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Fumarate is an unsaturated dicarboxylic acid useful as a raw material for unsaturated polyester resins,
polybutylene succinate (PBS), poly(propylene fumarate) (PPF), plasticisers, and other products.
Biodegradable plastics derived from fumarate are an attractive solution to the serious environmental
pollution caused by plastic disposal. A new fumarate production from CO, and biobased pyruvate using
enzymes in aqueous media under ambient temperature and pressure is an environmental approach to
overcome plastic pollution and achieve CO, capture, utilization and storage (CCUS). In this work, fumarate
production from pyruvate and low-concentration CO, below 15% captured from the gas phase using
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-NaOH buffer solution with a multi-enzyme
system consisting of pyruvate carboxylase from a bovine liver (PC; EC 6.4.1.1), recombinant malate
dehydrogenase from bacteria (MDH; EC 1.1.1.37) and fumarase from a porcine heart (FUM; EC 1.1.1.37) in
the presence of adenosine 5'-triphosphate (ATP) and NADH was investigated. It was found that pyruvate
can be converted into L-malate in high yields (more than 80%) directly using 15% CO, equivalent to
exhaust gas as a carboxylating agent using a dual-enzyme system consisting of PC and MDH in the
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presence of ATP and NADH after 5 h incubation. Moreover, fumarate production from 15% CO, and
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Introduction

Plastics are an important and essential material in contemporary
life. Plastics have various uses, are lighter than metals and their
production costs are relatively low." Most plastics in circulation are
produced from fossil resources, thereby increasing greenhouse gas
emissions through their value chain. Currently, plastics contribute
to pollution throughout their life cycle, from production to use and
ultimately disposal.’* Biodegradable, compostable and biobased
plastics are increasingly attracting attention as a potential solution
to these issues.”'® Biodegradable and compostable plastic materi-
als are eventually decomposed by microorganisms into water, CO,,
inorganic salts and new biomass."* ™ Biodegradable plastics are
classified into two groups based on their synthesis method.'®"”
Natural bioplastics are produced from natural resources and
synthetic bioplastics from fossil resources.'®'® Natural bioplastics
are derived from renewable or biological resources, such as animal,
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pyruvate as raw materials was accomplished using a dual-enzyme system consisting of PC and MDH.

plant, marine or microbial sources, whereas synthetic biodegrad-
able plastics are produced chemically®® from fossil resources, but
their versatility can be extended by producing raw materials from
biobased materials or CO,.

Synthetic biodegradable plastics®® are further classified into
three groups: aliphatic polyesters, poly(vinyl alcohol) (PVA)*** and
poly(vinyl acetate) (PVAC).**2® Among the synthetic biodegradable
plastics based on aliphatic polyesters, poly(i-lactate) (PLA)**>* and
poly(glycolate) (PGA)*>® are chemically produced from bio-based
precursors. In contrast, poly(caprolactone) (PCL)**™** and poly
butylene succinate (PBS)** ¢ are chemically produced from syn-
thetic precursors.

For example, PBS is produced via copolymerisation of suc-
cinic acid and 1,4-butanediol. PBS precursors succinic acid and
1,4-butanediol can both be synthesised from fumaric acid.
Moreover, fumarate is an unsaturated dicarboxylic acid useful
as a raw material for unsaturated polyester resins, polybutylene
succinate (PBS), poly(propylene fumarate) (PPF), plasticisers,
and other products as shown in Fig. 1.*”*® The production of
fumarate from biobased materials and CO, results in a new
precursor production method for synthetic biodegradable plas-
tics that is dependent on synthetic precursors derived from
fossil resources. Among the biobased materials for biodegrad-
able plastic precursors, pyruvate is a useful material with the
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Polybutylene succinate (PBS)

Poly(propylene fumarate)(PPF)

Fig.1 Current applications of fumaric acid for various plastics and
plasticizers.

following properties. Pyruvate is a product of glucose metabo-
lism, known as glycolysis. One molecule of glucose is used to
provide further energy after being broken down into two
molecules of pyruvate.*® The two molecules of pyruvate pro-
duced by the decomposition of one molecule of glucose are
used as a further source of energy. For these reasons, therefore, we
focused on fumarate production from the biobased materials
pyruvate and CO, gas. Biocatalytic fumarate production from
pyruvate and gaseous CO, or bicarbonate using malate dehydro-
genase decarboxylating type (ME; EC 1.1.1.38)°°°" and fumarase
(FUM; EC 4.2.1.2)>" in the presence of NADH via an intermediate,
1-malate, as shown in Fig. 2(a) has been reported.*®”° Moreover, the
visible-light driven fumarate production from pyruvate and bicar-
bonate or gaseous CO, with the hybridisation of NAD" reduction
system of triethanol amine as an electron donor, water-soluble zinc
porphyrin, zinc tetra(4-sulfonatophenyl) porphyrin tetrasodium salt
or zinc tetrakis (N,N,N-aminophenyl) porphyrin as a photosensitizer
and Rh coordination complex ([Cp*Rh(bpy)(H,O)]**; Cp* = penta-

