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ed enhancement of fumarate
production from a CO2 and pyruvate with the
system of malate dehydrogenase and fumarase†

Mika Takeuchia and Yutaka Amao *ab

Fumarate is a useful unsaturated dicarboxylate and utilized as a raw material for unsaturated polyester resin. As

a fumarate is produced using a petroleum-derived material, thus, it is required to establish a synthesis from

renewable raw materials such as CO2 and biomass derived substances. In this work, the synthesis of fumarate

from CO2 and pyruvate in an aqueous medium using a multi-biocatalytic system of malate dehydrogenase

(oxaloacetate-decarboxylating; ME; EC 1.1.1.38) from Sulfobus tokodaii and fumarase from porcine heart

(FUM; EC 4.2.1.2) in the presence of NADH is established. In this system, it is important to improve the

efficiency of fumarate production based on FUM-catalyzed dehydration of L-malate in aqueous media. It was

found that saturation of the additional substrate binding site present in FUM with phosphate promotes

fumarate production based on the dehydration of L-malate. Under the reaction condition of L-malate (1.0

mM) and FUM (1.3 nM) in HEPES buffer (pH 7.0) for fumarate production, the addition of 70 mM phosphate

improved the fumarate production rate up to 2.4 times compared to no addition of phosphate. On the other

hand, no effect of phosphate addition on the ME-catalyzed L-malate production from pyruvate and CO2 in

the presence of NADH was observed. In particular, the conversion yield for pyruvate to fumarate with the

system of ME and FUM was improved up to 1.6 times due to the improvement in the catalytic activity of FUM

caused by the addition of phosphate in this system.
Sustainability spotlight

This research is to synthesize raw materials of biodegradable polymers from CO2 and biomass-derived molecules using multi-biocatalysts in aqueous media
under mild conditions compared with the conventional industrial methods for the synthesis of raw materials of biodegradable polymers. Therefore, this
research contributes to the CO2 xation, and to alternative plastic raw material production for sustainable society. This system can x CO2 in organic molecules
and convert them into high-value-addedmaterials, resulting in long-term storage of CO2 inmolecules. This work aligns with the goals 7 of “Affordable and Clean
Energy” and 12 of “Responsible Consumption and Production” in the UN's Sustainable Development Goals.
Introduction

An unsaturated dicarboxylic acid, fumaric acid is used in the
production of polyester resins.1–5 In recent years, a synthetic
method using fumaric acid as a raw material for poly (butylene
succinate) (PBS), as a biodegradable plastic with a low environ-
mental impact, has attracted attention.6–8 An industrial fumaric
acid production requires furfural oxidation using chlorate with
a vanadium oxide catalyst. In this process, the reaction tempera-
ture is 70–100 °C and some harsh reaction conditions are
required.9 Therefore, fumaric acid is produced using petroleum-
opolitan University, 3-3-138 Sugimoto,
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tion (ESI) available. See DOI:

96
derived materials, and it is required to establish a synthesis
method from renewable raw materials such as CO2 and biomass
derived substances in the future. In view of such restrictions on the
use of fossil resources, we resorted to a biocatalytic method for
synthesizing fumaric acid from CO2 and biomass derived
substances. We focused on the use of malate dehydrogenase
(NAD+-dependent oxaloacetate-decarboxylating) (malic enzyme;
ME EC 1.1.1.38)10,11 and fumarase (FUM; EC 4.2.1.2)12–17 in the
tricarboxylic acid cycle (TCA cycle) with a series of the biological
important chemical reactions to release stored energy for aerobic
metabolism.18–22 Achievement of technology using solar light
energy in addition to a biomass-derived substance, CO2, will lead
to innovative fumarate synthesis. We are planning to develop the
visible-light driven fumarate production from pyruvate and CO2

with the combination of the NAD+ reduction system of an electron
donor (D), a photosensitizer (PS) and a catalyst such as colloidal Rh
nanoparticles or a Rh coordination complex ([Cp*Rh(bpy)(H2O)]

2+;
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Visible-light driven fumarate production from pyruvate and
CO2 with the system of an electron donor (D), a photosensitizer (PS),
a catalyst for NADH regeneration, ME and FUM.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
19

/2
02

5 
4:

00
:2

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Cp* = pentamethylcyclopentadienyl, bpy = 2,2′-bipyridyl),23–34 and
multi-biocatalysts (ME and FUM) as shown in Fig. 1.

