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Abstract Electrochemical control of the metabolic flux of
W, kimchii sk10 on glutose and pyruvate was studied. The growing
cell of W, kimchii sk10 produced 87.4 mM lactate, 69.3 mM
ethanol, and 4.9 mM lactate from 83.1 mM glucose under oxidation
condition of the anode compartment, but 98.9 mM lactate, 84.3 mM
ethanol, and 0.2 mM acetate were produced from 90.8 mM
glucose under reduction condition of the cathode compartment
for 24 h, respectively. The resting cell of W. kimchii sk10
produced 15.9 mM lactate and 15.2 mM acetate from 32.1 mM
pyruvate under oxidation condition of the anode compartment,
and 71.3 mM lactate and 3.8 mM acetate from 79.8 mM pyruvate
under reduction condition of the cathode compartment. The
redox balance (NADH/NAD") of metabolites electrochemically
produced from pyruvate was 1.05 and 18.76 under oxidation
and reduction conditions, respectively. On the basis of these resuls,
we suggest that the neutral red (NR) immobilized in bacterial
meinbrane can function as an electron channel for the electron
transfer between electrode and cytoplasm without dissipation
of membrane potential, and that the bacterial fermentation of
W, kimchii sk 10 can be shifted to oxidized or reduced pathways
by the electrochemical oxidation or reduction, respectively.

Key words: Weissella kimchii, metabolic flux shift,
electrochemical oxidation-reduction (redox), NR_, (reduced
form of neutral red), NR_ (oxidized form of neutral red)

The various energy sources such as light, reduced inorganic
compounds, and organic carbons can be utilized by
bacteria. The light energy acts as a source for the electron-
driving force, which is converted to the proton motive
force and the reducing powers NAD(P)H, and other energy
sources are oxidized in coupling with reduction of the
primary electron donor NAD" or NADP". In the microbial
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respiratory metabolism, the reducing power produced by
the electron-driving force is directly proportional to the
AE, value between the initial electron donor and the final
electron acceptor [26] and, in the fermentative metabolism,
the reducing power produced in coupling with oxidation of
substrate is re-oxidized in coupling with reduction of the
metabolic intermediate, such as pyruvate to lactate. The
redox enzymes involved in the bacterial catabolism, such
as hydrogenase, dehydrogenase, or reductase, can catalyze the
oxidation-reduction of NAD" or quinone, and are in coupling
with the oxidation-reduction of the artificial electron mediator
(e.g., neutral red or benzyl viologen) [1, 3, 9, 18, 31]. This
reaction is coupled to the generation of transmembrane
proton gradient, which is used by the organism to support
growth and metabolic function [13, 32]. Application of the
oxidation-reduction characteristics of biological systems by
electrochemical techniques is useful to control the metabolic
flux. A useful electron mediator for the bioelectrochemical
systems must easily react with all of the electrode, biological
electron carriers, and electron mediator [34). The various redox
enzymes, including nitrite reductase [29], nitrate reductase
[30], fumarate reductase [24], and hydrogenase [23], and
various biological electron carriers such as NAD" [17, 25],
quinone [22], and cytochromes [33], have been reported to
electrochemically react with the electron mediator such as
NR [4, 10, 18] in vivo. Ever since Park and Zeikus [18] found
NR to be able to catalyze the redox reaction of NAD'/
NADH without enzymes and mediate electron transfer between
electrode and bacterial cells, NR has been applied to the biofuel
cell [19, 20], but not to metabolic flux control of bacterial
cell. We have been interested in the electro-energization of
living systems driven by the electrochemical energy. Therefore,
we applied NR as an electron mediator to an electro-
energization system to control electrochemical metabolic
flux. Electrons are funneled from the cathode to a metabolic
intermediate in the fermentative pathway of the bacterial
cell through the oxidation-reduction of an electron mediator
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and an electron carrier. In this process, the electrochemically
reduced electron mediator can be re-oxidized in coupling
with reduction of NAD® to NADH, and the NADH is re-
oxidized in coupling with reduction of pyruvate to lactate
or fumarate to succinate [6, 7]. On the other hand, the
electrons are also transferred from a metabolic intermediate
to the electrode. In this process, NAD" can be reduced to
NADH in coupling with oxidation of a metabolic intermediate
and the NADH can be re-oxidized coupled to reduction of
NR, which can be re-oxidized by transferring electrons to
the electrode. In other words, some metabolic intermediates
can be electrochemically reduced or oxidized [19]. This
implies that it might be possible to control or alter
metabolism by plugging biochemical processes into an
external electrochemical system. Collins ef al. [2] proposed
the genus Weissella, on the basis of a 16s TRNA phylogenetic
analysis, as a non-spore-forming heterofermentative bacterium.
Park and Park [21] and Kang and Park [8] reported that the
metabolic flux of W. kimchii could be shifted to oxidized
pathway under aerobic, but reduced pathway under anaerobic,
growth condition. In the present study, we attempted to
electrochemically alter the metabolic flux of W. kimchii by
using NR as an electron mediator. Thus, we estimated the
growth and metabolites of W. kimchii sk10 in anode (oxidation
reaction) and cathode compartments (reduction reaction)
under anaerobic growth condition, respectively, and analyzed
the metabolic flux by using stoichiometric balance of the
metabolites produced and the substrate consumed [29].