(a) NAD*

L-Malate -@»Fumarate

NADH—"4" N\ -Pyruvate + CO, or HCO;"
4

\
Carboxylation Reduction
¥ ¢
[Pyruvate + CO, or HCO; ] [ Oxaloacetate + NADH]

— Oxaloacetate — L-Malate

b)
© NAD* L-Malate -@* Fumarate

NADH Oxaloacetate i EADP
Pyruvate + CO, or HCO; ATP
Fig. 2 Fumarate production from pyruvate and CO, or bicarbonate with
the system using dual-enzyme (ME and FUM) in the presence of NADH (a)

and multi-enzyme (PC, MDH and FUM) in the presence of ATP and
NADH (b).
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methylcyclopentadienyl, bpy = 2,2’-bipyridyl), and a dual-enzyme
system consisting of ME and FUM has been developed.®*

ME in Fig. 2(a) catalyses two processes: the carboxylation of
pyruvate with bicarbonate or CO, and the reduction of oxaloa-
cetate to r-malate using NADH as a co-factor. ME is a useful
enzyme for r-malate production from pyruvate and CO,; however,
ME also catalyses the pyruvate reduction to r-lactate. ME has the
disadvantage of catalysing the reduction of pyruvate to r-lactate,
especially under conditions of low bicarbonate concentration in
solution.** In other words, one of the major drawbacks is the
inability to use low concentration CO, gas as feedstock in the
reaction system using ME as a catalyst. In addition, the Michaelis
constant (K,,) value of r-malate for FUM-catalysed fumarate
production is reported to be 0.65 mM and at least about
2.0 mM of r-malate is required to achieve the maximum rate
of fumarate production.®* Another aspect to be improved in the
production of biocatalytic fumarate from pyruvate and gaseous
CO, or bicarbonate using ME and FUM in the presence of
NADH is the increased rate of ME-catalysed r-malate (inter-
mediate) production. Therefore, improving the production
efficiency of the r-malate in the early stages is an important
point of improvement for biocatalytic fumarate production via
t-malate from pyruvate and gaseous CO, or bicarbonate. We
therefore devised a way to complement the two catalytic func-
tions of ME with their respective enzymes. One is pyruvate
carboxylase (PC; EC 6.4.1.1)°>"% for oxaloacetate production by
pyruvate carboxylation with CO, in the presence of adenosine
triphosphate (ATP). The other is malate dehydrogenase (MDH;
EC 1.1.1.37)°®*7° for oxaloacetate reduction to r-malate in the
presence of NADH. By using a multi-enzyme system of PC,
MDH and FUM, fumarate production from pyruvate and CO, in
the presence of ATP and NADH can be developed as shown in
Fig. 2(b).”" The PC-catalysed pyruvate carboxylation process
needs the phosphorylation of bicarbonate by ATP as shown in
Fig. 3. As shown in Fig. 3, no direct phosphorylation of CO, by
ATP occurs in PC. For this reason, bicarbonate has been used as
a carboxylating agent for pyruvate instead of CO, gas in PC-
catalysed reaction. Furthermore, PC only catalyses the carboxyl-
ation of pyruvate, allowing low concentrations of CO, to be
used as a feedstock. This means that the production of r-lactate
under conditions of low CO, concentration, which has been a
problem in systems using ME, can be eliminated.

Thus, the direct use of CO, gas instead of bicarbonate in
fumarate production as shown in Fig. 2(b) was devised as a CO,
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Fig. 3 PC-catalysed pyruvate carboxylation with bicarbonate to produce
oxaloacetate in the presence of ATP.
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capture and utilisation (CCU) system. Pure 100% CO, gas is
widely used in many laboratory-scale studies on CCU systems.”*
We have also succeeded in producing fumarate by incorporat-
ing pure 100% CO, gas in the gas phase of the reaction vessel
into the reaction solution using the system shown in Fig. 2(b).”*
One of the challenges for practical application of CCU is to
capture 0.04% low concentration of CO, gas from the atmo-
sphere, and use it for CCU reaction.”® In other words, it would
be needless to say that the practical application of CCU
technology using the atmospheric CO, concentration of around
0.04% in the livelihood sphere would require a huge amount of
energy and cost. In contrast, the concentration of CO, in
exhaust gas from coal-fired power plants, steel mills and
chemical plants ranges from several to 20% of CO,.”* Direct
air capture (DAC) technology is gaining attention for capturing
such low concentrations of CO, of around 20%.”°7%° More
recently, research has also been reported on the linkage of
DAC and CCU technologies to convert captured CO, into useful
substances.®"*” One candidate for gaseous CO, capture tech-
nology in aqueous solutions based on DAC is the use of
aqueous basic amine solutions. In other words, the use of a
weakly basic buffer in the system shown in Fig. 2(b) allows CO,
in the gas phase to be directly captured and converted to
bicarbonate in an aqueous medium before being used as a
carboxylating agent for pyruvate.

In this study, fumarate production from pyruvate and low-
concentration CO, below 15% captured from the gas phase by
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-
NaOH buffer solution with a multi-enzyme system consisting
of PC, MDH and FUM in the presence of ATP and NADH was
investigated.

