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Fumarate, an unsaturated dicarboxylic acid, is an important material
for producing unsaturated polyester resins and biodegradable plastics.
Fumarate synthesis from petroleum-derived benzene and butane as
starting materials is expected to be replaced by synthesis methods
from renewable raw materials. In this work, fumarate synthesis from
gaseous CO, and pyruvate in an aqueous medium using a multi-
biocatalytic system consisting of pyruvate carboxylase (PC), malate
dehydrogenase (MDH) and fumarase (FUM) in the presence of ATP and
NADH is accomplished. The conversion yield of fumarate from pyru-
vate using this system was estimated to be approximately 16% after 5 h
of incubation.

Unsaturated polyesters are synthesised by the dehydration
condensation of fumaric acid with ethylene glycol.»* Also,
fumaric acid-modified alkyd resins, derived from polyols and
organic acids including dicarboxylic acids or carboxylic acid
anhydrides and triglyceride oils, are receiving significant
attention in the field of engineering plastics.* The copoly-
merisation of succinic acid and 1,4-butanediol, obtained by the
hydrogenation and reduction of fumaric acid respectively,
yields the biodegradable plastic polybutylene succinate (PBS).*
Thus, fumarate is an important unsaturated dicarboxylic acid to
produce unsaturated polyester resins and biodegradable plas-
tics. Fumarate production from CO, (gaseous CO, or bicar-
bonate) and pyruvate using a malate dehydrogenase
decarboxylating type enzyme, commonly known as malic
enzyme (ME; EC 1.1.1.38), and fumarase (FUM; EC 4.2.1.2) as
catalysts in the presence of NADH via 1-malate as an interme-
diate has been reported as shown in Fig. 1.>¢ The yield of
fumarate from pyruvate after 5 h of incubation was estimated to
be ca. 11% with this system. ME, which is used in this system to
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This research aims to prepare fumarate, the precursor of unsaturated,
alkyd and biodegradable polymers, from gaseous CO, and biomass-
derived molecules using multiple biocatalysts in aqueous media under
mild conditions compared with the conventional industrial method for
the synthesis of precursors of various polymers. Therefore, this research
contributes to gaseous CO, fixation and to the production of alternative
plastic precursors for a sustainable society. This system allows CO, to be
fixed in organic molecules and converted into high value-added materials,
thus providing long-term storage of gaseous CO, in molecules. The study
is in line with the goals 7, “Affordable and Clean Energy”, and 12,
“Responsible Consumption and Production”, of the UN's Sustainable
Development Goals.

produce the intermediate L-malate, catalyses the binding of CO,
to pyruvate to produce oxaloacetate and the reduction of
oxaloacetate to .-malate in the presence of NADH. ME is a useful
enzyme for producing r-malate from pyruvate and CO,, but it
has the disadvantage that it also catalyses the reduction of
pyruvate to r-lactate, which limits the reaction conditions.” In
addition, the efficiency of FUM-catalysed fumarate production
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Fig. 1 Biocatalytic fumarate production from CO, (gaseous CO, or
bicarbonate) and pyruvate with ME and FUM in the presence of NADH.
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requires high concentrations of the intermediate L-malate to be
produced in a short incubation time. In other words, improved
efficiency of r-malate production is a key prerequisite for a bio-
catalytic fumarate production system via L-malate from pyruvate
and CO,.

To solve these problems, the present study devised a ‘more
haste, less speed’ strategy, in which two enzymes are respon-
sible for each of the two catalytic functions of MDH. One is
pyruvate carboxylase (PC; EC 6.4.1.1) for oxaloacetate produc-
tion by the carboxylation of pyruvate from CO, in the presence
of adenosine triphosphate (ATP).® The other is malate dehy-
drogenase (MDH; EC 1.1.1.37) for the reduction of oxaloacetate
to produce r-malate in the presence of NADH.® By using these
enzymes and FUM, a fumarate production system can be con-
structed from pyruvate and CO, in the presence of ATP and
NADH, as shown in Fig. 2.

In this work, multi-biocatalytic (PC, MDH and FUM) fuma-
rate production from gaseous CO, and biobased pyruvate as the
starting materials in the presence of ATP and NADH was
investigated.