The fumarate synthesis from pyruvate and bicarbonate in an
aqueous medium using ME and FUM in the presence of NADH
(the process in the dotted line in Fig. 1) was reported previously.
As the process of ME-catalyzed L-malate production from
pyruvate and CO2 throughout the reaction leads to improved
fumarate production, the reaction conditions that optimize ME-
catalyzed pyruvate carboxylation with CO2 and the effects of
metal ion cofactor for ME on FUM-catalyzed fumarate produc-
tion were claried.35 Moreover, ME also has a lactate dehydro-
genase function and catalyzes the reduction of pyruvate to
lactate in the presence of NADH. Lactate production with ME is
suppressed by adding excess amount of CO2 or bicarbonate.36

This indicates that the carboxylation of pyruvate can be pref-
erentially catalyzed using ME with an excess of CO2 or bicar-
bonate. By using the optimized system, the conversion yield for
pyruvate to fumarate with the system of ME and FUM in the
presence of NADH was estimated to be 7.0%.35 In contrast, the
unique ability of FUM to dehydrate the hydroxyl groups of
organic molecules to form C–C unsaturated bonds in an
aqueous medium allows green catalytic reactions to be achieved
without the use of organic solvents. However, previous reports
have not yet achieved optimization of the FUM-catalyzed
dehydration process of L-malate to fumarate.36 In order to
further improve the overall fumarate production yield, it is
necessary to efficiently dehydrate the hydroxyl-group of L-malate
in an aqueous medium.

In this study, focusing on the subunit structure of FUM, we
attempted to improve the production of fumarate based on the
dehydration of L-malate by saturating the additional substrate
binding site of FUM with an inorganic salt. Also, the improve-
ment of conversion yield for pyruvate and CO2 to fumarate with
the system of ME and FUM was attempted due to the
enhancement in the catalytic activity of FUM caused by the
addition of the inorganic salt in this system.
Experimental
Materials

Malate dehydrogenase decarboxylating type (ME, EC 1.1.1.38
code: MDH-73-01 obtained from Sulfobus tokodaii; commer-
cially available reagent, 14 mg mL−1; 0.55 units per mg) was
© 2023 The Author(s). Published by the Royal Society of Chemistry
purchased from Thermostable Enzyme Laboratory Co., Ltd. One
activity unit of ME converts 1.0 mmol of NADH to NAD+ in the
presence of 10 mM sodium pyruvate, 0.3 mM NADH, 10 mM
sodium bicarbonate and 10 mMmagnesium chloride in 50 mM
1,4-piperazinediethanesulfonic acid-KOH buffer per min at pH
6.5 at 37 °C according to the data sheet provided by Thermo-
stable Enzyme Laboratory Co., Ltd. The molecular weight of ME
was estimated to be 40 kDa based on the SDS-page using elec-
trophoresis. Fumarase (FUM) from porcine heart (EC 4.2.1.2;
molecular weight: 200 kDa)37,38 was purchased from Merck Co.,
Ltd. One activity unit of FUM converts 1.0 mmol of L-malate to
fumarate in potassium phosphate buffer per min at pH 7.6 at
25 °C. NADH was supplied by Oriental Yeast Co. Ltd. 4-(2-
Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was
purchased from Nacalai Tesque, Inc. (Kyoto, Japan). The other
chemicals were of analytical grade or the highest grade available
purchased from Wako Pure Chemical Co. Ltd.

pH Dependence of FUM catalyzed fumarate production from
L-malate

The reaction was started by adding FUM (0.5 units; 1.3 nM) to
the solution of sodium L-malate (1.0 mM) in 5.0 mL of 500 mM
HEPES buffer with the thermostatic chamber set at a tempera-
ture of 30.5 °C. The pH of the sample solution was varied from
6.3 to 8.6. The reaction vessel is a clear glass vial, and the
reaction is a sealed system. The total volume of the reaction
vessel is 11.0 mL. The amount of fumarate produced was
detected using an ion chromatography setup (Metrohm, Eco IC;
electrical conductivity detector) with an ion exclusion column
(Metrosep Organic Acids 250/7.8 Metrohm; column size: 7.8 ×

250 mm; composed of 9 mm polystyrene-divinylbenzene copol-
ymer with sulfonic acid groups). Details of L-malate and fuma-
rate quantication by ion chromatography are described in the
ESI.† The L-malate and fumarate concentrations were deter-
mined from the calibration curve based on the chromatogram
of a standard sample (Fig. S2(a) and (b)†) as shown in Fig. S3(a)
and (b)† using eqn (S1) and (S2).†