Experimental

Materials

MDH recombinant from bacteria (EC 1.1.1.37), NAD' and
NADH were purchased from Oriental Yeast Co., Ltd. ATP
disodium hydrate, PC from bovine liver (EC 6.4.1.1) and FUM
from porcine heart (EC 1.1.1.37) were purchased from Sigma-
Aldrich Co. LLC. Acetyl-CoA trilithium salt, sodium bicarbonate
and magnesium chloride hexahydrate were purchased from
FUJIFILM Wako Pure Chemical Corporation. ME from Sulfolo-
bus tokodaii was purchased from Thermostable Enzyme Labora-
tory Co., Ltd (EC 1.1.1.38 MDH-73-01). 4-(2-Hydroxyethyl)-1-
piperazine-ethanesulfonic acid (HEPES) was purchased from
NACALAI TESQUE, INC.

Determination of the capture of CO, in the gas phase into a
sample solution

The amount of capture of CO, contained in the mixed gas
consisting of N, and CO, in the gas phase to the sample
solution was determined by the following method. The reaction
is an isobaric system and the schematic representation of the
experimental setup is shown in Fig. 4(a).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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P

Fig. 4 Outline of the experimental setup for the determination of the
amount of CO, in the gas phase captured into a sample solution (a) and for
the isobaric system for direct captured CO, gas utilisation for a multi-
enzyme system (b).

500 mM of HEPES-NaOH buffer (pH 7.8) was used as a
sample solution for CO, capture from the gas phase. The sample
solution was deaerated by freeze-pump-thaw cycles repeated
6 times and then introduced in gas phase and syringe (as shown
in Fig. 4(a)) with the gas mixture consisting of N, and CO,
prepared by a gas mixture generator for 10 min. The mixed gas
was prepared by controlling the flow rates of N, and CO, gases
entering the gas mixture generator (KOFLOC PMG-1A-N,-100).
The total pressure of the reaction system was kept at 1.01325 X
10° Pa. The volume change in the syringe was measured and the
amount of CO, dissolved in the liquid phase was determined
from the change in volume. Here, the CO, in the gas mixture was
considered the real gas and the amount of CO, (n) in the gas
phase was determined using the following eqn (1).

an’
(P+W>(V+nb) =nRT (1)
Here, P is kept at 1.01325 x 10° Pa at the total pressure of the
reaction system. The van der Waals coefficients a and b for CO, gas
were 365 x 107° Pa m® mol? and 42.8 x 10°°® m*® mol !,
respectively. V is the volume change (mL) of the syringe attached
to the reaction vessel shown in Fig. 4(a). The T'and R are the reaction
temperature (303.65 K) and the gas constant (8.31 ] K~* mol %),
respectively.

Effect of acetyl-CoA on the r-malate production with PC and
MDH in the presence of ATP and NADH

The reaction mixture consisted of sodium pyruvate (2.0 mM),
ATP (2.0 mM), sodium bicarbonate (50 mM), manganese chlor-
ide (5.0 mM), NADH (2.0 mM), PC (1.0 U), MDH (10 U) and
acetyl-CoA in 5.0 mL of 500 mM HEPES buffer-NaOH (pH 7.2).
The concentration of acetyl-CoA was varied from 0 and 2.0 mM.
The reaction vessel is a clear glass vial, and the reaction is a
sealed system. The total volume of the reaction vessel is 14.0 mL.
Reactions were carried out in a thermostatic bath (30.5 °C). The
concentration of r-malate produced was measured by using an
ion chromatograph system with an electrical conductivity detec-
tor (Metrohm, Eco IC). Ion chromatographic separation was

New J. Chem., 2024, 48,18055-18065 | 18057
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carried out using an ion exclusion column (Metrosep Organic
Acids 250/7.8 Metrohm; column size: 7.8 x 250 mm; composed
of 9 pm polystyrene-divinylbenzene copolymer with sulfonic acid
groups). Experimental details for r-malate quantification by
using an ion chromatograph are explained in the ESIL.{ The
concentration of r-malate was determined using eqn (S1) (ESIt)
obtained from a calibration curve (Fig. S1(b), ESIT) based on the
chromatogram of the standard sample (Fig. S1(a), ESIT).

Determination of kinetic parameters for sodium bicarbonate in
the PC and MDH-catalysed r-malate production with ATP and
NADH

The reaction mixture consisted of sodium pyruvate (2.0 mM),
ATP (2.0 mM), sodium bicarbonate, manganese chloride
(5.0 mM), NADH (2.0 mM), PC (1.0 U), MDH (10 U) and
acetyl-CoA (1.0 mM) in 5.0 mL of 500 mM HEPES buffer-
NaOH (pH 7.2). The concentration of sodium bicarbonate was
varied from 0 to 25 mM. The reaction vessel is a clear glass vial,
and the reaction is a sealed system. The total volume of the
reaction vessel is 14.0 mL. Reactions were carried out in a
thermostatic bath (30.5 °C). The concentration of r-malate
produced was measured by ion chromatography using the
calibration curve based on the chromatogram of a standard
sample (Fig. S2 (a) and (b), ESIt) using eqn (S2) (ESIt).

