J. Microbiol. Biotechnol. (2004), 14(3), 540-546

]ouogNAL
MICROBIOLOGY
BIOTECHNOLOGY

@ The Korean Society far Microbiology and Biotechnology

Catalytic Oxidoreduction of Pyruvate/Lactate and Acetaldehyde/Ethanol
Coupled to Electrochemical Oxidoreduction of NAD'/NADH

SHIN, IN HO, SUNG JIN JEON, HYUNG SOO PARK', AND DOO HYUN PARK*

Department of Biological Engineering, Seokyeong University, Seoul 136-704, Korea
'Samsung Engineering R&D Center, Gongse-Ri 428-3, Kiheung-Yeup, Yongin City, Kyungi-Do 449-900, Korea

Received: August 18, 2003
Accepted: February 9, 2004

Abstract We deviced a new graphite-Mn(II) electrode and
found that the modified electrode with Mn(Il) can catalyze
NADH oxidation and NAD" reduction coupled to electricity
production and consumption as oxidizing agent and reducing
power, respectively. In fuel cell with graphite-Mn(II) anode
and graphite-Fe(IIl) cathode, the electricity of 1.5 coulomb
(A x s) was produced from NADH which was electrochemically
reduced by the graphite-Mn(Il) electrode. When the initial
concentrations of pyruvate and acetaldehyde were adjusted to
40 mM and 200 mM, respectively, about 25 mM lactate and
35 mM ethanol were produced from 40 mM pyruvate and
200 mM acetaldehyde, respectively, by catalysis of ADH and
LDH in the electrochemical reactor with NAD" as cofactor and
electricity as reducing power. By using this new electrode with
catalytic function, the bioelectrocatalysts are engineered; namely,
oxidoreductase (e.g., lactate dehydrogenase) and NAD® can
function for biotransformation without electron mediator and
second oxidoreductase for NAD/NADH recycling.

Key words: Electrochemical oxidoreduction, lactate
dehydrogenase (LDH), alcohol dehydrogenase (ADH), graphite-
Mn(II) electrode, NADH fuel cell

One major limitation to the utilization of oxidoreductases
in biochemical and chemical synthesis [15,21] or in
biochemical detection (i.e., biosensors) is the lack of a
simple regeneration or recycling system for the electron
transferring cofactors (NAD, Quinone, FAD, etc). All
oxidoreductases are cofactor-dependent and the reducing
or oxidizing equivalent is either supplied or taken by the
cofactor. The most commonly occurring cofactors are
NADH/NAD’, NADPH/NADP*, FADH,/FAD, ATP/ADP,
and PQQ. [3,5,9,12,27]. In industry, three applied
approaches can mainly be found to solve this problem.
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When working with isolated enzymes, a second enzyme can
be used. In the case of NADH, the best approach is to use
formate dehydrogenase that utilizes formate and produces
CO, or the cofactor can be regenerated by applying a second
substrate [10, 11]. Another approach is the application of
whole cells, with glucose as a C-source, for example;
through this approach, the multicatalyst-system of the
whole cell itself is used for the regeneration. There are also
electrochemical cofactor regeneration methods known which
have not yet made it to an industrial process, but have been
tested in laboratory scale [1,2, 8, 16]. Park and Zeikus
[17-20] reported that neutral red was electrochemically
oxidized and reduced on electrode surface, and that neutral
red would undergo reversible chemical oxidoreduction
with NAD" (i.e., electrochémically recycled NAD"). The
redox potentials of neutral red and NAD" are -0.325 volt
and - 0.32 volt, respectively, which are thermodynamically
ideal as an oxidation-reduction couple. However, the most
electron mediators, including neutral red, are soluble, a property
that is disadvantageous to apply to a bioelectrochemical
reactor, because the soluble electron mediators, cofactors,
and soluble enzymes make the purification of the products
difficult.