First, L-malate production from gaseous CO, and pyruvate
with PC and MDH in the presence of ATP and NADH was
attempted. PC from bovine liver (EC 6.4.1.1) was obtained from
Merck KGaA. The molecular weight of a similar PC obtained
from chicken liver or pig liver is reported to be 660 kDa.'*"* The
MDH recombinant from bacteria (EC 1.1.1.37) was obtained
from Oriental Yeast Co., Ltd. The molecular weight of a similar
MDH is reported to be 70 kDa.*»** The sample solution con-
sisted of sodium pyruvate (5.0 mM), manganese chloride (5.0
mM), ATP (5.0 mM), NADH (5.0 mM), acetyl-CoA (1.0 mM), PC
(1.0 U) and MDH (10 U) in 5.0 mL of 500 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer (pH 7.2). As
shown in Fig. 2, oxaloacetate is produced as an intermediate.
Oxaloacetate is unstable and accumulates at high concentra-
tions, decomposing into pyruvate and CO,. Therefore, the
activity of MDH was prepared at 10 times the amount of PC to
avoid the accumulation of oxaloacetate. Here, acetyl-CoA func-
tions as an allosteric activator for PC and is an essential factor
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Fig. 2 Biocatalytic fumarate production from CO, (gaseous CO, or
bicarbonate) and pyruvate with PC, MDH and FUM in the presence of
ATP and NADH.
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for pyruvate carboxylation. In addition, a magnesium ion is
required for coordination to ATP and to act as a cofactor in the
phosphorylation of bicarbonate in the PC.*® CO, gas was
introduced into the gas phase of the reactor.'® The reaction used
an isobaric system as shown in Fig. S1.1'® The total pressure in
the reaction system was maintained at 1.01325 x 10> Pa. The
reaction was carried out in a thermostatic chamber set at
a temperature of 30.5 °C. The amount of L-malate produced was
detected by ion chromatography (Metrohm, Eco IC; electrical
conductivity detector) with an ion exclusion column (Metrosep
Organic Acids 250/7.8 Metrohm; column size: 7.8 x 250 mm;
composed of a 9 pm polystyrene-divinylbenzene copolymer with
sulfonic acid groups). Details of 1-malate quantification by ion
chromatography are described in the ESIL.f The r-malate
concentration was determined from the calibration curve based
on the chromatogram of a standard sample (Fig. S2) using eqn
(S1).1 Fig. 3 shows the time dependence of L-malate production
with the system of sodium pyruvate, manganese chloride, ATP,
NADH, acetyl-CoA, PC and MDH in HEPES buffer (pH 7.2) filled
with gas phase CO,. Fig. S31 shows a chart of an ion chro-
matogram sampled from the reaction solution of sodium
pyruvate, manganese chloride, ATP, NADH, acetyl-CoA, PC and
MDH in HEPES buffer filled with gas phase CO,. The time
dependence of r-malate production with the system of sodium
pyruvate (5.0 mM), magnesium chloride (5.0 mM), NADH (5.0
mM) and ME (0.7 U; EC 1.1.1.38 code: MDH-73-01 obtained
from Sulfolobus tokodaii) in HEPES buffer (pH 7.0) filled with
gas phase CO, is also shown in Fig. 3 (blue). The magnesium ion
plays a stabilising role by coordinating to pyruvate or the
intermediate oxaloacetate, respectively, in the ME.

The reason for comparing the activity of ME (0.7 U) with that
of MDH (10 U) is that it was reported that under conditions
where the activity of ME was increased by about 10-fold, only -
lactate was produced (no r-malate production was observed)."”
As shown in Fig. 3, the concentration of r-malate production

[L-Malate] (mM)

o Il Il Il
0 1 2 3 4

Incubation time (h)

