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Introduction

Fumarate, an unsaturated dicarboxylic acid, is a chemical

Effect of water-soluble zinc porphyrin on the
catalytic activity of fumarase for L-malate
dehydration to fumaratef

Mika Takeuchi® and Yutaka Amao (2 *@°

Fumarase from porcine heart (FUM; EC 4.2.1.2) is an enzyme that dehydrates L-malate in an agqueous
medium to catalyze fumarate production. In the visible-light driven NADH regeneration with the system of
an electron donor, water-soluble zinc porphyrin as a photosensitizer and pentamethylcyclopentadienyl
rhodium 2,2’ -bipyridine complex ([Cp*Rh(bpy)(H,O)1?) and malate dehydrogenase from Sulfobus tokodaii
(oxaloacetate-decarboxylating; MDH; EC 1.1.1.38), fumarate can be produced from CO, and pyruvate by
dehydrating L-malate produced as an intermediate with FUM. To improve fumarate production efficiency in
this system, it is necessary to study the interaction between FUM and water-soluble zinc porphyrin. In this work,
the effect of water-soluble zinc or metal-free porphyrin derivatives, tetra(4-sulfonatophenyl)porphyrin, tetra-
(4-carboxyphenyl)porphyrin,  tetrakis(4-methylpyridyl)porphyrin  or  tetrakis(4-N,N,N-trimethylaminophenyl)-
porphyrin on the catalytic activity of FUM for L-malate dehydration to fumarate was studied. It was found that
the addition of anionic water-soluble zinc porphyrins, zinc tetra(4-sulfonatophenyl)porphyrin (ZnTPPS*~) and
zinc tetra(4-carboxyphenyl)porphyrin (ZnTCPP*") inhibited the catalytic activity of FUM. In particular, fumarate
production with FUM was strongly suppressed in the addition of ZnTPPS*~ (reduced to about 16% compared to
control experiments). On the other hand, the addition of cationic water-soluble zinc or metal-free porphyrins
had little effect on the catalytic activity of FUM for L-malate dehydration to fumarate. Furthermore, UV-vis
absorption and circular dichroism spectroscopic results suggested that ZnTPPS*~ binds to the substrate-binding
site of FUM and inhibits fumarate production.

Furthermore, r-malate is synthesized from pyruvate and CO,
in the presence of NADH as a co-enzyme by the catalytic function
of malate dehydrogenase (NAD'-dependent oxaloacetate-

building block with many applications, including in the bio-
degradable engineering polymer industry.'™ In the field of
polymer engineering chemistry, fumarate is useful as a pre-
cursor for biodegradable plastic poly(butylene succinate)
(PBS).*® Fumarase (FUM) is an enzyme that catalyzes the
reversible hydration/dehydration of fumarate to r-malate, as
shown in Fig. 1.""" Generally, in an aqueous medium, an
intermolecular or intramolecular dehydration proceeds only in
the presence of a strong acid or base catalyst. On the other
hand, FUM catalyzes fumarate production based on r-malate
dehydration in an aqueous medium without the need for a
strong acid or base catalyst.
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decarboxylating; MDH)."*>* Thus, by using the dual catalysts
system of FUM and MDH, it is possible to synthesize fumarate as
a raw material for biodegradable or engineering plastics from
pyruvate and CO, in the presence of NADH, as shown in Fig. 2.

We previously reported the fumarate synthesis from pyru-
vate and bicarbonate formed by dissolving CO, in an aqueous
medium in the presence of NADH with the dual catalysts
system of FUM from porcine heart (EC 4.2.1.2) and MDH from
Sulfobus tokodaii, oxaloacetate-decarboxylating; (EC 1.1.1.38), as
shown in Fig. 2.>* We also have found that the addition of
phosphate improves the r-malate dehydration catalytic function

Fumarate L-Malate

Fig.1 The reversible hydration/dehydration of fumarate to L-malate
with FUM.
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Fig. 2 Fumarate synthesis from pyruvate and CO, with the dual catalysts
(FUM and MDH) in the presence of NADH.