MATERIALS AND METHODS

Chemicals and Reproducibility of Results
All chemicals were of reagent grade, and all the experiments
were repeated two to three times with identical results.

Organism

The strain sk10 was isolated from kimchi and identified as
W. kimchii on the basis of 16s-rDNA sequencing and sugar
fermentation profile [1].

Cuitivation and Growth

Strain sk10 was cultivated on modified MRS medium (proteose
peptone 10 g/l, beef ext 10 g/l, yeast ext 5 g/l, sorbitan
monooleate 1 g/l, ammonium citrate 2 g/l, magnesium sulfate
0.1 g/l, manganese sulfate 0.05 g/l, disodium phosphate 2 g/l).
Glucose and pyruvate were added to the medium after
autoclave, and final concentration was adjusted to 100 mM.
The pH of the medium was adjusted to 8.0 before autoclave,
and bacterium was cultivated at 30°C. Bacterial growth was
monitored by optical density at 660 nm with a spectrophotometer
(Jasco Model V-550, Tokyo, Japan). O,-free N, was supplied
to the bacterial culture and sparged in growth medium to
maintain complete anaerobic condition [11, 12].

Cyclic Voltammetry of Neutral Red

Cyclic voltammograms of NR were obtained by using the
glassy carbon (diameter 5 mm; Electrosynthesis, U.S.A.) as
a working electrode, platinum wire as a counter electrode,
and Ag/AgCl as a reference electrode in 200 uM NR
solutions in 25 mM Tris-Cl buffer (pH 7.5). Cyclic voltammetry
was performed using a cyclic voltammetric potential (model
CV50W, BAS, U.S5.A.) linked to an IBM personal computer
data acquisition system. Prior to use, the electrodes were
cleaned with ultrasonic cleaner. The scanning rate was
adjusted to 25 mVs™' over the range of 0.0 volt to - 1.0 volt.
To test electron transfer between NAD" and NR, the NAD*
was added to the NR solution during the cyclic voltammetry,
and transition of the cyclic voltammogram was observed
and compared before the addition of NAD".

Electrochemical Bioreactor

An electrochernical bioreactor (working volume: 50- 200 ml),
specially designed for autoclaving, maintaining anaerobic
conditions, and growing bacteria, was made of Pyrex
glass. The bioreactor was separated into anode and cathode
compartments by a porcelain membrane (diameter ¢=
52 mm, thickness=3.2 mm, and resistance=15 £ ¢m™ in
0.25 N NaOH). A platinum wire (¢=0.5 mm; <1.0 Q cm™®)
was connected to the graphite felt with graphite epoxy
(<1.0 Q cm’*; Electrosynthesis, Amherst, New York, U.S.A.),
and the theoretical surface area of graphite felt electrode
was adjusted to 1.9 m’, The electrical resistance between
anode and cathode was <0.4 K€ The current and voltage
between anode and cathode were measured by a precision
multimeter (model 45; Fluke, Everett, WA, U.S.A.) and
adjusted to 1.0 to 10.0 mA and 2.0 volt, respectively. The
growth medium, containing 50 mM phosphate buffer (pH
7.0), was used as the catholyte, and 200 mM phosphate
buffer (pH 7.0) with 200 mM NaCl was used as the anolyte.
The growing cells and resting cells were used for the test
of the metabolic flux shift. Five % (v/v) pre-cultivated
bacterial culture for 24 h was used as an inoculum for
the growing cells and 200 UM NR was added to the
bacterial culture after inoculation, which was spontaneously
immobilized to the bacterial membrane [4]. The harvested
bacterial cells were used as the resting cells. The resting
cells were prepared as follows: a 18-h W. kimchii culture
was aseptically harvested and washed twice with 50 mM
phosphate buffer (pH 7.0) by centrifugation at 5,000 xg and
4°C for 30 min. For immobilization of NR in the cytoplasmic
membrane of the resting cells, 500 UM NR was added to
the harvested bacterial cells and the mixture of NR and
bacterial suspension was shaken at 80 rpm and 4°C for
30 min in a reciprocal shaker. The residual NR, which was
not immobilized in the bacterial membrane, was removed
by centrifugation. The modified resting cells with NR were
resuspended in fresh medium, and bacterial density was
adjusted to 4.0 on the basis of optical density at 660 nm.
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Analysis

