analysis>
10081] NAD, ADP-ribose, nicotinamide, nicotinic acid,
nicotinic acid mononucleotide, and deamino NAD were
subjected to quantitative analysis by HPLC using 5C18
AR-Il column (4.6 mm (inner diameter)x250 mm, manufactured by Nacalai Tesque, Inc.). For elution, gradient
elution in which a 50 mM potassium phosphate buffer
solution(pH 6.5) as eluent A, a solution in which 25%(v/v)
methanol and 5 mM sodium 1 -octanesulfonate were dissolved in the same buffer solution as eluent B were used. A
flow rate of the eluent was set to 0.5 mL/min and the eluent
A alone was eluted for 5 minutes from the start of the
elution. After increasing a mixing ratio ofthe eluent B to 0%
to 100% (v/v) during 5 to 11 minutes, the eluent B alone was
further eluted for 6 minutes. A column temperature was kept
at 40° C. and the eluate was monitored at 254 nm.
10082] The quantitative determination of ATP, ADP, and
AMP was carried out by HPLC analysis using a HILIC
column (4.6 mm (inner diameter)x250 mm, manufactured
by Nacalai Tesque, Inc.). As an eluent, a solution in which
20mM potassium phosphate buffer(pH 7.0) and acetonitrile
were mixed in equivalent volume was used and eluted at a
flow rate of 1.0 mL/min. The column temperature was kept
at 40° C. and the eluate was monitored at 254 nm.
Reference Example 1
10083] When one molecule of NAD is pyrolysed, one
molecule of nicotinamide and one molecule of ADP-ribose
are produced (FIG. 4).
10084] A NAD solution with a final concentration of 1
mM was incubated at 70° C. for 3 hours and then subjected
to HPLC analysis using a SC18 AR-Il column, and as a
result, two peaks were observed in addition to NAD.When
compared with the analysis results of various compounds
that are composition units of NAD, it became clear that
nicotinamide and ADP-ribose showed the same retention
time as those peaks. Subsequently,thermal decomposition of
NAD was tracked over time, and it became clear that
nicotinamide and ADP-ribose were stoichiometrically accumulated in accordance with decomposition (FIG. 5). These
results teach that both substances of nicotinamide and ADPribose excelled in thermal stability compared to NAD,and
it was determined that both can be used as a starting
substance for the salvage synthesis.
10085] The decomposition manner shown here agrees with
the findings as an NAD decomposition scheme under
alkaline catalyst proposed in the review by Chenault, et al.
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(Chenault and Whitesides, Applied Biochemistry and Biotechnology, 1987, vol. 14, p. 147-197).
Example 1

10090] TtNMAT in Table 1 is an enzyme that can use not
only nicotinic acid mononucleotide (NaMN) but also nicotinamide mononucleotide(NMN) as a substrate.
10091] <Preparation of Transformant>

10086] <Design of NAD Salvage Synthesis Pathway>
10087] The NAD salvage synthesis pathway with nicotinamide as a starting substance was designed, and two routes
shown in FIGS. 1 and 2 were considered. Regarding six
types of the enzymes required for the NAD salvage synthesis pathway shown in FIG. 1,the enzymes shown in Table
1 were selected from the enzymes derived from the hyperthermophilic microorganisms or the thermophilic microorganisms. In addition, regarding two types of the enzymes
required for the ATP synthesis pathway and glucose dehydrogenase shown in FIG. 3, the enzymes shown in Table 1
were selected from the enzymes derived from the hyperthermophilic microorganisms or the thermophilic microorganisms. Glucose dehydrogenase is used for the quantitative
determination of synthesized NAD. The "GI number" in
Table 1 is an accession number of GenBank (base sequence
database provided by NCBI (National Center for Biotechnology Information)).