Fig. 3 Time course of L-malate production with the system of sodium
pyruvate, manganese chloride, ATP, NADH, acetyl-CoA, PC and MDH
in HEPES buffer (pH 7.2) (red circle). Blue: L-malate production with the
system of sodium pyruvate, magnesium chloride, NADH and ME in
HEPES buffer (pH 7.0). CO, gas was introduced into the gas phase of
the reactor. Errors were calculated from the average of multiple trials.
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increased with incubation time in both reaction systems. By
using the dual-biocatalytic (PC and MDH) system, the yield of -
malate from pyruvate was estimated to be ca. 80% after 4 h of
incubation. On the other hand, the yield of r-malate from
pyruvate was estimated to be ca. 40% after 4 h of incubation
using ME. From these results, a drastic yield improvement in -
malate production from CO, and pyruvate was achieved by
using the dual-biocatalytic (PC and MDH) system. Let us discuss
each biocatalytic system on the basis of enzymatic kinetic
analysis for the production of r-malate using pyruvate as
a substrate. In the system with dual-biocatalysis (PC and MDH),
enzymatic kinetic analysis was applied to r-malate production
from pyruvate and bicarbonate using the two enzymes. The
sample solution consisted of sodium pyruvate, manganese
chloride (5.0 mM), ATP (2.0 mM), NADH (2.0 mM), acetyl-CoA
(1.0 mM), sodium bicarbonate (50 mM), PC (1.0 U) and MDH
(10 U) in 5.0 mL of 500 mM HEPES buffer (pH 7.2). The
concentration of sodium pyruvate was varied from 0 to 5.0 mM.
The amount of r-malate produced was detected by ion chro-
matography. The initial rate (v,) was calculated from the
concentration of r-malate production after 30 min of incuba-
tion. ME catalyzed r-malate production from pyruvate and
bicarbonate under the following conditions. The sample solu-
tion consisted of sodium pyruvate, manganese chloride (5.0
mM), NADH (2.0 mM), sodium bicarbonate (50 mM) and ME
(0.7 U) in 5.0 mL of 500 mM HEPES buffer (pH 7.2). The
concentration of sodium pyruvate was varied from 0 to 5.0 mM.

Fig. 4 shows the relationship between the pyruvate concen-
tration and initial rate for .-malate production (v,) in the system
with dual-biocatalysis (PC and MDH) and with ME.

As shown in Fig. 4, the initial rate tended to increase with
increasing pyruvate concentration, followed by a constant rate
in both systems. Also, the plot in Fig. 4 obeyed the Michaelis-
Menten relationship in both systems. Table 1 shows the kinetic
parameter, the Michaelis constant (K,,) and the maximum rate
(Vmax) Of pyruvate concentration for r-malate production in the
system with dual-biocatalysis (PC and MDH) and with ME.
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Fig. 4 Relationship between the sodium pyruvate concentration and
the initial rate for L-malate production (vp). Red circle: dual-bio-
catalytic (PC and MDH) system. Blue circle: ME.
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Table 1 Michaelis constant (K,,) and the maximum rate (Vimay) Of
pyruvate concentration for L-malate production in the system with
dual-biocatalysis (PC and MDH) and with ME®

System Km (MM)  Vipay (1M min™)
Dual-biocatalytic (PC and MDH) system  0.37 40.0
ME 1.76 50.0

% The K, and Vi,ax values were determined using curve-fitting of the
Michaelis-Menten equation (Vo = Viax [pyruvate])/(Ky, + [pyruvate]).

As shown in Table 1, there was no noticeable difference in
the maximum rate V;,ax between the two systems. On the other
hand, the K, value of the system with dual-biocatalysis (PC and
MDH) was found to be about five times smaller than that of the
system with ME. This suggests that the substrate affinity of
pyruvate is higher in the system with dual-biocatalysis (PC and
MDH) than in the system with ME. In addition, r-malate
production is suppressed and 1-lactate is produced under low
pyruvate concentration conditions in the system with ME, as
shown in Fig. S4.1 A signal based on r-lactate production was
detected on the chart of the ion chromatograph. Thus, effective
t-malate production from pyruvate and bicarbonate was
accomplished by using the system with dual-biocatalysis (PC
and MDH).

Finally, fumarate production from gaseous CO, and pyruvate
with PC, MDH and FUM in the presence of ATP and NADH was
attempted. FUM from porcine heart (molecular weight: 200
kDa)'** was purchased from Merck Co., Ltd. The sample
solution consisted of sodium pyruvate (5.0 mM), manganese
chloride (5.0 mM), ATP (5.0 mM), NADH (5.0 mM), acetyl-CoA
(1.0 mM), PC (1.0 U), MDH (10 U) and FUM (0.5 U) in 5.0 mL
of 500 mM HEPES buffer (pH 7.2). CO, gas was introduced into
the gas phase of the reactor. The reaction used an isobaric
system as shown in Fig. S1.T The total pressure in the reaction
system was maintained at 1.01325 x 10> Pa. The reaction was
carried out in a thermostatic chamber set at a temperature of
30.5 °C. The amount of r-malate and fumarate produced was
detected by ion chromatography. Details of fumarate quantifi-
cation by ion chromatography are described in the ESI.f The
fumarate concentration was determined from the calibration
curve based on the chromatogram of a standard sample (Fig. S5)
using eqn (S2).1