Determination of kinetic parameters for NADH in the MDH-
catalysed r-malate production

The reaction mixture consisted of sodium oxaloacetate
(1.0 mM), NADH and MDH (10 U) in 5.0 mL of 500 mM HEPES
buffer-NaOH (pH 7.2). The concentration of NADH was varied
from 0 to 1.0 mM. The reaction vessel is a clear glass vial, and the
reaction is a sealed system. The total volume of the reaction
vessel is 14.0 mL. Reactions were carried out in a thermostatic
bath (30.5 °C). Reactions were monitored by the decrease in
NADH concentration during the incubation. NADH concen-
tration was monitored by absorption spectra change using UV-
visible absorption spectroscopy (SHIMADZU, MaltiSpec-1500)
with the molar coefficient of 6220 cm™' M ™" at 340 nm.*

1-Malate production from pyruvate and direct captured CO,
with PC and MDH in the presence of ATP and NADH

The reaction mixture consisted of sodium pyruvate (5.0 mM),
ATP (5.0 mM), manganese chloride (5.0 mM), NADH (5.0 mM),
PC (1.0 U), MDH (0.5 U) and acetyl-CoA (1.0 mM) in 5.0 mL of
500 mM HEPES buffer-NaOH (pH 7.2). The schematic repre-
sentation for the experimental setup is also shown in Fig. 4. The
sample solution was deaerated by freeze-pump-thaw cycles
repeated 6 times to remove dissolved oxygen. After that, the
mixture of N, and CO, gas was flushed both of gas phase of
reaction vessel and connected balloon for 10 min. The shape
of the reaction vessel and the method of flushing the mixed
gas were as described above. Reactions were carried out in a
thermostatic bath (30.5 °C). The concentration of .-malate was
detected by ion chromatography and determined from the
calibration curve based on the chromatogram of a standard
sample (Fig. S2 (a) and (b), ESIt) using eqn (S2) (ESIT). .-Malate
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production with the system of sodium pyruvate (5.0 mM),
magnesium chloride (5.0 mM), NADH (5.0 mM) and ME (0.7
U) in 5.0 mL of 500 mM HEPES buffer-NaOH (pH 7.2) was
carried out as a control experiment. The amount of ME enzyme
activity in the condition of the control experiment was opti-
mised for r-malate production.®*

Fumarate production from pyruvate and direct captured CO,
with PC, MDH and FUM in the presence of ATP and NADH

The reaction mixture consisted of sodium pyruvate (5.0 mM),
ATP (5.0 mM), manganese chloride (5.0 mM), NADH (5.0 mM),
PC (1.0 U), MDH (10 U), FUM (0.5 U) and acetyl-CoA (1.0 mM) in
5.0 mL of 500 mM HEPES buffer-NaOH (pH 7.2). The schematic
representation of the experimental setup is also shown in
Fig. 4. The sample solution was deaerated by freeze-pump-
thaw cycles repeated 6 times to remove dissolved oxygen. After
that, the mixture of N, and CO, gas was flushed both of gas
phase of reaction vessel and connected balloon for 10 min. The
shape of the reaction vessel and the method of flushing
the mixed gas were as described above. Reactions were carried
out in a thermostatic bath (30.5 °C). The concentrations of
t-malate and fumarate were detected by ion chromatography
and determined from the calibration curve based on the chro-
matogram of a standard sample (Fig. S3(a) and (b), ESIt) using
eqn (S3) (ESIt). Fumarate production with the system of sodium
pyruvate (5.0 mM), magnesium chloride (5.0 mM), NADH
(5.0 mM), ME (0.7 U) and FUM (0.5 U) in 5.0 mL of 500 mM
HEPES buffer-NaOH (pH 7.2) was carried out as a control
experiment. The amount of ME or FUM enzyme activity in the
control experiment was optimised for fumarate production.®*

Results and discussion

Determination of the amount of captured CO, in the gas phase
into a sample solution

Fig. 5 shows the time dependence of volume of syringe of the
reaction vessel when a gas mixture consisting of 85% N, and
15% CO, or 100% CO, gas®' was introduced as shown in Fig. 4.

As shown in Fig. 5, the volume of syringe of reaction vessel
decreased with increasing time. After 5 h of incubation, the
volume change of the syringe under a gas mixture consisting of
85% N, and 15% CO, or 100% CO, gas was 6.0 and 17.0 mL,""
respectively. Here, the concentration of CO, dissolved from the
gas phase into the liquid phase was calculated from the volume
change of the reaction vessel. The solubility of N, and CO,
gases in water media at 30 °C has been reported to be 0.016 and
0.162 g kg '® respectively. In this experiment, thus, the
dissolution of N, gas was ignored and the volume change was
assumed to be the dissolution of CO, gas into the water
medium. The time dependence of the total CO, concentration
estimated by eqn (1) from the volume change is shown in Fig. 6.
As shown in Fig. 6, the estimated CO, concentration increased
with increasing time. After 1 h, 16.2 and 56.6 mM of CO, under
a gas mixture consisting of 85% N, and 15% CO, or 100% CO,
gas were dissolved from the gas phase into the liquid phase. We