10092] Regarding the thermostable enzymes described in
Table 1, each thermostable enzyme genes were introduced
into E. co/i to prepare a transformant (recombinant E. co/i).
10093] Among the thermostable enzymes described in
Table 1, all enzymes derived from Thermus thermophi/us
HB8 are enzymes included in the single gene expression
plasmid library of the same bacterium provided by RIKEN
(Yokoyama, et al., Nature Structural Biology, 2000, vol. 7,
p. 943-945). An expression vector in the same library is a
vector prepared using pET11 a (manufactured by Novagen)
and a derivative thereof as a backbone. A target gene is
placed under the control of the T7 promoter and is induced
to be expressed by IPTG
10094] Regarding polyphosphate kinase (TtPKK) derived
from Thermus thermophi/us HB27, and nicotinamidase (TaNAase)derived from Thermoplasma acidophi/um,the genes
amplified by PCR from genomic DNA of each microorgan-

TABLE 1

Names of enzymes

EC
number

Nicotinamidase

3.5.1.19

Nicotinate
phosphoribosyltransferase
Nicotinate-nucleotide
adenylyltransferase
NAD synthase

6.3.4.21
2.7.7.18
6.3.1.5

ADP-ribose
pyrophosphatase
Ribose-phosphate
pyrophosphokinase
Adenylate kinase

3.6.1.13

Polyphosphate kinase

2.7.4.1

Glucose dehydrogenase

1.1.1.118

2.7.6.1
2.7.4.3

Origin
Thermoplasma
aciclophilum
Thermus
thermophilus HB8
Thermus
thermophilus HB8
Geobacillus
stearothermophilus
Thermus
thermophilus HB8
Thermus
thermophilus HB8
Thermus
thermophilus HB8
Thermus
thermophilus
HB27
Sulfolobus
solfataticus

Expression
vector
Abbreviation GI number (promoter)
TaNAase

499203341

TtNAPRT

55980586

TtNMAT

55981749

GsNADS

696475119

TtADPRP

55771910

TtRPK

55981518

TtADK

55773053

TtPPK

46196569

SsGDH

3786221

10088] Nicotinamidase of Thermop/asma acidophi/um is
an enzyme found as a result of BLAST search using the
amino acid sequence of nicotinamidase derived from Acidi/obus saccharovorans (GI: 503031789) as a query
sequence. Nicotinamidase derived from Acidi/obus saccharovorans is reported to have nicotinamidase activity and to
be capable of heterologous expression in E. co/i. A gene
encoding nicotinamidase of Thermop/asma acidophi/um is
isolated from genomic DNA of Thermop/asma acidophi/um
by a PCR method. When the isolated enzyme gene was
introduced into E. co/i and the enzyme was expressed in the
obtained transformant, it was confirmed that the enzyme has
nicotinamidase activity at 60° C.
10089] In addition, for the amination enzyme(NAD synthase) of deamino NAD, NAD synthase derived from
Thermus thermophi/us may be used instead of the enzyme
described in Table 1.

pET2l a
(T7)
pETlia
(T7)
pETlia
(T7)
pET2la
(T7)
pETlia
(T7)
pETlia
(T7)
pETlia
(T7)
pET2la
(T7)
pRCI
(lambda
PR)