Since electron mediators and cofactors are quite
expensive, an effective immobilization method of electron
mediator, cofactor, and enzyme is absolutely required to
design a cost-effictive process. It is possible that NAD" and
enzymes can be immobilized to a carbon electrode by
covalent bond; however, electron mediators are difficult,
because functional residues such as amine, hydroxide, or
carboxy for covalent bond are present in cofactors and
enzyme molecule, but are not in most electron mediators
[4, 7, 14]. Most transient metal ions are insoluble in water
at neutral pH and can easily be immobilized to inorganic
particles such as kaolin or clay by their opposite electrical
charges [13, 23, 24, 25].

We developed a technique to immobilize Mn(II) and
Fe(Ill) to graphite electrode by mixing metal ions with



paste of kaolin, clay, and graphite powder and then baking
the mixture at 1,000-1,200°C. We observed that the
graphite-Mn(IV) electrode functioned to reciprocally catalyze
electrochemical oxidoreduction of NAD'/NADH. By
using the graphite-Mn(IV) electrode in the electrochemical
reactor, we also showed that: (1) the electricity could be
produced from the biofuel cell with NADH which was
electrochemically reduced as the sole electron donor and
(2) the oxidoreductase could catalyze pyruvate and
acetaldehyde reduction to lactate and ethanol, respectively,
with NADH which was electrochemically reduced as the
sole electron donor. In the present study, we selected
lactate dehydrogenase (ILDH) and alcohol dehydrogenase
(ADH) as model oxidoreductases capable of using NAD"
as the electron carrier. Furthermore, we used crude LDH
and ADH isolated from Weissella kimchii as well as
purified preparation commercially obtained and compared
them for NADH-dependent reduction reaction for industrial
application.

MATERIALS AND METHODS

Enzymes

The cell-free extract of W. kimchii, which was isolated
from kimchi and identified by 16s-rDNA sequencing, was
used as a crude lactate dehydrogenase (LDH, specific activity:
6.49 mM mg protein 'min”'") and alcohol dehydrogenase
(ADH, specific activity: 4.74 mM mg protein 'min""), and
other LDH (8.45mM mg protein'min"') and ADH
(5.23 mM mg protein 'min"") preparations were purchased
from Sigma (St. Louis, MO, U.S.A.). The specific activity of
commercial enzymes from Sigma was experimentally
measured by the same method as used for assay of crude
enzymes isolated from W. kimchii. The bacterial cells of
W. kimchii were cultivated in MRS broth at 30°C for 20 h,
harvested by centrifugation at 4°C and 8,000 xg for
30 min, and then washed twice with 50 mM Tris-Cl buffer
(pH 7.5). The washed cells were disrupted by 400 watt of
ultrasonication at 4°C for 20 min and the cell-free extract
was prepared by centrifugation of the disrupted bacterial
cell at 4°C and 15,000 xg for 40 min.

Activity Staining of LDH and ADH

Nondenaturing gel electrophoresis was carried out for
separation of the enzymes. Cell-free extract was resolved
by nondenaturing polyacrylamide gel electrophoresis and
the gel was soaked in 50mM Tris-HCI (pH 7.5) containing
substrate (10 mg/ml of ethanol or lactate), NAD" (2 mg/ml),
phenazine methosulfate (0.5 mg/ml), and methyl thiazolyl
tetrazolium (1 mg/ml). Then, it was incubated at 25°C
for 30 min. The NAD" is reduced to NADH by coupling
with oxidation of the lactate or ethanol by the enzymes
electrophoresed on the acrylamide gel, and phenazine
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Fig. 1. Activity staining of lactate dehydrogenase and alcohol
dehydrogenase separated from cell-free extract of Weissella
kimchii by polyacrylamide native-gel electrophoresis.

methosulfate and methyl thiazolyl tetrazolium are converted
to water-insoluble complex (formazan) coupled to oxidation
of NADH to NAD". The water-insoluble formazan is fixed
in acrylamide gel and appeared as a band with dark blue
color, as shown in Fig. 1 [26].