Effect of phosphate on the FUM catalyzed fumarate
production from L-malate

The reaction was started by adding FUM (0.5 units; 1.3 nM) to
the solution of sodium L-malate (1.0 mM) and phosphate (0–100
mM) in 5.0 mL of 500 mM HEPES buffer (pH 7.0) in a thermo-
static chamber set at a temperature of 30.5 °C. The reaction
vessel is a clear glass vial, and the reaction is a sealed system.
The total volume of the reaction vessel is 11.0 mL. The amount
of fumarate produced was detected by ion chromatography. In
order to prevent the pH uctuation of the sample solution due
to the addition of phosphate, sodium dihydrogen phosphate
and disodium hydrogen phosphate were used to maintain the
pH at 7.0.

Effect of phosphate on the ME catalyzed L-malate production
from pyruvate and CO2 in the presence of NADH

The reaction mixture consisted of sodium pyruvate (5.0 mM),
NADH (5.0 mM), magnesium chloride (5.0 mM), sodium
RSC Sustainability, 2023, 1, 90–96 | 91
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bicarbonate (100 mM) and phosphate (0–100 mM) in 5.0 mL of
500 mM CO2 saturated HEPES buffer (pH 7.0). The reaction
vessel is a clear glass vial, and the reaction is a sealed system.
The total volume of the reaction vessel is 11.0 mL. The gas phase
of the reaction vessel and sample solution were replaced by
owing CO2 gas at a ow rate of 0.1 L min−1 for 10 min. In order
to prevent the pH uctuation of the sample solution due to the
addition of phosphate, sodium dihydrogen phosphate and
disodium hydrogen phosphate were used to maintain the pH at
7.0. The reaction was started by adding ME (0.7 units; 6.5 mM) to
the above mixture in a thermostatic chamber set at a tempera-
ture of 30.5 °C. The amount of L-malate produced was detected
by ion chromatography. Details of pyruvate quantication by
ion chromatography are described in the ESI.† The pyruvate
concentration was determined from the calibration curve based
on the chromatogram of a standard sample (Fig. S4(a)) as
shown in Fig. S4(b) using eqn (S3).†
Fig. 2 The pH dependence on the initial rate of fumarate production
(v0) with the system of sodium L-malate and FUM in HEPES buffer with
varying pH from 6.3 to 8.6. Each plot shows the mean error of multiple
measurements.
Effect of phosphate on the ME and FUM catalyzed fumarate
production from pyruvate and CO2 in the presence of NADH

The reaction mixture consisted of sodium pyruvate (5.0 mM),
NADH (5.0 mM), magnesium chloride (5.0 mM), sodium
bicarbonate (100 mM) and phosphate (0–100 mM) in 5.0 mL of
500 mM CO2 saturated HEPES buffer (pH 7.0). The reaction
vessel is a clear glass vial, and the reaction is a sealed system.
The total volume of the reaction vessel is 11.0 mL. The gas phase
of the reaction vessel and sample solution were replaced by
owing CO2 gas at a ow rate of 0.1 L min−1 for 10 min. In order
to prevent the pH uctuation of the sample solution due to the
addition of phosphate, sodium dihydrogen phosphate and
disodium hydrogen phosphate were used to maintain the pH at
7.0. The reaction was started by adding the mixture of ME (0.7
units; 6.5 mM) and FUM (0.5 units; 1.3 nM) to the above mixture
in a thermostatic chamber set at a temperature of 30.5 °C. The
amount of L-malate and fumarate produced was detected by ion
chromatography.
Results and discussion
pH Dependence of FUM catalyzed fumarate production from
L-malate