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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20
® Gas mixture (85% N2 and 15% COy)

e 100% CO,

Time (h)

Fig. 5 Time dependence of volume of syringe of the reaction vessel
when a gas mixture consisting of 85% N, and 15% CO, (blue) and 100%
CO; gas (red)®* was introduced.

have already reported on the ability of HEPES buffer solution to
capture gas-phase CO, into aqueous solution.®> CO, in the gas
phase is captured by the HEPES buffer solution, as shown in
Fig. 7. As shown in Fig. 7, the CO, captured by the HEPES buffer
is converted to bicarbonate. In addition, the proportion of
carbonate species present in aqueous solution at pH 7.0 is
estimated by the Plummer and Busenberg equation to be 82%
bicarbonate and 18% CO,.%® Hence, it is possible that CO, in the
gas phase can be used for PC-catalysed pyruvate carboxylation.

Effect of acetyl-CoA on the L-malate production with PC and
MDH in the presence of ATP and NADH

Fig. 8 shows the relationship between the concentration of
acetyl-CoA and r-malate production rate (vo) in the reaction
system of sodium pyruvate, ATP, sodium bicarbonate, manga-
nese chloride, NADH, PC, MDH and acetyl-CoA in HEPES

160

® Gas mixture (85% N3 and 15% CO5)
140 |

e 100% CO,

120

100

80

60

[CO2] total (MM)

40

20

Time (h)

Fig. 6 Time dependence of the total CO, concentration estimated by
eqgn (1) from the volume change. Gas mixture consisting of 85% N, and 15%
CO; (blue), and 100% CO, gas (red).
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Fig. 7 Suggested mechanism for the capture of CO, in the gas phase
using HEPES buffer solution into the aqueous phase.

buffer-NaOH. The r-malate production rate (v,) was determined
from the concentration of t-malate production after 30 min of
incubation. Fig. S4 (ESIt) shows an ion chromatography chart
of a sample solution after 30 min of incubation. As shown in
Fig. 8, the r-malate production rate depends on the concen-
tration of acetyl-CoA. In addition, no r-malate production was
observed under conditions without acetyl-CoA. As shown in
Fig. 3, acetyl-CoA is not directly involved in the PC-catalysed
carboxylation of pyruvate by bicarbonate. However, it has been
reported that the allosteric effect of acetyl-CoA on PC promotes
pyruvate carboxylation.®” Therefore, acetyl-CoA is also essential
in the production of r-malate from pyruvate and bicarbonate
using PC and MDH.

Determination of kinetic parameters for sodium bicarbonate in
the PC and MDH-catalysed r-malate production with ATP and
NADH

The effect of bicarbonate concentration on PC-catalysed pyru-
vate carboxylation can be investigated to explore the possibility
of directly utilising CO, gas in the gas phase. Fig. 9 shows the
relationship between the concentration of sodium bicarbonate
and r-malate production rate (v,) in the reaction system of

vo (MM min)
> o o
o o o
w H [$,]

g
o
)

0 1 1 1
0 0.5 1 1.5 2

[Acetyl-CoA] (mM)
Fig. 8 Relationship between the concentration of acetyl-CoA and the
rate of L-malate production (vp) in the reaction system of sodium pyruvate,

ATP, sodium bicarbonate, manganese chloride, NADH, PC, MDH and
acetyl-CoA in HEPES buffer-NaOH.
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sodium pyruvate, ATP, sodium bicarbonate, manganese chloride,
NADH, PC, MDH and acetyl-CoA in HEPES buffer-NaOH.

The r-malate production rate (v,) was determined from the
concentration of r-malate production after 30 min of incuba-
tion. Fig. S5 (ESIt) shows an ion chromatography chart of a
sample solution after 30 min of incubation. Assuming that PC
and MDH are one enzyme, the kinetic parameters of bicarbo-
nate for r-malate production were determined. As shown in
Fig. 9, the relationship between bicarbonate concentration and
the rate of r-malate production followed a Michaelis-Menten
type enzyme reaction. The Michaelis constant K, and maximum
rate of -malate production V;,.x of bicarbonate were calculated
to be 3.6 mM and 0.04 mM min~", respectively. On the other
hand, K,, and V. values of bicarbonate for ME-catalysed
L-malate production were reported to be 14 mM and
0.03 mM min ', respectively.®’ These results show that the
PC and MDH dual-enzyme system can reduce the Ky,
value of bicarbonate by 25% compared to the ME system.
Furthermore, a bicarbonate concentration of about three times
the K, value is required to produce r-malate at the V,,,, using a
dual-enzyme system of PC and MDH. As described in the
previous section, 16.2 and 56.6 mM of CO, were dissolved from
the gas phase into the liquid phase under a gas mixture
consisting of 85% N, and 15% CO,, and 100% CO, gas by using
the reaction vessel in Fig. 4. From these facts, the bicarbonate
concentration captured in aqueous solution from the gas mix-
ture of 85% N, and 15% CO, was estimated to be about 4.5 times
higher than in K, value. Therefore, a mixed gas of 85% N, and
15% CO, was used in subsequent experiments.