Electrode Composition

A graphite-Fe(Ill) cathode was made from the mixture of
60% (w/w) fine graphite powder (mean particle size of
1-2 um, Sigma-Aldrich, St. Louis, MO, US.A)), 37%
(w/w) inorganic binder (white clay mainly composed of
kaolin whose mean particle size was 1-2 pm), and 3.0%
(w/w) ferric ion. A graphite-Mn(IV) anode was made from
the mixture of 60% (w/w) fine graphite powder, 37%
(w/w) inorganic binder, and 3.0% (w/w) manganese ion. A
normal graphite-cathode was made from the mixture of
60% (w/w) fine graphite powder and 40% (w/w) inorganic
binder. The gaps among particles can be micro-pore with
diameter less than 1 um. Appropriate amount of distilled
water was added to the mixture to make a graphite mixture
paste, and the paste was configured to square-shaped plate
(20 cmx20 cmx1 cm thickness) by pressing at 44 kg/cm’,
drying on air for two weeks at room temperature, and
solidifying by baking at 1,200°C for 12 h under anaerobic
condition in an electric Kiln (Red Corona Model 50L,
U.S.A).

Porcelain Membrane

A porcelain membrane was made from the mixture of
100% (w/w) white clay powder mainly composed of
kaolin whose mean particle size was 1-2 um. Appropriate
amount of distilled water was added to the white clay
powder to make a clay paste, and the paste was configured
to square-shaped plate (20 cmx20 cmx5 mm thickness) by
pressing at 44 kg/cm’, drying on air for two weeks at room
temperature, and solidifying by baking at 1,200°C for 12 h
in an electric Kiln (Red Corona Model 50L, U.S.A.). After
baking, the porcelain membrane was confirmed to absorb
water and not to leak water through the micro-pore.
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Electrochemical Reactor

An electrochemical reactor was designed to be a two-
compartment system whose cathode compartment was
separated from the anode compartment by a porcelain
membrane (5 mm thickness) and the working (reactant)
volume of each compartment was adjusted to 25 ml. Fifty
mM of headspace volume was filled with N,, which was
required for maintenance of gas volume. The cathode
compartment was designed to seal with a butyl rubber
stopper, but the anode compartment was not. The graphite-
Mn(IV) electrode functions as both cathode and catalyst
for reduction of NAD" to NADH, but the graphite-Fe(IIl)
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Fig. 2. Schematic (A) and real structure (B) of the
bioelectrochemical system. Mechanism for NAD" reduction to
NADH and pyruvate reduction to lactate coupled to electricity
consumption by graphite-Mn(IV) cathode, which acts as a catalyst
for electrochemical reduction of NAD' to NADH.

The electricity acts as a reducing power and NAD" acts like an electron
mediator.

electrode functions as both anode and catalyst for oxidation
of H,0. As shown in Fig. 2, the electrochemical NAD*
reduction to NADH by catalysis of the graphite-Mn(IV)
cathode and enzymological reduction of pyruvate to lactate
or reduction of acetaldehyde to ethanol coupled to
oxidation of NADH which was electrochemically reduced
were tested using a two-compartment electrochemical reactor.
Fifty mM Tris-Cl buffer (pH 7.5) containing 40 mM
pytuvate or 200 mM acetaldehyde and 1 mM NAD’
was used as a basal reaction mixture (catholyte), and
200 mM potassium phosphate buffer (pH 7.0) was used as
an anolyte. Before starting the reaction, 2 volt of DC
electricity was applied and N, was sparged into the
reaction mixture to remove O, and reduce the reaction
mixture for 20 min. The reaction was started by the
addition of substrates to the reaction mixture in the cathode
compartment. The enzymes used were 0.25 mg/reactor of
commercial oxidoreductases and 0.3 mg/reactor of crude
enzyme preparation. The reactor was completely sealed
by butyl rubber stopper to prevent evaporation of
acetaldehyde and ethanol as shown in Fig. 2B, and the
headspace volume of the reactor was designed to be twice
the reactant volume (working volume) for easy control of
gas phase pressure.