Fig. 5 shows the time dependence of r-malate (a) and
fumarate (b) with the system of sodium pyruvate, manganese
chloride, ATP, NADH, acetyl-CoA, PC, MDH and FUM in HEPES
buffer (pH 7.2) filled with gas phase CO,. Fig. S6T shows a chart
of an ion chromatogram sampled from the reaction solution of
sodium pyruvate, manganese chloride, ATP, NADH, acetyl-CoA,
PC, MDH and FUM in HEPES bulffer filled with gas phase CO,
The time dependence of 1-malate (a) and fumarate (b) 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 HEPES
buffer (pH 7.0) filled with gas phase CO, is also shown in Fig. 5
(blue). t-Malate and fumarate concentrations increased with
incubation time in both systems. After 5 h of incubation,
3.2 mM of r-malate was produced in the system with multi-
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Fig.5 Time course of L-malate production (a) or fumarate (b) with the
system of sodium pyruvate, manganese chloride, ATP, NADH, acetyl-
CoA, PC, MDH and FUM in HEPES buffer (pH 7.2) (red circle). Blue: L-
malate production with the system of sodium pyruvate, magnesium
chloride, NADH, ME and FUM in HEPES buffer (pH 7.0). CO, gas was
introduced into the gas phase of the reactor. Errors were calculated
from the average of multiple trials.

biocatalysis (PC, MDH and FUM). On the other hand, 1.7 mM of
L-malate was produced in the system with ME and FUM. By
using the system with multi-biocatalysis (PC, MDH and FUM),
more r-malate production was observed than in the system with
ME and FUM. For fumarate production, 0.80 and 0.55 mM of
fumarate were produced in the system with multi-biocatalysis
(PC, MDH and FUM) and with ME and FUM after 5 h of incu-
bation, respectively. In a catalytic system consisting of ME and
FUM, the yield of fumarate from pyruvate was only 11% after 5 h
of incubation. After 5 h of incubation, on the other hand, the
yield of fumarate from pyruvate increased to 16% in the system
with multi-biocatalysis (PC, MDH and FUM). Here, the K, and
Vmax Of fumarate production based on the FUM-catalysed
dehydration of r-malate were calculated to be 0.65 mM and
0.82 uM s~ !, respectively.'” In general, three times the K., of the
substrate is required for the reaction to proceed consistently at
the maximum rate. For efficient fumarate production, thus, an
r-malate concentration of more than 2.0 mM is required. In
other words, in a multi-biocatalytic system, improving the yield
of r-malate production in a short reaction time leads to
a subsequent improvement in the efficiency of fumarate
production. Therefore, it is expected that increasing the
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pyruvate concentration of the starting precursor will improve
the fumarate production concentration in a multi-biocatalytic
system.

In conclusion, the improvement of yield for fumarate
synthesis from gaseous CO, and pyruvate in an aqueous
medium using a multi-biocatalytic system consisting of PC,
MDH and FUM in the presence of ATP and NADH is accom-
plished. Especially, the dual-biocatalytic system consisting of
PC and MDH drastically improved the yield of r-malate
production from pyruvate to about 80% in the presence of ATP
and NADH. Moreover, the yield of fumarate production from
pyruvate also was improved by using the multi-biocatalytic (PC,
MDH and FUM) system. We have reported fumarate production
from pyruvate and CO, gas by adding ME and FUM as catalysts
to a visible-light driven NADH regeneration system consisting of
triethanolamine, water-soluble zinc porphyrin and a pentam-
ethylcyclopentadienyl coordinated rhodium(m) 2,2'-bipyridyl
complex.’®"” As L-malate production is the rate-limiting step in
this system, the application of a multi-enzyme (PC, MDH and
FUM) is expected to improve the yield of fumarate production
with visible-light driven NADH regeneration.” Furthermore, we
plan to incorporate an ATP-regenerating system with poly-
phosphate kinase (EC 2.7.4.1).°
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