Fig. 2 shows the pH dependence on the initial rate of fumarate
production (v0) with the system of sodium L-malate and FUM in
HEPES buffers with varying pH from 6.3 to 8.6. The reason for
changing the pH of the reaction solution from 6.3 to 8.6 is as
follows. It is predicted that the FUM-catalyzed dehydration of L-
malate to produce fumarate requires a base such as the
hydroxide ion. Therefore, acidic, neutral and basic conditions
were selected as the varying pH values of the reaction solution
for the FUM-catalyzed dehydration of L-malate. The initial
reaction rate was calculated from the concentration of fumarate
produced aer 5 min of incubation. As shown in Fig. 2, the v0 of
fumarate production was maximized around pH 7.0 of the
reaction solution. In contrast to expectations, a tendency for v0
to decrease was observed under the basic conditions compared
to at pH 7.0. The cause of the decrease in the rate of fumarate
92 | RSC Sustainability, 2023, 1, 90–96
production under basic conditions has not yet been claried.
However, one of the possible reasons is that elimination of the
hydroxide ion from the intermediate produced in the process of
fumarate production from L-malate was prevented. Since v0
decreased even under acidic conditions, the other possible
reason is that the pH-dependent conformational change of
FUM may cause decrease in the rate of fumarate production.
From these results, the optimum pH for fumarate production
based on FUM-catalyzed dehydration of L-malate was deter-
mined to be 7.0. Moreover, the optimum pH for ME catalyzed L-
malate production due to the pyruvate carboxylation of CO2 also
was observed to be around 7.0.35 Therefore, the pH of the
reaction system using FUM and ME for fumarate production
from pyruvate and CO2 was adjusted to 7.0.
Effect of phosphate on the FUM catalyzed fumarate
production from L-malate

Next, the improvement of the efficiency of fumarate production
by adding a molecule that can act directly on the substrate
binding site of FUM was attempted. It has been reported that
FUM is a tetrameric enzyme consisting of four identical
subunits of 50 kDa each.37,38 There are two different substrate
binding sites (sites A and B) with different affinities as shown in
Fig. 3.37 It has been reported that site A has catalytic activity,
whereas site B has no catalytic activity.38 The affinity of site B for
substrates is 1–2 orders of magnitude lower than the affinity of
site A. However, L-malate and fumarate bind to both sites A and
B. It has been reported that saturating site B results in an
increase in the overall activity of fumarase for the L-malate
dehydration to fumarate.

An essential tyrosine residue was found to be located in site
A; in contrast, an essential methionine residue resides in or
near site B. Site A is composed of amino acid residues T100,
S139, S140, N141, T187, H188, K324, and N326.39 On the other
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic representation of the model of tetramer of FUM.

Fig. 4 A chart of an ion chromatogram sampled from the reaction
solution containing L-malate, FUM and phosphate in HEPES buffer (pH
7.0).

Fig. 5 Time course of fumarate production with the system of sodium
L-malate and FUM in HEPES buffer (pH 7.0) containing various phos-
phate concentrations. Each plot shows the mean error of multiple
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hand, site B forms a p-helix between amino acid residues H129
and N135.39 Different properties are observed due to the three-
dimensional structure between the sites A and B.39 For
example, pyromellitic acid is indeed able to bind to sites A and B
at the same time. Thus, pyromellitic acid functions as
a competitive inhibitor of FUM-catalyzed L-malate dehydration
to fumarate. On the other hand, it has been reported that sulfate
easily binds to site B and has a function of saturating site B.
However, excessive addition of sulfate causes FUM to precipi-
tate in aqueous solution. Therefore, we investigated the effect of
phosphate, a highly biocompatible oxoacid widely used as
a buffer solution, on the conversion of FUM-catalyzed L-malate
to fumarate. Saturation of site B of FUM with phosphate makes
it possible to preferentially induce binding of L-malate to site A
as shown in Fig. 3.

First, FUM-catalyzed dehydration-based fumarate produc-
tion was attempted in 500 mM phosphate buffer (pH 7.0)
instead of HEPES. However, no fumarate production was
observed with incubation time. From this result it can be sug-
gested that high concentrations of phosphate may inhibit FUM-
catalyzed fumarate production. Therefore, the effect of phos-
phate concentration on FUM-catalyzed fumarate production in
HEPES buffer was investigated. Fig. 4 shows a chart of an ion
chromatogram sampled from the reaction solution in the
presence of 70 mM of phosphate with incubation time as an
example. The retention times for L-malate and fumarate were
detected at 10.11–10.13 and 12.28–12.37 min, respectively. As
shown in Fig. 4, signal peaks attributed to L-malate and fuma-
rate decrease and increase with incubation time, respectively.
This result indicates a FUM-catalyzed conversion of L-malate to
fumarate.

Fig. 5 shows the time dependence of the concentration of
fumarate production estimated from an ion chromatogram
sampled from the reaction solution with the system of sodium
L-malate and FUM in HEPES buffer containing various phos-
phate concentrations (0–100 mM). As shown in Fig. 5, the
amount of fumarate produced increased with a phosphate
concentration between 50 and 80 mM, but decreased with the
addition of more than 80 mM of phosphate.