Biofuel Cell with NADH as Fuel

The electrochemically reduced NADH was used as a
fuel, and the two-compartment electrochemical reactor
(Fig. 2) was used as a biofuel cell [11]. For production of
electricity from NADH in the biofuel cell, the graphite-
Mn(lV) electrode, capable of reversible chemical NAD"
oxidoreduction, was used as an anode, and the graphite-
Fe(lI) electrode with high affinity for O, was used as a
cathode. Electricity produced from the biofuel cell was
measured by ampere meter, which was close-circuited
connected between the anode and cathode without external
resistant. Initial concentration of NADH was 2 mM in
50 mM Tris-HCI buffer (pH 7.5), and the reaction was
initiated by connecting to the ampere meter. The electricity
production and consumption were converted to coutomb for
calculation of total electricity used during operation of the
reactor.

Analysis

Pyruvate, lactate, acetaldehyde, and ethanol were analyzed
by using HPLC (Waters model, Milford, U.S.A.) equipped
with a RI detector and Aminex HPX-87H ion-exchange
column (Bio-Rad, Burlington, U.S.A.). The reaction mixture
was centrifuged at 20,000 xg for 30 min and filtered through
a membrane filter (pore sized, 0.22 mM), and the filtrate
was used for analysis. The concentration was calculated
using a standard calibration curve that was previously
prepared. The NADH was spectrophotometrically analyzed
under scanning mode.



RESULTS AND DISCUSSION

The NAD’ is biochemically reduced by catalysis of
oxidoreductase coupled to oxidation of substrates both in
vivo [22] and in vitro, however, it is not electrochemically
reduced to NADH unless an electron mediator such as
neutral red is present [16, 17]. Electron mediators are not
catalysts, but some of them can mediate electron transfer
from electrode to cofactors [17, 23] or from cofactors to
electrode [18, 19]. Hoogstraten er al. [6] reported that the
Mn(II) ion is bound to a specific site within the framework
of nucleotides (e.g., NAD® and ribonucleic acid) and
activates reactions such as RNA splicing and aminoacyl-
tRNA synthesis. Therefore, we proposed a possibility that
the electrode modified with Mn(Il) (graphite-Mn(II) electrode)
might catalyze oxidoreduction of NAD'/NADH coupled to
electricity production and consumption as an oxidizing and
reducing power, respectively, but without depending on
enzyme catalysis or electron mediator. In the present study,
we applied the graphite-Mn(1I) electrode to electrochemical
reactor and tested whether oxidoreduction of NAD'/NADH
could be catalyzed by the electrode. As shown in Fig. 3
and Fig. 4(A), the NAD' was electrochemically reduced
to NADH which was coupled to electricity consumption
by catalysis of graphite-Mn(Il) cathode without electron
mediator and enzyme catalysis. Figure 4(B) shows that the
electricity produced was coupled to oxidation of NADH
electrochemically reduced by the graphite-Mn(II) cathode
during the process to obtain the results shown in Fig. 4(A),
providing strong evidence that the graphite-Mn(IV) electrode
can function as a catalyst for both reduction of NAD"
and oxidation of NADH. The oxidoreduction reaction of
NAD'/NADH on the electrode surface without electron
mediator or enzyme catalyst could be a tool to construction
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Fig. 3. Electrochemical reduction of NAD" to NADH using
Mn(Il)-graphite electrode as the cathode and Fe(IIT)-graphite as
an anode. One mM NAD’ solution in Tris-HCl buffer (100 mM,
pH 7.0) was the catholyte and 200 mM KH,PO, solution in
DDW was the anolyte.

1. Spectrum of 0.5 mM NADH; 2. Spectrum of NADH reduced by Ma(II)-
graphite electrode; 3. Spectrum of 1 mM NAD" that is not reduced by
normal graphite felt electrode.
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Fig. 4. Electrochemical NAD" reduction to NADH (A) coupled
to electricity consumption in an electrochemical reactor
with graphite-Mn(IV) cathode and graphite-Fe(IIl) anode, and
electrochemical NADH oxidation to NAD' (B) coupled to
electricity production in a two-compartment biofuel cell with
graphite-Mn(IV) anode and graphite-Fe(III) cathode.