Glucose, pyruvate, lactate, acetate, and ethanol were analyzed
by using HPLC (YoungLin system M925 pump, Seoul
Korea) equipped with an RI detector (RI750F model) and
Aminex HPX-87H ion-exchange column (Bio-Rad, Burlington,
U.S.A)). The bacterial culture, which was periodically
separated from bacterial-growing medium, was centrifuged
at 10,000 xg for 30 min and filtrated through a membrane
filter (pore sized, 0.22 uM), and the filtrate was used for
analysis. The concentration was calculated using a standard
calibration curve that was previously made.

Calculation of Stoichiometric Balance

The bacterial growth was measured at 2-h intervals for 48 h,
together with measurment of substrate consumption and
metabolite production. Stoichiometric balance was calculated
at mid-time of the stationary phase when all factors,
biomass (dry cell weight), and substrate and metabolites
concentrations were unchanged. Dry cell weight was
determined by using a predetermined calibration curve as a
function of absorbance at 660 nm [5)].

Dry cell weight (g/1)=0.329x A,

RESULTS AND DISCUSSION

The NR can be electrochemically oxidized and reduced
(18], and also biochemically reduced by coupling to
oxidation of NADH to NAD", and oxidized by coupling to
reduction of NAD" to NADH [19]. The redox potential of

NR,/NR,, and NADH/NAD" are -0.325 and - 0.32 volt (vs. -

NHE), respectively, by which electrons can be transferred
from NR, to NAD* or NADH to NR_ with low variation
of entropy (-0.325+0.32=-0.005; - 0.005 voltx96487 J/volt=
482.44 J/mol). The cyclic voltammetry is a useful tool
for determination of experimental redox potential of the
electrode-active compounds or materials and electron transfer
between electron mediators and electron carriers. As shown
in Fig. 1, the cyclic voltammogram shows the experimental
value of the redox potential of NR. The theoretical redox
potential of NR is - 0.325 volt (vs. NHE), and experimentally
-0.33 volt (vs. NHE) was obtained, which is very close to
the theoretical value. The upper and lower peaks show the
reduction and oxidation reaction of NR with electrode,
respectively. Figure 2 shows the electron transfer from
NR,, (upper peak), which was electrochemically reduced,
to NAD" and NADH to NR, (lower peak), which was
electrochemically oxidized. The increase of the upper and
lower peak height indicates that the electrons can be
transferred from electrode to NAD" and from NADH to
electrode via oxidation-reduction of the NR, respectively.
This is clear evidence that the NR_, can be oxidized to
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Fig. 1. Cyclic voltammogram of neutral red (100 uM in 50 mM
KPi buffer, pH 7.0) for determination of the redox potential
under test condition.

The half potential is a real redox potential of neutral red. The theoretical
and experimental redox potentials of neutral red are -0.525 volt versus
Ag/AgCl (-0.325 volt versus NHE) and -0.530 volt versus Ag/AgCl
(- 0.33 volt versus NHE), respectively.

can be re-oxidized to NAD’, coupled to reduction of NR_,
to NR,, on the electrode surface. As shown in Fig. 3 and
Fig. 4, this result led us to suggest that the NR can act as an
electron channel across the bacterial membrane from inside
to outside or in reversed direction. The electrons cannot be
transferred across the bacterial membrane in the normal
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Fig. 2. Cyclic voltammogram of neutral red (100 uM in 50 mM
KPi buffer, pH 7.0) for test of reaction with NAD" under test
condition.