of FUM in this system.? Since the expensive biological reagent
NADH acts as a sacrificial reagent in the system of Fig. 2, it is
desirable to incorporate a means of NADH regeneration to the
catalytic system. Many hybrid systems of visible-light driven
NADH regeneration consisting of an electron donor, a photo-
sensitizer and pentamethylcyclopentadienyl rhodium bipyridine
complex ([Cp*Rh(bpy)(H,0)]**), and various oxidoreductases
including formate, lactate, 3-hydroxybutyrate dehydrogenases
have been reported.>*** We also reported the visible-light driven
fumarate synthesis from pyruvate and bicarbonate with the
hybrid system of NADH regeneration by triethanol amine (TEOA)
as an electron donor, water-soluble zinc tetra(4-sulfonato-
phenyl)porphyrin  (ZnTPPS*”) as a photosensitizer, and
[Cp*Rh(bpy)(H,O)]**, and the dual catalyst of FUM and MDH
as shown in Fig. 3.%° After 5 h of reaction time, the concentration
of fumarate to intermediate r-malate ratios in the systems shown
in Fig. 2 and 3 are estimated to be 0.38 and 0.24, respectively.
The system shown in Fig. 3 incorporates visible light-driven
NADH regeneration, resulting in lower intermediate r-malate
production compared to the system with NADH as a sacrificial
reagent in Fig. 2. However, in both systems, only 24% of the
t-malate is converted to fumarate in the system in Fig. 3, even
though there is still excess r-malate relative to the fumarate
produced. This indicates that fumarate production based on the
FUM-catalyzed dehydration of r-malate is influenced by the
compounds comprising Fig. 3. In the above-mentioned hybrid
systems of visible-light driven NADH regeneration and oxidor-
eductases, the main subject has been the efficiency of NADH
production, and the interaction between dye molecules and
enzymes has not been the focus yet. In other words, it is
necessary to ascertain the influence of dye molecules used in
the system shown in Fig. 3 on the catalytic function of FUM. In
order to improve fumarate production efficiency in the system
shown in Fig. 3, moreover, it is necessary to investigate the
interaction between FUM and water-soluble zinc porphyrin.

hv_ZnTPPS*

RN

ZnTPPS*
0P

NADH Pyruvate

Cp*Rh(bpy)(OH,)1**
[Cp*Rh(bpy)(OH,)] + Bicarbonate

7\ = 12+

=N N:

[Cp*Rh(bpy)]
WP’Rh(bPY)H]'

NAD* L-Malate

H,0
Fumarate
Fig. 3 Visible-light driven fumarate production from pyruvate and bicar-
bonate via L-malate as an intermediate with the combination of NAD*
reduction system of TEOA as an electron donor, ZnTPPS*~ as a photo-
sensitizer and [Cp*Rh(bpy)(H,0)12*, and dual biocatalysts (MDH and FUM).
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In this work, the effect of water-soluble porphyrin derivatives
(chemical structures shown in Fig. 4) on the catalytic activity of
FUM for r-malate dehydration to fumarate was investigated.
Furthermore, the interaction between FUM and water-soluble
porphyrin derivatives was investigated by UV-vis absorption
and circular dichroism spectroscopic techniques.

Experimental
Materials

ZnTPPS*~ was purchased from Frontier Scientific Inc. Tetra(4-
sulfonatophenyl)porphyrin (H,TPPS*"), tetra(4-carboxyphenyl)-
porphyrin (H,TCPP*") and tetrakis(4-methylpyridyl)porphyrin
(H,TMPyP"") were purchased from Tokyo Chemical Industry Co.,
Ltd. Tetrakis(4-N, N, N-trimethylaminophenyl)porphyrin (H,TMAP*")
was purchased from Sigma-Aldrich Co. LLC. Fumarase (FUM) from
porcine heart (EC 4.2.1.2; molecular weight: 200 kDa)***” was
obtained from Merck Co., Ltd. One activity unit of FUM convert
1.0 umol of r-malate to fumarate in potassium phosphate buffer
per min at pH 7.6 at 25 °C. The other chemicals were of analytical
grade or the highest grade available obtained from FUJIFILM Wako
Pure Chemical Corporation or NACALAI TESQUE, INC. ZnTCPP* ™,
ZnTMAP*" and ZnTMPyP*" were synthesized by refluxing respective
metal-free porphyrins with about 5 times molar equivalent of zinc
acetate in the methanol solution according to the previous
report.* > The insertion of zinc into the porphyrin ring was
confirmed by the change in the Q band of each porphyrin in the
UV-visible absorption spectrum (SHIMADZU, MaltiSpec-1500).