Determination of kinetic parameters for NADH in the MDH-
catalysed r-malate production

Next, the concentration of NADH for the efficient reduction of
oxaloacetate, produced from pyruvate and bicarbonate by PC
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Fig. 9 Relationship between the concentration of sodium bicarbonate
and the rate of L-malate production (vp) in the reaction system of sodium
pyruvate, ATP, sodium bicarbonate, manganese chloride, NADH, PC, MDH
and acetyl-CoA in HEPES buffer-NaOH.
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Fig. 10 Relationship between the concentration of NADH and the initial
rate (vp) in the reaction system of sodium oxaloacetate, NADH and MDH in
HEPES buffer-NaOH.

catalysis, to 1-malate by MDH was studied. Fig. 10 shows the
relationship between the concentration of NADH and r-malate
production rate (v,) in the reaction system of sodium oxaloa-
cetate, ATP, NADH, and MDH in HEPES buffer-NaOH.

The initial rate (v,) was determined from the decrease in
NADH concentration after 30 min of incubation. As shown in
Fig. 10, the relationship between NADH concentration and the
initial rate followed a Michaelis-Menten type enzyme reaction.
The Michaelis constant K,, of NADH and maximum rate Vi .x
were calculated to be 0.05 mM and 0.07 mM min~ ', respec-
tively. On the other hand, K, and V,,,x values of NADH for
ME-catalysed r-malate production were reported to be 1.5 mM
and 0.04 mM min !, respectively.®® These results show that the
MDH system can reduce the K,, value of NADH by 3.3%
compared to the ME system.

1-Malate production from pyruvate and direct captured CO,
with PC and MDH in the presence of ATP and NADH

Fig. 11 shows the time dependence of L-malate production from
pyruvate and CO, with PC and MDH in HEPES-NaOH buffer
including ATP and NADH (The ion chromatograph chart during
the incubation is shown in Fig. S6, ESIt). The composition of
the gas phase including balloon was adjusted to 85% N, and
15% CO, or 100% CO, gas. The pressure in the reaction vessel
was maintained at 1.01325 x 10° Pa. The i-malate concen-
tration increased with increasing incubation time in both
cases. After 5 h of incubation, the .-malate concentration was
estimated to be ca. 4.0 mM in both cases. The yields for
pyruvate to r-malate in both systems after 5 h of incubation
were calculated to be ca. 80%. The initial reaction rates under a
gas mixture consisting of 85% N, and 15% CO,, and 100% CO,
gas were estimated to be 0.029 and 0.048 mM min ", respec-
tively. On the other hand, the maximal rate Vi,.x of PC and
MDH dual-enzyme with bicarbonate was determined to be
0.040 mM min~'. These results indicated that pyruvate is
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Fig. 11 Time dependence of L-malate concentration in the solution of
sodium pyruvate, ATP, manganese chloride, acetyl-CoA, NADH, PC and
MDH in HEPES-NaOH buffer. The gas phase: the gas mixture of 85% N,
and 15% CO, (red), and 100% CO, (blue). Time dependence of L-malate
concentration in the solution of sodium pyruvate, magnesium chloride,
NADH and ME in HEPES-NaOH buffer. The gas phase: the gas mixture of
85% N, and 15% CO, (green).

carboxylated using low concentration of gaseous CO, (15%) as a
starting material instead of bicarbonate.

Time dependence of r-malate production based on ME-
catalysed carboxylation of pyruvate under a gas mixture con-
sisting of 85% N, and 15% CO, is also shown in Fig. 11. As
shown in Fig. 11, the r-malate concentration increased with
incubation time but tended to saturate after 1 h of incubation.
The r-malate concentration was estimated to be ca. 0.49 mM
and the yield for pyruvate to r--malate was calculated to be 9.8%
after 5 h of incubation. The yield for pyruvate to L-malate with
ME under 100% CO, gas condition was reported to be 46%.%"
The yield of r-malate production based on ME-catalysed
carboxylation of pyruvate under a gas mixture consisting of
85% N, and 15% CO, or 100% CO, gas was significantly lower
compared with that of the PC and MDH dual-enzyme system.

Let us focus on the products from the ion chromatograph
chart. Fig. 12 shows an ion chromatography chart of a sample
after 5 h of incubation.