By the addition of NAD" (100 uM), the current was increased in both
reduction reaction (upper peak) and oxidation reaction (lower peak). The
increase of upper and lower current shows that electrons are transferred
from electrode to NAD" and from NADH to electrode through oxidation-
reduction of neutral red, respectively. The electrochemical oxidation-
reduction of NAD-NADH, coupled to oxidation-reduction of neutral red.
was reported by Park and Zeikus [2, 21].
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Fig. 3. Schematic mechanism for the oxidation or reduction reaction
of the metabolic intermediates, coupling to oxidoreduction of
NAD'/NADH, which is electrochemically oxidized and reduced.
The neutral red immobilized in cytoplasmic membrane (CM) is to function
as an electron mediator (channel) from cathode (-) to NAD* or NADH to
anode (+). The symbol (M) indicates electrochemical oxidation of NADH,
coupling to oxidation of the metabolic intermediate, but the symbol (@)
indicates the electrochemical reduction of NAD", coupling to reduction of
metabolic intermediate.

condition, because the bacterial membrane is an electron
barrier composed of lipid, which is physiologically required
for maintenance of membrane potential. Theoretically, the
NR immobilized in bacterial membrane cannot transfer
electrons across the membrane under the normal growth
condition, because the NR needs the oxidation-reduction
potential to be lower than -0.325 volt for the redox reaction.
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Fig. 4. Schematic mechanism for the oxidation or reduction reaction
of pyruvate, coupling to the oxidoreduction of NAD*/NADH,
which is electrochemically oxidized and reduced.

The neutral red immobilized in cytoplasmic membrane (CM) is to function
as an electron mediator (channel) from cathode (-) to NAD" or NADH to
anode (+). The symbol () indicates electrochemical oxidation of NADH,
coupling to oxidation of metabolic intermediate, but the symbol (@)
indicates the electrochemical reduction of NAD", coupling to reduction of
metabolic intermediate.

The NR can be chemically reduced by coupling to oxidation
of sulfide (-0.52 volt) and thiosulfate (-0.45 volt), and
chemically oxidized by coupling to reduction of NAD",
However, the chemical oxidation-reduction of NR/sulfide
is not useful for the bacterial reactor, because the chemicals
are harmful for bacteria growth and they are continuously
to be added to the reactor. On the other hand, the NR
immobilized in the membrane can transfer electrons across
the membrane by selective oxidation-reduction reaction
in the electrochemical bioreactor capable of tuning the
oxidation-reduction potential. The cathode was - 2.0 volts
and the anode was +2.0 volts, which are enough for
reduction and re-oxidation of the NR immobilized in the
membrane, however, H,O cannot electrolyze without strong
electrolytes such as NaOH or HCI. We hypothesize that
electrochemically reduced and oxidized NR can reduce
NAD* to NADH and oxidize NADH to NAD" in bacterial
cytoplasm, respectively. This hypothesis implies that the redox
balance (NADH/NAD") in cytoplasm can electrochemically
be controlled by the electrode located outside of the bacterial
cell. In high NADH/NAD" state, the reduced metabolic
pathway may be activated, however the oxidized metabolic
pathway may be activated in low NADH/NAD" state [14].
Bacterial growth was measured, coupled to substrate
consumption and metabolite production, for 48 h at 2 h
intervals. When bacterial growth is stopped at 12- 14 h of
incubation and then maintained at stationary phase for
14 h, the substrate consumption and metabolite production
are not varied any longer after 24 h of incubation [21] (data
not shown). Therefore, on the basis of these results, we
used the biomass, substrate, and metabolite concentration
measured at 24 h of incubation for calculation of stoichiometric
balance [5]. As shown in Table 1, the growing cells of
W. kimchii produced 98.9 mM lactate, 84.3 mM ethanol,
and 0.2 mM acetate in the high NADH/NAD" state, but

Table 1. Fermentation parameters of growing Weissella kimchii
cells on MRS with 100 UM neutral red, electrochemically
oxidized or reduced under anaerobic condition for 24 h.

Growth condition

Fermentation parameters Anode- Cathode-
Oxidized Reduced
Glucose consumption (mM) 83.1 90.8
Lactate production (mM) 87.4 98.9
Acetate production (mM) 49 0.2
Ethanol production (mM) 69.3 84.3
Total growth (g cell/l) 1.104 1.112
Carbon recovery (%) 97.2 101.0
Y ... (mol ATP/mol substrate)’ 1.16 1.18
Redox balance (NADH/NAD") 0.810 0.927

‘Carbon recovery: (sum of metabolites)+(glucose consumptionx2)x100.

"I ATP/lacetate production, 2ATP/llactate production, - |ATP/ Iglucose
consumption.