Initial concentration of NAD" was 2 mM and the NADH electrochemically
reduced in test A was used as a fuel for test B.

of a biofuel cell or biosensor, however, the NADH reduced
by electrochemical catalysis has yet to be proven to be
a suitable cofactor for oxidoreductases such as LDH
and ADH. We tested the biochemical function of NADH
produced by electrochemical catalysis of the graphite-
Mn(II) electrode. Two each of LDHs and ADHs, isolated
from W. kimchii and commercially obtained, were compared
for their cofactor-dependency. As shown in Fig. 5, ethanol
was produced from acetaldehyde in a two-compartment
electrochemical reactor with NAD" as a cofactor, alcohol
dehydrogenase and 2 volt DC electricity as reducing
power, but was not produced in the electrochemical reactor
without electricity. In this test, the amount of ethanol
production was not quantitatively balanced with aldehyde
consumption, most possibly due to the lower boiling point
(21°C) of acetaldehyde than the 78°C of ethanol and 30°C
of the reactor, even though the reactor was completely
sealed by a butyl rubber stopper for prevention of
evaporation of acetaldehyde and ethanol, as shown in Fig.
2B. The headspace volume of the reactor was designed to
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Fig. 5. Acetaldehyde reduction to ethanol by catalysis of
alcohol dehydrogenase isolated from Weissella kimchii (A) and
commercially purchased (B).

The co-enzyme for this reaction is NADH but NAD" was used instead. The
reaction was performed in the electrochemical reactor with 2 volt
electricity (circular symbols) as a reducing power for electrochemical
NAD" reduction and without electricity (triangular symbols). The graphite-
Mn(IV) and graphite-Fe(IIT) cathode were used as a cathode and anode,
respectively.

be twice the reactant volume (working volume) for easy
control of gas phase pressure. The acetaldehyde concentration
in the headspace of the reactor might be equilibrated with
that contained in the reactant, because the acetaldehyde
was boiling in both the reactant and headspace inside the
reactor, but ethanol was not. Theoretically, about 66% of
the acetaldehyde may be located in the headspace and
another 34% may be in the reactant. A fraction of 34%
contained in the reactant might have been converted to
ethanol but that in the headspace might not. Experimentally,
about 50% (30-35 mM) of the acetaldehyde contained in
the reactant was shown to be converted to ethanol (Fig. 5A
and 5B). We tested another nonvolatile compound to prove
that the concentration of the product was balanced with
consumption of the substrate in the bioelectrochemical
reactor with NAD" as a cofactor for enzyme-catalytic reduction.
Pyruvate was chosen as a desirable model compound for
test of an oxidoreduction reaction that is stable and not
volatile. As shown in Fig. 6B, about 90% of the pyruvate

consumed in the bioelectrochemical reactor with electricity
as a reducing power was converted to lactate, but lactate
was not produced from the pyruvate in the reactor without
electricity. The 10% of the residual pyruvate was thought
to be in the form of enzyme-substrate complex, because of
product-increasing tendency in the time-course reaction. In
comparison of Fig. 5 and Fig. 6, the time-dependent
increasing tendency of lactate was different from that
of ethanol: The ethanol production stopped after 3h of
reaction but pyruvate was continuously increased even after
4h of reaction. This is most likely due to instability of
acetaldehyde, which can be auto-oxidized to acetate by a
reaction with trace oxygen or boiled at 21°C. The results
obtained from the test with crude LDH and ADH were
similar to those obtained from the test with purified
LDH and ADH, thus demonstrating a potentially useful
method for electrical recycling of NAD' with crude
oxidoreductases in a biofuel cell and biotransformation.
The purified enzymes are disadvantageous to be applied to a
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Fig. 6. Pyruvate reduction to lactate by catalysis of lactate
dehydrogenase isolated from Weissella kimchii (A) and commercially
purchased (B).