In the PC and MDH dual-enzyme system, only the peak
around 10 min due to the r-malate was observed. In the ME
system, on the other hand, in addition to a peak based on
-malate at about 10 min, a peak based on r-lactate was also
observed at about 12.7 min. Under the condition of low bicar-
bonate concentration in ME-catalysed r-malate production, the
reduction of pyruvate to -lactate is preferential over the carboxyl-
ation of pyruvate. In other words, L-malate production based on
ME-catalysed carboxylation of pyruvate requires high concen-
tration of CO, in the gas phase as well as bicarbonate in solution.
On the other hand, the PC and MDH dual-enzyme system was
successfully used to efficiently produce r-malate from pyruvate
even under low CO, concentration condition.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 12 A chart of an ion chromatogram sampled from the reaction
solution containing sodium pyruvate (5.0 mM), ATP (5.0 mM), manganese
chloride (5.0 mM), NADH (5.0 mM), PC (1.0 U), MDH (10 U) and acetyl-CoA
(1.0 mM) in 5.0 mL of 500 mM HEPES buffer-NaOH (pH 7.2) (red). Blue:
sodium pyruvate (5.0 mM), magnesium chloride (5.0 mM), NADH (5.0 mM)
and ME (0.7 V) in 5.0 mL of 500 mM HEPES buffer-NaOH (pH 7.2).

Fumarate production from pyruvate and direct captured CO,
with PC, MDH and FUM in the presence of ATP and NADH

Since efficient pyruvate to L-malate production was successfully
achieved under low CO, concentration condition by using a PC
and MDH dual-enzyme system, FUM was added to this system
and fumarate production was attempted. Fig. 13 shows the time
dependence of L-malate (a) and fumarate (b) concentration with
PC and MDH in HEPES-NaOH buffer including ATP and NADH
(The ion chromatograph chart during the reaction is shown in
Fig. S7, ESIt). The composition of the gas phase including
balloon was adjusted to 85% N, and 15% CO, or 100% CO,
gas. The pressure in the reaction vessel was maintained at
1.01325 x 10° Pa. r-Malate and fumarate concentrations
increased with incubation time under all conditions. After 5 h
of incubation, the r-malate concentration was estimated to be
ca. 3.2 mM in both cases. On the other hand, ca. 0.8 mM of
fumarate was produced in both cases after 5 h of incubation.
The yields for pyruvate to fumarate in both systems after 5 h
of incubation were calculated to be ca. 16%. No significant
differences in t-malate and fumarate production were observed
under conditions of a gas mixture consisting of 85% N, and
15% CO, in the PC, MDH and FUM multi-enzyme system. In
the PC, MDH and FUM multi-enzyme system, .-malate produc-
tion tended to saturate to a constant value after 2 h of incuba-
tion. In contrast, fumarate tended to produce steadily with
incubation time. The initial reaction rates for r-malate produc-
tion under a gas mixture consisting of 85% N, and 15%
CO,, and 100% CO, gas were estimated to be 0.03 and
0.05 mM min ", respectively. On the other hand, the initial
reaction rates for fumarate production under a gas mixture
consisting of 85% N, and 15% CO,, and 100% CO, gas were
estimated to be 0.006 and 0.006 mM min ', respectively.
Moreover, the K;,, value of L-malate for FUM-catalysed fumarate
production was estimated to be 0.65 mM. These results suggest
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Fig. 13 Time dependence of L-malate (a) and fumarate (b) concentration
in the solution of sodium pyruvate, ATP, manganese chloride, acetyl-CoA,
NADH, PC, MDH and FUM in HEPES-NaOH buffer. The gas phase: the
gas mixture of 85% N, and 15% CO, (red) and 100% CO, (blue).
Time dependence of L-malate (a) and fumarate (b) concentration in the
solution of sodium pyruvate, magnesium chloride, NADH, ME and FUM in
HEPES-NaOH buffer. The gas phase: the gas mixture of 85% N, and 15%
CO; (green).

that the rate of fumarate production based on r-malate dehy-
dration catalysed by FUM is slower than the rate of r-malate
production from pyruvate and CO, catalysed by PC and MDH.
Time dependence of r-malate and fumarate production with
ME and FUM under a gas mixture consisting of 85% N, and
15% CO, condition is also shown in Fig. 13. As shown in Fig. 13,
r-malate and fumarate tended to increase up to 1 h of incuba-
tion and then saturate to a constant value. After 5 h of
incubation, the r-malate and fumarate concentrations were
estimated to be 0.60 and 0.15 mM. The yield for pyruvate to
fumarate after 5 h of incubation was calculated to be ca. 3.0%.

The change in the amount of carbonate species in the
reaction solution is mentioned here. As an example, changes
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in the amount of carbonate species during the fumarate
production reaction with the PC, MDH and FUM system under
the condition of the gas mixture of 85% N, and 15% CO, were
investigated using ion chromatography.

In the ion chromatography system used in this experiment,
it is detected as the sum of carbonate and bicarbonate. By using
ion chromatography, the peak around 20.7 min due to the
carbonate species was observed as shown in Fig. S8 (ESIt). As
shown in Fig. S8 (ESIt), carbonate species in the sample
solution increased with incubation time for 3 h. This means
that in this reaction system, gaseous CO, in the gas phase is
constantly supplied by the HEPES buffer solution by the
mechanism shown in Fig. 7.

Fig. 14 shows an ion chromatography chart of a sample
containing sodium pyruvate, ATP, manganese chloride, NADH,
PC, MDH, FUM and acetyl-CoA in HEPES buffer-NaOH and
containing sodium pyruvate, magnesium chloride, NADH, ME
and FUM in HEPES buffer-NaOH under a gas mixture consist-
ing of 85% N, and 15% CO, after 2 h of incubation.