‘Redox balance: (2NADH/lethanol)+(2 NAD'/1glucose+1 NAD'/l acetate).
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87.4 mM lactate, 69.3 mM ethanol, and 4.9 mM acetate in
the fow NADH/NAD" balance state. Lactate and ethanol
are reduced metabolites, and acetate is an oxidized product
(shown in the pathway of Figs. 3 and 4). About 10% more
lactate and ethanol were produced in the high balance of
NADH/NAD', but about 240% more acetate was produced
in the low balance of NADH/NAD". This result indicates
that the metabolism of growing W. kimchii can be controlled
by difference of electrochemical oxidation and reduction
potentials, built outside of the bacterial cell. When the resting
cell of W kimchii was subjected to the electrochemical
reactor, results very similar to those from the growing cell
were obtained (Table 2). From the fermentation of glucose
by W. kimchii, two reduced and one oxidized metabolites
are produced, however, it is not enough in comparison with
the dramatically different redox balance in oxidized and
reduced metabolites [21]. As shown in Fig. 4.{8], we used
in another test a simpler pathway, involving pyruvate
to lactate and acetate: One reduced metabolite ‘and one
oxidized metabolite are easy to calculate the redox balance.
The resting cells were used for this test, because W, kimchii
cannot produce the reducing power to drive pyruvate reduction
to lactate [27]. As shown in Table 3, the production of
lactate and acetate were 15.9 mM and 15.2 mM, respectively,
from 32.1 mM pyruvate consumed in the low balance
of NADH/NAD". However, 71.3 mM lactate and 3.8 mM
acetate were produced from 79.8 mM pyruvate consumed
in the high balance of NADH/NAD". The redox balances
calculated from these results were 1.05 and 18.76 in the
low and high balance of NADH/NAD", respectively. Such
definitely significant difference indicates that electrons can
transfer from outside of the bacterial cell to electron carriers
in the fermentation pathway and also in reversed direction
[15]. The electrochemical control of bacterial metabolism
is a useful tool to enhance production of specific metabolites
such as succinate, malate, and xylitol. Succinate and malate
have been produced from glucose by fermentation, and the
productivity has been enhanced by various alterations of
fermentation condition [22] or bacterial mutation [16].

Table 2. Fermentation parameters of resting Weissella kimchii
cells on MRS with 100 uM of neutral red, electrochemically
oxidized or reduced under anaerobic condition for 24 h.

Growth condition

Fermentation parameters Anode- Cathode-
Oxidized Reduced
Glucose consumption (mM) 86.6 90.0
Lactate production (mM) 70.5 84.8
Acetate production (mM) 17.5 0.1
Ethanol production (mM) 76.8 94.3
Carbon recovery (%)* 95.2 99.5
Redox balance (NADH/NAD®)" 0.805 1.05

“Carbon recovery: (sum of metabolites)+(glucose consumptionx2)x100.
"Redox balance: (2NADH/]ethanol)«(2 NADY/1 glucose+] NAD"/acetate).

Table 3. Fermentation parameters of resting Weissella kimchii
cells on modified MRS with pyruvate instead of glucose and
100 uM neutral red, electrochemically oxidized or reduced under
anaerobic condition for 24 h.

Growth condition

Fermentation parameters Anode- Cathode-
Oxidized Reduced
Pyruvate consumption (mM) 32.1 79.8
Lactate production (mM) 15.9 71.3
Acetate production (mM) 15.2 3.8
Ethanol production (mM) Not detected  Not detected
Carbon recovery (%)" 96.8 94.1

Redox balance (NADH/NAD"Y 1.05 18.76

‘Carbon recovery: (sum of metabolites)+(pyruvate consumption)x100.
"Redox balance: (INADH/lactate)+(1NAD"/acetate).

Similarly, xylitol has been produced from xylose by yeast
Saccharomyces cerevisiae, using glucose as a reducing
power [28]. We are in a process to enhance succinate
production from glucose fermentation, and electrochemical
reduction of xylose to xylitol by electricity in place of
glucose as a reducing power.

In the near future, we will confront dangerous environmental
pollution with high concentration of carbon dioxide if we
do not try to decrease carbon dioxide production. One of
the solutions to decrease carbon dioxide is to develop a
bioelectrochemical system capable of converting carbon dioxide
to organic carbons such as PHB. To some extent, electricity
has to be consumed during the night or holidays without
any work, which constitutes a very useful energy source for
operation of electrochemical or bioelectrochemical systems.
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