ism were linked to pET21a and were expressed under the
control of the T7 promoter in the same manner.
10095] All gene expression vectors were introduced into
E. co/i Rosetta2 (DE3) pLysS (manufactured by Novagen),
and thereby the transformant was prepared.
10096] Glucose dehydrogenase (SsGDH) gene derived
from Su/fo/obus so/fataticus was linked under the control of
the lambda PR promoter of pRCI, was introduced into E.
co/i DH5a strain, and thereby the transformant was prepared. The expression of the SsGDH genes was induced by
shifting a culture temperature to 42° C.
10097] The recombinant E. co/i were all cultured aerobically at 37° C. using Luria-Bertani medium containing 100
igImL ampicillin. When culturing E. co/i Rosetta 2 (DE3)
pLysS, 30 igImL of chioramphenicol was further added to
the medium. Induction of expression of a target enzyme
gene was performed by adding 0.2 mM IPTG to a culture
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solution in a late stage of the logarithmic growth phase, or
by heat induction (at 42° C.).
10098] <Preparation of Crude Enzyme Solution>
10099] The wet cells of the recombinant E. co/i in which
the target thermostable enzyme was expressed were suspended so as to become 200 mglmL in 100 mM HEPESNaOH (pH 7.0). The obtained suspension was subjected to
ultrasonic disruption treatment to disrupt the wet cells to
obtain a cell-free extract. The cell-free extract was subjected
to the heat treatment at 70° C. for 30 minutes, and the
proteins derived from the host were modified to be deactivated. The heat treated suspension was centrifuged, and the
supematant from which cellular residues and the modified
proteins were removed was used as a crude enzyme solution
for activity measurement.
10100] <Measurement of Enzyme Activity>
10101] For activity measurement,400mM HEPES-NaOH
(pH 8.0) was used, and all reactions were carried out at 60°
C. The activity of each enzyme was measured as follows.
NAD generated by being coupled with an enzyme located
downstream of the NAD salvage synthesis pathway shown
in FIG. 1 was further reduced with SsGDH, and then the
concentration of accumulated NADH was monitored for
absorbance at 340 nm. The activity of enzymes is shown by
defining an amount that catalyzes 1 tmol of substrate
consumption per minute under this measurement condition
as 1 unit (TJ).
10102] The activity measurement of TaNAase was carried
out in a reaction solution consisting of 400 mM HEPESNaOH (pH 8.0), 1 mM glucose, 60 mM NH4C12, 10 mM
MgCl2, 3 mM ATP, 1 mM polyphosphoric acid (average
chain length of 60), and 0.2 mM phosphoribosyl pyrophosphate (PRPP). A crude enzyme solution of TaNAase,
TtNAPRT, TtNMAT, GsNADS, and SsGDH was added to
the reaction solution and preincubated at 60° C. for 3
minutes. At this time, an excessive amount of TtNAPRT,
TtNMAT, GsNADS, and SsGDH with respect to an activity
value of TaNAase was added such that the reaction of the
downstream enzyme is not in the rate-limiting step for the
NADH synthesis reaction. After preincubation, nicotinamide at a final concentration of 0.2 mM was added and the
increase in absorbance at 340 nm was monitored. For
calculation of the reaction rate, a molar absorbance coeflicient 6.2 mM'cm'of NADH at the same wavelength was
used.
10103] Similarly, the activity measurement of TtNAPRT
was carried out in the reaction solution of the same composition except that TaNAase was not added. After preincubation, the reaction started by adding 0.2 mM of nicotinic
acid as a substrate. Similarly, the activity measurement of
TtNMAT and GsNADS was carried out using 0.2 mM ofthe
substrate (nicotinic acid mononucleotide (NaMN), deamino
NAD)ofeach enzyme. In addition, the activity ofTtADPRP
and TtRPK were measured by quantitatively determining a
coupling reaction rate with respect to TtNAPRT, TtNMAT,
GsNADS, and SsGDH using 0.2 mM of ADP-ribose and
ribose-5-phosphate for each as a substrate.
10104] In addition, in a case of evaluating the activity of
each enzyme in the presence of NAD,each enzyme and the
substrate thereof was incubated in 400 mM HEPES-NaOH
(pH 8.0) at 60° C., and the concentration of a product was
measured by HPLC.
10105] Regarding TtADK and TtPPK, the crude enzyme
solution thereof was incubated in 400 mM HEPES-NaOH