Fumarate production with FUM in the presence of
water-soluble porphyrin derivatives

The reaction mixture consisted of sodium r-malate (1.0 mM)
and zinc or metal-free porphyrin (10 uM) in 5.0 mL of 500 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-
NaOH buffer (pH 7.8). The reaction was started by adding
FUM (0.5 units; 1.3 nM) to this solution with a thermostatic
chamber set at a temperature of 30.5 °C. The total volume of
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Fig. 4 Chemical structures of water-soluble porphyrin derivatives.
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reaction vessel is 6.0 mL. The amount of fumarate produced
was determined 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 9 pm polystyrene-divinylbenzene copo-
lymer with sulfonic acid groups). Details of fumarate quantifi-
cation by ion chromatograph are described in the supporting
information. The fumarate concentration was determined from
the calibration curve based on the chromatogram of a standard
sample (Fig. S1, ESIt) using the eqn (S1).

UV-vis absorption spectrum measurement for the solution of
FUM in the presence of water-soluble zinc porphyrin derivatives

UV-vis absorption spectra of the solution of ZnTPPS*  or
ZnTMAP*" (10 pM) and FUM (0.5 units; 1.3 nM) in 2.0 mL of
500 mM HEPES buffer solution (pH 7.8) were measured using UV-
visible absorption spectroscopy (SHIMADZU, MaltiSpec-1500). UV-
vis absorption spectra of ZnTPPS* and ZnTMAP*' in the
absence of FUM also were measured as the reference samples.

Circular dichroism spectroscopy measurement for the solution
of FUM in the presence of water-soluble zinc porphyrin
derivatives

Circular dichroism (CD) spectra in near-UV region of FUM
(0.75 uM; the mean residual weight; 110*7) in the presence of
ZnTMAP** or ZnTPPS*~ were measured using a J-720W spectro-
polarimeter (JASCO) with a 1.0-nm excitation bandwidth at
4 °C. CD spectra of FUM, ZnTPPS* and ZnTMAP*" also were
measured as the reference samples.

Results and discussion

Fumarate production with FUM in the presence of
water-soluble zinc porphyrin derivatives

Fig. 5 shows the time dependence of concentration of fumarate
produced with FUM in the presence of various zinc porphyrin
derivatives (The ion chromatograph chart during the reaction is
shown in Fig. S2(a)-(d), ESIT).

As shown in Fig. 5, no change in the fumarate production
from r-malate with FUM by addition of cationic zinc porphyrins,
ZnTMPyP** or ZnTMAP"*" was observed. By addition of anionic
zinc porphyrins, ZnN'TCPP*~ or ZnTPPS*~, on the other hand, the
fumarate production from r-malate with FUM was suppressed.
Especially, the fumarate production with FUM was strongly
suppressed in the presence of ZnTPPS® . These results suggested
that the sulfo group bonded to the zinc porphyrin had a stronger
effect on the catalytic activity of FUM than the carboxy group.

Fumarate production with FUM in the presence of water-
soluble metal-free porphyrin derivatives

Next, let us focus on the effect of zinc coordinated to porphyr-
ins on the catalytic activity of FUM for .-malate dehydration to
produce fumarate. FUM-catalyzed fumarate production was
investigated in the presence of metal-free porphyrin derivatives.
Fig. 6 shows the time dependence of concentration of fumarate
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Fig. 5 Time dependence of fumarate production from L-malate (1.0 mM)
with FUM (0.5 units; 1.3 nM) in the presence of zinc porphyrin (10 uM). e:
control; e: ZnNTMPyP**; e: ZnTMAP**; e: ZNTCPP*~; o: ZNTPPS*~.