The co-enzyme for this reaction is NADH but NAD" was used instead. The
reaction was performed in the electrochemical reactor with 2 volt
electricity (circular symbols) as a reducing power for electrochemical
NAD" reduction and without electricity (triangular symbols). The graphite-
Mn(IV) and graphite-Fe(IIT) cathode were used as a cathode and anode,
respectively.



bioelectrochemical reactor, because they are quite expensive
and instable. However, the crude enzymes are much more
suitable for application to an industrial reactor, because they
can be extracted from bacterial cells, in which they are
more stable than in frozen or lyophilized state. The instability
or the expense of cofactor recycling and enzyme purification
has limited the industrial use of oxidoreductases [1]. By the
present method, bioelectrocatalysts are engineered: namely,
oxidoreductase (e.g., lactate dehydrogenase) and NAD"
can function for biotransformation without an electron
mediator and second oxidoreductase for NAD/NADH
recycling. Maximally, the lactate and ethanol production
can not be more than 1 mM in the reactant containing
1 mM NADH as a reducing power, because the reduction
of pyruvate to lactate or acetaldehyde to ethanol is coupled
to oxidation of NADH in the biochemical reactor. In our
system, however, the NAD® can be electrochemically
reduced to NADH, which can be re-oxidized by coupling
to reduction of pyruvate and acetaldehyde to lactate and
ethanol, respectively. The product yield is proportional to
the concentration of NADH in the biochemical reactor, but
is proportional to the recycling number of NAD*/NADH in
the electrochemical reactor. We are currently in a process
to bind both oxidoreductase and NAD® onto graphite-
Mn(11) electrode and engineer the modified electrode with
oxidoreductase and NAD" into bioelectrocatalysts. A few
new methods for electrical recycling of cofactors are under
development [1, 2, 8, 16]. Katz et al. [8] developed a novel
fuel cell comprised of an anode with immobilized glucose
oxidase, FAD, and pyroloquinoline; and a cathode with
immobilized cytochrome c¢. Chen ef al. [2] developed an
enzyme fuel cell, using the modified anode with osmium
salts, copolymer, and glucose oxidase, and the modified
cathode with osmium salts copolymer and laccase. These
new methods could perhaps be applied to further improve
our bioelectrocatalyst engineering method.

Acknowledgment

This research was supported by Core Environmental
Technology Development Project for Next Generation
(2003-10001-0005-1) of KIEST.

REFERENCES

1. Alverez-Gonzales, M. 1., S. B. L. Saidman, M. J. Lobo-
Castanon, A. J. Miranda-Ordiere, and P. Tunon-Blanco.
2000. Electrocatalytic detection of NADH and glycerol by
NAD'-modified carbon electrodes. Anal. Chem. 72: 520- 527.

2. Chen, T., S. Calabress Barton, G. Binyamin, Z. Gao, Y.
Zhang, H.-H. Kim, and A. Heller. 2001. A miniature biofuel
cell. J. Am. Chem. Soc. 123: 8630- 8631.

10.

11.

12.

13.

14.

1s.

16.

17.

18.

ELECTROCHEMICAL OXIDOREDUCTION OF NAD/NADH 545

. Chenault, K. K. and G. M. Whitesdies. 1987. Regeneraion of

nicotinamide cofactors for use in organic synthesis. Appl.
Biochem. Biotechnol. 14: 147- 149.

. Chibata, 1. (ed.). 1978. Immobilized Enzymes, Research and

Development. Halsted Press, New York, U.S.A.

. Fang, J. M. and C. H. Lin. 1995. Enzymes in organic

synthesis: Oxidoreductions. J. Chem. Soc. Perkin Trans. 1:
967-978.

. Hoogstraten, C. G., C. V. Grant, T. E. Horton, V. J.

DeRose, and R. D. Britt. 2002. Structural analysis of
metal ion ligation to nucleotides and nucleic acids
using pulsed EPR spectroscopy. J. Am. Chem. Soc. 124:
834-842.

. John, J. 1991. The Chemical Synthesis of Peptide. Clarendon

Press, Oxford.

. Katz, E., 1. Willner, and A. B. Kotlyar. 1999. A non-

compartmentalized glucose/O, biofuel cell by bioengineered
electrode sufaces. J. Electroanal. Chem. 479: 64- 68.

. Kim, J.-H., H.-J. Kim, J. H. Son, H.-N. Chun, J.-O. Yang,

S.-J. Choi, N.-S. Paek, G.-H. Choi, and S.-K. Kim. 2003.
Effect of Lactobacillus fermentum MGS590 on alcohol
metabolism and liver function in rats. J. Microbiol.
Biotechnol. 13: 919- 925.