In the PC, MDH and FUM multi-enzyme system, the peaks
around 10 min due to the r-malate and around 12.3 min due to
the fumarate were observed. In the ME system, on the other
hand, in addition to the peaks based on r-malate at about
10 min and fumarate at about 12.3 min, a peak based on 1-lactate
was also observed at about 12.7 min. Even under low bicarbonate
concentration condition in the presence of FUM, the ME-catalysed
reduction of pyruvate to r-lactate is preferential over the carboxyl-
ation of pyruvate. By using the PC, MDH and FUM multi-enzyme
system, utilisation of low concentrations of CO, as a reagent for
the carboxylation of pyruvate and subsequently improving the
yield of fumarate production were achieved.

30

— ME and FUM
— PC, MDH and FUM

N
()]
T

L-Malate

N
o

Conductivity (uS cm™)
S =

Fumarate

Q L-Lactate
0 1 1 [ ) e |

9.5 10 10.5 11 11.5 12 125 13 13.5 14
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(3]

Fig. 14 A chart of an ion chromatogram sampled from the reaction
solution containing sodium pyruvate (5.0 mM), ATP (5.0 mM), manganese
chloride (5.0 mM), NADH (5.0 mM), PC (1.0 U), MDH (10 U), FUM (0.5 U) and
acetyl-CoA (1.0 mM) in 5.0 mL of 500 mM HEPES buffer-NaOH (pH 7.2)
after 2 h of incubation (red). Blue: sodium pyruvate (5.0 mM), magnesium
chloride (5.0 mM), NADH (5.0 mM), ME (0.7 U) and FUM (0.5 U) in 5.0 mL of
500 mM HEPES buffer-NaOH (pH 7.2). The gas phase: the gas mixture of
85% N, and 15% CO,.
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Fig. 15 The concentrations of L-malate (a) and fumarate production
(b) after 2 h of incubation with the PC, MDH and FUM multi-enzyme
system under a gas mixture consisting of 90% N, and 10% CO, (blue), 85%
N, and 15% CO, (red), and 100% CO, (green).

Finally, the effect of CO, concentration on fumarate produc-
tion from pyruvate and CO, using the PC, MDH and FUM
multi-enzyme system was investigated. Fig. 15 shows the con-
centrations of L-malate (a) and fumarate production (b) after
2 h of incubation with the PC, MDH and FUM multi-enzyme
system under a gas mixture consisting of 90% N, and 10% CO,,
85% N, and 15% CO,, and 100% CO, (The ion chromatograph
chart during the reaction is shown in Fig. S9, ESIt).

After 2 h of incubation, 2.6, 2.9 and 3.0 mM of r-malate was
produced under the condition of a gas mixture consisting of
90% N, and 10% CO,, 85% N, and 15% CO,, and 100% CO,,
respectively. 0.52, 0.59 and 0.60 mM of fumarate was produced
after 2 h of incubation under the condition of a gas mixture
consisting of 90% N, and 10% CO,, 85% N, and 15% CO,, and
100% CO,, respectively. The concentrations of r-malate and
fumarate production slightly decreased in the PC, MDH and
FUM multi-enzyme system under the condition of a gas mixture
consisting of 90% N, and 10% CO,. Under the condition of
less than 10% CO, in the gas mixture, the CO, concentration in
the sample solution is approximately below 5.0 mM, close to
the K, value for r-malate production with PC and MDH
(3.4 mM), so that r-malate is not produced at V,,,x and conse-
quently fumarate production is also expected to be reduced. In
contrast, no r-malate and fumarate production was observed in
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the PC, MDH and FUM multi-enzyme system under the condi-
tion of 100% N, gas. However, by using a multi-enzyme system
of PC, MDH and FUM, it is possible to use the equivalent of low
pressure (near atmospheric pressure) and low concentration
(10-20%) CO, gas contained in the flue gas of coal-fired power
stations and cement plants as a reagent for carboxylation of
pyruvate and efficient fumarate production by subsequent
dehydration of the produced r-malate could also be achieved.

Conclusions

In conclusion, the improvement of yield for fumarate produc-
tion from low-concentration CO, below 15% captured from the
gas phase by HEPES-NaOH buffer solution and pyruvate in an
aqueous medium using a multi enzyme system consisting of
PC, MDH and FUM in the presence of ATP and NADH is
achieved. In particular, the dual-enzyme system consisting of
PC and MDH drastically improved the yield of L-malate produc-
tion from pyruvate and low-concentration CO, to about 80% in
the presence of ATP and NADH. It has been shown that
pyruvate was converted into r-malate in high yields (approxi-
mately 80%) directly using 15% CO, equivalent to flue gas from
coal-fired power plants as a carboxylating agent. Moreover, the
development of fumarate production from direct captured low-
concentration CO, and biobased pyruvate as raw materials with
a multi-enzyme system containing PC, MDH and FUM in the
presence of ATP and NADH has also been successful.
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