produced with FUM in the presence of various metal-free
porphyrin derivatives (The ion chromatograph chart during
the reaction is shown in Fig. S3(a)-(d) (ESIt). As shown in
Fig. 6, no change in the fumarate production from r-malate
with FUM by addition of cationic metal-free porphyrins,
H,TMPyP*" or H,TMAP*" also was observed. By addition of
anionic metal-free porphyrins, H,TCPP*~ or H,TPPS"~, on the
other hand, the fumarate production with FUM also was
inhibited. Especially, the fumarate production with FUM was
suppressed in the presence of H,TPPS*~, compared with that of
H,TCPP*". These results suggested that the sulfo group bonded
to the metal-free porphyrin also was affected on the catalytic
activity of FUM than the carboxy group.
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Fig. 6 Time dependence of fumarate production from L-malate (1.0 mM)
with FUM (0.5 units; 1.3 nM) in the presence of metal-free porphyrin (10 uM).
o: control; e: HoTMPyP**: o Hy,TMAP*: o H,TCPPY™: o1 HoTPPS? ™.
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Effect of zinc or metal-free porphyrin derivatives on the
FUM-catalyzed fumarate production based on the L-malate
dehydration

The concentration of fumarate produced with FUM after
120 min incubation and the initial rate of fumarate production
(vo), calculated from the fumarate concentration after 5 min
incubation in the presence of various porphyrin derivatives
were summarized in Table 1.

In the presence of zinc and metal-free porphyrin derivatives,
there was no significant difference in FUM-catalyzed produc-
tion of fumarate from r-malate. Also, it was suggested that
cationic zinc and metal-free porphyrin derivatives had no effect
on the catalytic activity of FUM for the r-malate dehydration to
produce fumarate. For anionic porphyrin derivatives, in con-
trast, there was a large difference in FUM-catalyzed fumarate
production between sulfo and carboxy groups bound to por-
phyrins or between zinc and metal-free porphyrins. For
ZnTCPP*~ and H,TCPP*", there was no significant difference
in FUM-catalyzed production of fumarate from r-malate. Under
the addition of ZnTCPP*~ and H,TCPP*", it was found that the
initial rate of fumarate production catalyzed by FUM decreased
to about 60-70% compared to the control condition. For
ZnTPPS*~ and H,TPPS*", it was found that the inhibition of
FUM-catalyzed fumarate production by addition of ZnTPPS*~
had a greater effect than that of H,TPPS*". Comparing the
initial rate of fumarate production catalyzed by FUM, it
decreased about 9 times in the presence of ZnTPPS*~ than that
of H,TPPS*". Moreover, it decreased about 19 times in the
presence of ZnTPPS*~ than that of control condition in the
initial rate of fumarate production catalyzed by FUM. These
results suggest that cationic porphyrin derivatives have little
effect on FUM-catalyzed fumarate production, regardless of
whether zinc-coordinated or metal-free porphyrins. For anionic
porphyrin derivatives, in contrast, it was suggested that FUM-
catalyzed fumarate production depends on differences in por-
phyrin skeleton structure, zinc coordination or not.

UV-vis absorption spectrum measurement for the solution of
FUM in the addition of water-soluble zinc porphyrin derivatives

Next, ZnTMAP** and ZnTPPS*~ from these porphyrin derivatives
were selected and studied their interactions with FUM using
spectroscopic techniques. Fig. 7 shows the UV-vis absorption
spectra of ZnTPPS*~ and ZnTMAP*" (10 uM) in the presence of

Table1l The concentration of fumarate produced with FUM after 120 min
incubation and vq in the presence of various porphyrin derivatives

Porphyrin derivatives [Fumarate] after 120 min (uM) v, (UM min™")

Control 277.9 38.4
ZnTMPyP** 294.3 41.4
ZnTMAP*" 284.6 41.7
ZnTCPP*~ 248.4 25.9
ZnTPPS*~ 45.50 2.02
H,TMPyP** 297.3 36.1
H,TMAP*" 301.1 37.0
H,TCPP*~ 261.9 21.7
H,TPPS*~ 198.1 18.3
17682 | New J Chem., 2023, 47,17679-17684
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FUM (0.5 units) in the 500 mM of HEPES buffer solution. UV-vis
absorption spectra of ZnTPPS*~ and ZnTMAP*" in the absence of
FUM as the control samples also are show in Fig. 7(a) and (b).
For ZnTMAP*", there was no significant difference in the UV-vis
absorption spectra of ZnTMAP*" in the presence and absence of
FUM as shown in Fig. 7(b). For ZnTPPS"", in contrast, a slight
red shift of the Q bands (557 and 597 nm) of ZnTPPS*~ was
observed in the presence of FUM. These results suggest a
possible electrostatic interaction between FUM and ZnTPPS"™.
However, because no drastic change was observed in the UV-vis
absorption spectral change in the solution of FUM and
ZnTPPS*". Therefore, to further clarify the interaction between
FUM and ZnTPPS*~, analysis by CD spectroscopy was investigated.