Fig. 6 shows the relationship between the rate of fumarate
production (v) and incubation time.
© 2023 The Author(s). Published by the Royal Society of Chemistry
It was suggested that the initial rate of fumarate production
(aer 5 min incubation) was signicantly improved with
a phosphate concentration between 50 and 80 mM as compared
with that without phosphate. On the other hand, the initial rate
of fumarate production under the phosphate concentration of
100 mM was lower than that without phosphate. This result is
consistent with the inhibition of FUM-catalyzed conversion of L-
malate to fumarate under conditions using 500 mM phosphate
buffer. The substrate, L-malate, can bind to both sites A and B.
Phosphate, on the other hand, has a structural similarity to the
carbonyl group of L-malate, but does not have a-hydrogen, so it
does not bind to the catalytic site A, but only to site B.

Therefore, owing to the coexistence of the phosphate in the
reaction solution, the non-catalytic site B is occupied by the
measurements.

RSC Sustainability, 2023, 1, 90–96 | 93
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Fig. 6 Time dependence of the rate of fumarate production (v) with
the system of sodium L-malate and FUM in HEPES buffer (pH 7.0)
containing various phosphate concentrations. Each plot shows the
mean error of multiple measurements.

Fig. 7 A chart of an ion chromatogram sampled from the reaction
solution containing sodium pyruvate, NADH, magnesium chloride,
sodium bicarbonate and ME in CO2 saturated HEPES buffer containing
70 mM phosphate.

Fig. 8 Time course of L-malate production with the system of sodium
pyruvate, NADH, magnesium chloride, sodium bicarbonate and ME in
CO2 saturated HEPES buffer containing various phosphate
concentrations.
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phosphate, and the substrate L-malate preferentially binds to
the catalytically active site (site A). Under the reaction condition
of sodium L-malate (1.0 mM) and FUM (1.3 nM) in HEPES buffer
(pH 7.0) for fumarate production, 70 mM phosphate is deter-
mined to be the optimum concentration. Aer 180 min incu-
bation, the yield for L-malate to fumarate under the conditions
of sodium L-malate (1.0 mM), FUM (1.3 nM) and phosphate (70
mM) in HEPES buffer (pH 7.0) was estimated to be 26 � 3% and
the turnover number of FUM for fumarate production was
calculated to be ca. 1111 min-1. Thus, it has been suggested that
the addition of phosphate is effective for FUM-catalyzed
conversion of L-malate to fumarate.

Effect of phosphate on the ME catalyzed L-malate production
due to the pyruvate carboxylation of CO2

Next, the effect of phosphate addition on the ME-catalyzed
pyruvate carboxylation of CO2 to produce L-malate was investi-
gated. Fig. 8 shows a chart of an ion chromatogram sampled
from the reaction solution in the presence of 70 mM of phos-
phate with incubation time as an example. The retention times
for pyruvate and L-malate were detected at 8.71–9.20 and 10.11–
10.13 min, respectively. As shown in Fig. 7, signal peaks
attributed to pyruvate and L-malate decrease and increase with
incubation time, respectively. Fig. 8 shows the time dependence
of L-malate production with the system of sodium pyruvate,
NADH, magnesium chloride, sodium bicarbonate and ME in
CO2 saturated HEPES buffer containing various phosphate
concentrations.

As shown in Fig. 8, no change in L-malate production
concentration with the system of sodium pyruvate, NADH,
magnesium chloride, sodium bicarbonate and ME in CO2

saturated HEPES buffer was observed by the addition of phos-
phate of 0–100 mM. Thus, it is suggested that phosphate
addition does not affect L-malate production with the system of
94 | RSC Sustainability, 2023, 1, 90–96
sodium pyruvate, NADH, magnesium chloride, sodium bicar-
bonate and ME.
Effect of phosphate on the ME and FUM catalyzed fumarate
production from pyruvate and CO2 in the presence of NADH

Finally, the effect of phosphate addition on the fumarate
production system from pyruvate and CO2 using ME and FUM
was investigated. We reported that the Mg2+ (ME cofactor)
affects the conversion of FUM-catalyzed L-malate to fumarate
and the optimal concentration of Mg2+ for the pyruvate and CO2

to fumarate production system using ME and FUM was deter-
mined to be 5.0 mM. In this system, thus, the Mg2+ concen-
tration was adjusted to 5.0 mM. Fig. 9 shows a chart of an ion
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 A chart of an ion chromatogram sampled from the reaction
solution containing sodium pyruvate, NADH, magnesium chloride,
sodium bicarbonate, ME and FUM in CO2 saturated HEPES buffer
containing 10 mM phosphate.