(pH 8.0) at 60° C. together with 10 mM MgCi2, 0.2 mM
ATP, 3.0 mM AMP, and 1 mM polyphosphoric acid, and the
ATP accumulation amount and the AMP decrease amount
were measured by HPLC.
10106] <Experiment of NAD Salvage Synthesis>
10107] The experiment of NAD salvage synthesis was
carried out in a reaction solution consisting of 400 mM
HEPES-NaOH (pH 8.0), 60mM NH4C12, 10 mM MgCl2, 4
mM NAD,3 mM ATP, 1 mM polyphosphoric acid (average
chain length of 60), 0.2 mM ADP-ribose, and 0.2 mM
nicotinamide.
10108] Each crude enzyme solution prepared from the
recombinant E. co/i in which TaNAase, TtNAPRT,
TtNMAT, GsNADS,TtADPRP,TtRPK,TtADK,and TtPPK
are separately expressed was added to be mixed in 0.5 mL
of the reaction solution such that a final concentration of
enzymebecomes 0.02,0.18,0.25,0.51,0.02,0.03,0.05, and
0.05 U/mL, respectively. In addition, as a control experiment, a reaction solution containing neither the recombinant
E. co/i nor the crude enzyme solution was prepared and
incubated at 60° C. Sampling was carried out over time and
NAD in the reaction solution was quantitatively determined
by HPLC.
10109] When 4 mM of NAD was incubated in HEPESNaOH (400 mM, pH 8) at 60° C., a decomposition rate
thereof was estimated to be approximately 50 iMImin. By
adjusting the addition amount of each enzyme while monitoring the NADH production rate in accordance with the
change in absorbance under the reaction condition shown in
the measurement method of the enzyme activity, the concentration of the enzyme required for synthesizing NADH
from 0.2 mM of each ADP-ribose and nicotinamide at a rate
of 50 iMImin was estimated.
10110] On the other hand, the activity measurement of
each enzyme under the presence of4 mM NAD was carried
out by HPLC analysis. As a result, it became clear that
TtNAPRT that catalyzes phosphoribosylation of nicotinic
acid is significantly inhibited by NAD. TtNAPRT was
incubated in 400 mM HEPES-NaOH (pH 8.0) containing
NAD having a concentration shown in a horizontal axis in
FIG. 6 at 60° C. together with 0.2 mM of each PRPP, ATP,
and nicotinic acid, and then a concentration of nicotinic acid
mononucleotide(NaMN)in the reaction solution was quantitatively determined by HPLC. The results obtained by
calculating an activity value ofTtNAPRT (a relative activity
value in a case where the activity in the reaction solution not
containing NAD is set as 100%) are shown in FIG. 6.
Under the same conditions, the activity of TtNAPRT was
estimated to be approximately ¼ of the activity under the
non-presence of NAD,and therefore it was determined to
add this enzyme by an amount of four times the enzyme
concentration determined based on the absorbance measurement.
10111] <Coupling with ATP Synthesis Pathway>
10112] In the NAD salvage synthesis pathway of FIG. 1,
three molecules of ATP are consumed for synthesizing one
molecule of NAD, and three molecules of AMP are
released. The ATP synthesis pathway by TtADK and TtPPK
from AMP with polyphosphoric acid as phosphate group
source was coupled to the NAD salvage synthesis pathway.
An amount of enzyme at this case was set to become an
excessive amount with respect to a required rate estimated
from NAD decomposition rate (150 iMImin).
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10113] The crude enzyme solution having the activity
value of the concentration determined as above, or the
suspension of the recombinant E. co/i containing the thermostable enzyme which has the same enzyme activity value
as that of the crude enzyme solution was heat treated (at 700
C. for 30 minutes) and added to the reaction solution. In the
reaction solution, 4 mM NAD was incubated at 60° C. and
the change in the concentration thereof was tracked over
time(FIG. 7). As a result, it was confrmed that up to at least
six hours, the decomposition rate of NAD was apparently
significantly decreased compared to the case of not adding
the enzyme and a concentration of NAD close to an initial
concentration was continuously maintained. That is, it was
confirmed that NAD is resynthesized from thermal decomposition products of NAD by adding the thermostable
enzyme required for the NAD salvage synthesis pathway
and the ATP synthesis pathway, which results in no apparent
decrease in the NAD concentration of the system, and
therefore it was confirmed that by adding the thermostable
enzyme required for the NAD salvage synthesis pathway to
the enzyme reaction system requiring NAD,it is possible to
suppress the decrease in the concentration of NAD caused
by the thermal decomposition even without externally adding NAD,and furthermore, it is possible to stably perform
the synthesis of a target organic compound for a long period
of time.
Example 2
10114] The experiment of NAD salvage synthesis was
carried out using the thermostable enzyme required for the
NAD salvage synthesis pathway and the ATP synthesis
pathway. As various thermostable enzymes used, the
enzymes used in Example 1 were used.
10115] Specifically, the NAD salvage synthesis reaction
was carried out in 2 mL of the reaction solution containing
300 mM HEPES-NaOH (pH 8.0), 60 mM NH4C12, 10 mM
MgCl2, 1 mM polyphosphoric acid (average chain length of
60), 4 mM NAD, 3 mM ATP, 0.2 mM nicotinamide, 0.2
mM ADP-ribose, and an enzyme cocktail which is a mixture
of various thermostable enzymes used in Example 1.
Regarding a final concentration of the thermostable enzyme
contained in the reaction solution, TaNAase was 0.12 U (0.6
U/mL), TtNAPRT was 0.26 U (0.13 U/mL), TtNMAT was
1.6 U (0.8 U/mL), GsNADS was 10 U(5 U/mL), TtADPRP
was 0.12 U (0.6 U/mL), TtRPK was 0.2 U (0.1 U/mL),
TtADK was 18 U(9 U/mL), and TtPPK was 10 U(5 U/mL).
10116] The reaction solution prepared was incubated at
60° C. In addition, as a control experiment, a reaction
solution not containing the enzyme cocktail was prepared
and incubated at 60° C. in the same manner. Sampling was
carried out for every 3 hours from the start of the reaction,
and NAD in the reaction solution was quantitatively determined by HPLC. The change in the amount of NAD in the
reaction solution over time is shown in FIG. 8. In the
drawing,"enzyme present" shows the result of the reaction
solution added with the enzyme cocktail and "no enzyme"
shows the result of the reaction solution with no enzyme
cocktail added. As shown in FIG. 8, NAD was gradually
decreased from immediately after the start of the incubation
as the time passes in the reaction solution with no thermostable enzyme added. On the other hand, the amount of
NAD was not decreased much up to about 21 hours from
the start ofthe incubation in the reaction solution added with
the thermostable enzyme required for the NAD salvage