Kragl, U., W. Kruse, and W. Wandrey. 1996. Enzyme
engineering aspects of biocatalysis: Cofactor regeneration as
example. Biotechnol. Bioeng. 52: 309~ 319.

Kruse, W., W. Hummel, and U. Kragl. 1996. Alcohol
dehydrogenase catalyzed production of chiral hydrophobic
alchols. A new approach leading to a nearly waste-free
process. Recl. Trav. Chim. Pays-Bas. 115: 239-244.

Lee, Y. J., K. H. Cho, and Y. J. Kim. 2003. The membrane-
bound NADH:Ubiquinone oxidoreductase in the aerobic
respiratory chain of marine bacterium Pseudomonas nautical.
J. Microbiol. Biotechnol. 13: 225-229.

Lindsay, W. L. 1988. Solubility and redox equilibria of iron
compounds in soil, pp. 37-62. In J. W. Stucki, B. A.
Goodman, and U. Schwertmann (eds.). Iron in Soil and Clay
Minerals. D. Reidel, Dordrecht.

Messing, R. A. (ed.). 1975. Immobilized Enzymes for
Industrial Reactors. Academic Press, New York, U.S.A.
Miyawaki, D. and T. Yano. 1993. Electrochemical bioreactor
with immobilized glucose-6-phosphate dehydrogenase on
the rotation graphite disc electrode modified with phenazine
methosulfate. Enzyme Microbiol. Technol. 15: 525-529.
Munteanuy, F. D., L. T. Kubota, and L.Gorton. 2001. Effect of
pH on the catalytic electrooxidation of NADH using
different electron mediators immobilized on zirconium
phosphate. J. Electroanal. Chem. 509: 2- 10.

Park, D. H. and J. G. Zeikus. 1999. Utilization of electrically
reduced neutral red by Actinobacillus succinogenes:
Physiological function of neutral red in membrane-driven
fumarate reduction and energy generation. J. Bacteriol. 181:
2403-2410.

Park, D. H. and J. G. Zeikus. 2002. Impact of electrode
composition on electricity generation in a single-compartment
fuel cell using Shewanella putrefaciens. Appl. Microbiol.
Biotechnol. 59: 58-61.



546

19.

20.

21

22.

23.

SHIN et al.

Park, D. H. and J. Gregory Zeikus. 2002. Improved fuel
cell and elecrode designs for producing electricity from
microbial degradation. Biotech. Bioengin. 81: 348-356.
Park, D. H. and J. G. Zeikus. 2000. Electricity generation in
microbial fuel cells using neutral red and an electronophore.
Appl. Environ. Microbiol. 66: 1292-1297.

Roberts, S. M., N. J. Turner, and A. J. Willetts. 1993. Some
recent advances in the synthesis of optically pure fine
chemicals using enzyme-catalysed reaction in the key step.
Chimicaoggi July/August: 93- 104.

Roy, C. and D. Lancaster. 2002. Succinate:quinone
oxidoreductased: An overview. Biochim. Biophys. Acta
1553: 1-6.

Song, S. H,, S. H. Yeom, S. S. Choi, and Y. J. Yoo. 2003.
Effect of oxidation-reduction potential on denitrification by

24.

25.

26.

27.

Ochrobactrum anthropi SY509. J. Microbiol. Biotechnol.
13: 473-476.

Stucki, J. W. and C. B. Roth. 1977. Oxidation-reduction
mechanism for structural iron in nontronite. Soil Sci. Soc.
Am. J. 41: 308~ 814.

Weaver, C. E. and L. D. Pllard. 1973. The Chemistry of Clay
Minerals. Elsevier Press, Amsterdam.

Werthamer, S., A. Frieber, and L. Amaral. 1973. Quantitation
of lactate dehydrogenase isoenzyme patterns of the
developing human fetus. Clin. Chim. Acta 45: 5- 11.

Wong, C. H. and G. M. Whitesides. 1994. Enzymes in
Synthetic Organic Chemistry. Elsevier Science Ltd., Oxford.