Fig. 10 Time course of L-malate (a) and fumarate (b) production with
the system of sodium pyruvate, NADH, magnesium chloride, sodium
bicarbonate, ME and FUM in CO2 saturated HEPES buffer containing
various phosphate concentrations. Each plot shows the mean error of
multiple measurements.
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chromatogram sampled from the reaction solution in the
presence of 10 mM of phosphate with incubation time as an
example.

The retention times for pyruvate, L-malate and fumarate were
detected at 8.71–9.20, 10.11–10.13 and 12.28–12.37 min,
respectively. As shown in Fig. 9, the signal peak attributed to
pyruvate decreases with incubation time. In contrast, signal
peaks attributed to L-malate and fumarate increase with incu-
bation time.

Fig. 10 shows the time dependence of L-malate (a) and
fumarate (b) production with the system of sodium pyruvate,
NADH,magnesium chloride, sodium bicarbonate, ME and FUM
in CO2 saturated HEPES buffer containing various phosphate
concentrations. As shown in Fig. 10, the amount of fumarate
produced also increased up to a phosphate concentration of
70 mM, but decreased with the addition of more than 70 mM of
phosphate in the system of sodium pyruvate, NADH, magne-
sium chloride, sodium bicarbonate, ME and FUM in CO2

saturated HEPES buffer. Aer 240 min incubation, the fumarate
concentration was estimated to be 0.55 � 0.06 mM under the
condition with 70 mM of phosphate. The yield for pyruvate to
fumarate was estimated to be 11.0 � 1.2%.

On the other hand, the yield for pyruvate to fumarate was
reported to be 7.0% in the system with optimized Mg2+

concentration. In addition, when the effect of addition of other
metal ions (Cu2+, Fe2+, Al3+) other than Mg2+, a co-factor of ME,
to fumarate production based on dehydration of L-malate
catalyzed by FUM was investigated, almost no effect was
observed. From the above results it can be concluded that the
addition of phosphate to this system can be an effective means
of producing fumarate from pyruvate and bicarbonate with the
system of ME and FUM in the presence of NADH.

The ME used in this system is classied as a thermostable
enzyme, and it has been conrmed that it does not lose its
enzymatic activity even at a reaction temperature of 60 °C. On
the other hand, FUM from porcine heart is reported to have an
optimum temperature of around 30 °C and does not exhibit
© 2023 The Author(s). Published by the Royal Society of Chemistry
heat resistance at 60 °C. In addition, since this system uses CO2

as a reaction substrate in an aqueous solution, it transforms
from the liquid into the gas phase due to the decrease in the
solubility of CO2 under high temperature conditions. Consid-
ering these conditions, the reaction temperature for fumarate
production from pyruvate and CO2 with ME and FUM was set at
30 °C.

Finally, let's discuss the stability and reusability of ME and
FUM in this system. This system is a homogeneous catalyst
system, and at present, it is not possible to retrieve ME and FUM
from the sample solution aer the reaction. Biocatalyst stabi-
lization and recycling are important issues in the nal appli-
cation for practical usage. As a solution to these issues, there are
some techniques for immobilizing the biocatalyst on a catalytic
support.40,41 By using the immobilization techniques, the bio-
catalyst is retrieved and reused for many cycles. We are currently
investigating the co-immobilization of ME and FUM to metal–
organic-frameworks (MOFs).42
RSC Sustainability, 2023, 1, 90–96 | 95
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Conclusions

In conclusion, we have demonstrated the phosphate-addition
induced improvement of the synthesis yield of fumarate from
CO2 and pyruvate in an aqueous medium using a multi-
biocatalytic system of ME from Sulfobus tokodaii and FUM
from porcine heart in the presence of NADH. Focusing on the
subunit structure of FUM, we attempted to improve the
production of fumarate based on the dehydration of L-malate by
saturating the additional substrate binding site of FUM with
phosphate. Under the reaction conditions of L-malate (1.0 mM)
and FUM (1.3 nM) in HEPES buffer (pH 7.0) for fumarate
production, the addition of 70 mM phosphate improved the
fumarate production rate up to 2.4 times compared to no
addition of phosphate. In particular, the conversion yield for
pyruvate and bicarbonate to fumarate with the system of ME
and FUM was improved up to 1.6 times due to the improvement
in the catalytic activity of FUM caused by the addition of
phosphate in this system.
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