synthesis pathway and the ATP synthesis pathway. It was
confirmed from these results that in the reaction solution,
NAD was synthesized from decomposition products of
NAD by the NAD salvage synthesis reaction, and the
system was also supplemented with ATP required for the
NAD synthesis by the ATP synthesis reaction.
Example 3
10117] The experiment of NADH synthesis was carried
out using the thermostable enzyme required for the NADH
salvage synthesis pathway and the ATP synthesis pathway.
As various thermostable enzymes used, the enzymes used in
Example 1 were used.
10118] Specifically, the NADH salvage synthesis reaction
was carried out in 2 mL of the reaction solution containing
300 mM HEPES-NaOH (pH 8.0), 60 mM NH4C12, 10 mM
MgCl2, 1 mM polyphosphoric acid (average chain length of
60), 4 mM NADH, 50 mM glucose, 3 mM ATP, 0.2 mM
nicotinamide, 0.2 mM ADP-ribose, and an enzyme cocktail
which is a mixture of various thermostable enzymes used in
Example 1. Regarding a final concentration of the thermostable enzyme contained in the reaction solution, TaNAase
was 0.12 U(0.6 U/mL),TtNAPRT was 0.26 U(0.13 U/mL),
TtNMAT was 1.6 U (0.8 U/mL), GsNADS was 10 U (5
U/mL), TtADPRP was 0.12 U (0.6 U/mL), TtRPK was 0.2
U (0.1 U/mL), TtADK was 18 U (9 U/mL), TtPPK was 10
U (5 U/mL), and SsGDH was 10 U (5 U/mL).
10119] The reaction solution prepared was incubated at
60° C. In addition, as a control experiment, a reaction
solution not containing the enzyme cocktail was prepared
and incubated at 60° C. in the same manner. Sampling was
carried out for every 3 hours from the start of the reaction,
and NADH in the reaction solution was quantitatively
determined by HPLC. The change in the amount of NADH
in the reaction solution over time is shown in FIG. 9. In the
drawing,"enzyme present" shows the result of the reaction
solution added with the enzyme cocktail and "no enzyme"
shows the result of the reaction solution with no enzyme
cocktail added. As shown in FIG. 9, NADH was gradually
decreased from immediately after the start of the incubation
as the time passes in the reaction solution with no thermostable enzyme added. On the other hand, the amount of
NADH was hardly decreased up to about 15 hours from the
start ofthe incubation in the reaction solution added with the
thermostable enzyme required for the NADH salvage synthesis pathway and the ATP synthesis pathway. It was
confirmed from these results that in the reaction solution,
NADH was synthesized from a decomposition product of
NADH by the NADH salvage synthesis reaction, and the
system was also supplemented with ATP required for the
NADH synthesis by the ATP synthesis reaction.
1. A method for producing a coenzyme, the method
comprising:
performing synthesis of NAD in an enzyme reaction
system requiring NAD by adding one or more thermostable enzymes required for a reaction for synthesizing NAD from ADP-ribose and nicotinamide, to the
enzyme reaction system.
2. The method for producing a coenzyme according to
claim 1, wherein the thermostable enzymes required for a
reaction for synthesizing NAD are nicotinamidase, nicotinate
phosphoribosyltransferase,
nicotinate-nucleotide
adenylyltransferase, NAD synthase, ADP-ribose pyrophosphatase, and ribose-phosphate pyrophosphokinase.
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3. A method for producing a coenzyme, the method
comprising:
performing synthesis of NADH in an enzyme reaction
system requiring NADH by adding one or more thermostable enzymes required for a reaction for synthesizing NADH from ADP-ribose and nicotinamide, to
the enzyme reaction system.
4. The method for producing a coenzyme according to
claim 3, wherein the thermostable enzymes required for a
reaction for synthesizing NADH are nicotinamidase, nicotinate phosphoribosyltransferase, nicotinate-nucleotide
adenylyltransferase, NAD synthase, ADP-ribose pyrophosphatase, ribose-phosphate pyrophosphokinase, and oxidoreductase that catalyzes a reaction for synthesizing
NADH from NAD.
5. The method for producing a coenzyme according to
claim 4, wherein the oxidoreductase is dehydrogenase with
sugar, alcohol, or organic acid as a substrate.
6. The method for producing a coenzyme according to
claim 1, further comprising:
performing synthesis of ATP in the enzyme reaction
system by adding one or more thermostable enzymes
required for a reaction for synthesizing ATP from AMP
or ADP, to the enzyme reaction system.
7. The method for producing a coenzyme according to
claim 6, wherein the thermostable enzymes required for a
reaction for synthesizing ATP are adenylate kinase and
polyphosphate kinase.
8. The method for producing a coenzyme according to
claim 1, wherein the thermostable enzyme is synthesized by
an expression system of a non-thermostable microorganism.
9. The method for producing a coenzyme according to
claim 1, wherein the thermostable enzyme is synthesized by
a transformant into which a gene encoding the thermostable
enzyme is introduced by using a non-thermostable microorganism as a host.
10. The method for producing a coenzyme according to
claim 9, wherein a heat treated product of microbial cells
obtained by culturing the transformant is added to the
enzyme reaction system.
11. The method for producing a coenzyme according to
claim 8, wherein the non-thermostable microorganism is E.
co/i.
12. A transformant set for coenzyme production, comprising:

one or more transformants into which one or more genes
encoding thermostable enzymes required for a reaction
for synthesizing NAD or NADH from ADP-ribose and
nicotinamide are introduced by using a non-thermostable microorganism as a host.
13. The transformant set for coenzyme production according to claim 12, wherein the thermostable enzymes are
nicotinamidase, nicotinate phosphoribosyltransferase, nicotinate-nucleotide adenylyltransferase, NAD synthase,
ADP-ribose pyrophosphatase, and ribose-phosphate pyrophosphokinase.
14. The transformant set for coenzyme production according to claim 12, wherein the thermostable enzymes are
nicotinamidase, nicotinate phosphoribosyltransferase, nicotinate-nucleotide adenylyhransferase, NAD
synthase,
ADP-ribose pyrophosphatase, ribose-phosphate pyrophosphokinase, and oxidoreductase that catalyzes a reaction for
synthesizing NADH from NAD.
15. The transformant set for coenzyme production according to claim 12, further comprising:
one or more transformants into which one or more genes
encoding thermostable enzymes required for a reaction
for synthesizing ATP from AMP or ADP are introduced
by using a non-thermostable microorganism as a host.
16. The transformant set for coenzyme production according to claim 12, wherein one type of genes encoding the
thermostable enzymes is introduced into one transformant.
17. The transformant set for coenzyme production according to claim 12, wherein the non-thermostable microorganism is E. co/i.
18. The transformant set for coenzyme production according to claim 12, wherein the transformant is heat treated.
19. The method for producing a coenzyme according to
claim 3, further comprising:
performing synthesis of ATP in the enzyme reaction
system by adding one or more thermostable enzymes
required for a reaction for synthesizing ATP from AMP
or ADP, to the enzyme reaction system.
20. The method for producing a coenzyme according to
claim 19, wherein the thermostable enzymes required for a
reaction for synthesizing ATP are adenylate kinase and
polyphosphate kinase.
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