CD spectroscopy measurement for the solution of FUM in the
presence of water-soluble zinc porphyrin derivatives

It has been reported that FUM has two different substrate binding
sites (sites A and B) with different affinities, (site A has catalytic
activity, whereas site B has no catalytic activity) and the

(@ 25
0.35 ”
2 o Control (ZnTPPS™)
025 b — ZnTPPS*+FUM
]
g 1.5 - 0.2 ~
2 0.15 |
o
2 41 0.1 [
< 0.05 F : :
0 )i H
0.5 | 500 550 600 650
0 ] L:zA’MI
350 400 450 500 550 600 650 700
Wavelength (nm)
(b) 25
0.25
— Control (ZnTMAP**)
2 F 02 |
— ZnTMAP**+FUM
Q 0.15 |
215 [
S 01 |
o
3 11 0.05 |-
<
o 1 1
05 - Lsoo 550 600 650
S N
o 1 1

350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 7 UV-vis absorption spectra of ZnTPPS*~ (a) and ZNTMAP** (b) in
the presence of FUM in the HEPES buffer solution (red line). Blue line:
without FUM.
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Fig. 8 CD spectra of FUM in the presence of ZNTMAP** or ZnTPPS*~ in
the HEPES buffer solution. CD specra of FUM (blue), ZnTMAP** (orange)
and ZnTPPS*~ (purple) as the control samples.

interactions between various ligands and substrate-binding sites
have been investigated by CD spectroscopy.'® Fig. 8 shows the CD
spectra in near-UV region of FUM (0.75 uM;) in the presence of
ZnTMAP*" or ZnTPPS*~ using a spectropolarimeter with a 1.0 nm
excitation bandwidth at 4 °C. CD spectra of FUM, ZnTPPS*~ and
ZnTMAP*" as the control samples also are shown in Fig. 8.

In previous reports, the interaction between FUM and
ligands was investigated by CD spectral changes between
250 and 310 nm in the near-UV region.?” It has been reported
that the 250 to 270 nm band in the CD spectrum of FUM is
enhanced by ligand binding to the substrate binding site due to
r-histidine residue in site A.*>”

As shown in Fig. 8, no significant change in CD spectral
shape of FUM was observed with the addition of ZnTMAP*". On
the other hand, 255 to 270 nm band in the CD spectrum of FUM
was changed with the addition of ZnTPPS*~ (indicated red
circle). These suggest that the binding of ZnTPPS*~ to site A
with catalytic activity in FUM, inhibits L-malate binding to site
A. Tetracarboxylic acid, benzene-1,2,4,5-tetracarboxylate and
sulfate have been reported as inhibitors for FUM. Especially,
it has been found that one molecule of benzene-1,2,4,5-
tetracarboxylic acid can bind to the A and B sites simulta-
neously and that four molecules per FUM molecule bind with
high affinity like a bridge between the two subunits.’” These
results suggest that ZnTPPS*~ with four benzenesulfonate
moieties also binds to the substrate-binding site of FUM (sites
A and B) with high affinity, inhibits dehydration of r-malate,
and reduces fumarate production.

Conclusions

In conclusion, the effects of various water-soluble zinc or metal-
free porphyrin derivatives additions on fumarate production
based on FUM-catalyzed r-malate dehydration was clarified.
It was found that the addition of cationic water-soluble por-
phyrin ZnTMAP**, ZnTMPyP*", H,TMAP** or H,TMPyP*" had

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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little effect on the catalytic activity of FUM for r-malate dehy-
dration to fumarate. On the other hand, it was also found that
the addition of anionic water-soluble porphyrin ZnTCPP*",
ZnTPPS*~, H,TCPP*~ or H,TPPS*™ inhibited the catalytic activity
of FUM. Especially, ZnTPPS"~ strongly inhibited the catalytic
activity of FUM. By adding ZnTPPS*~ to the solution containing
FUM and r-malate, the concentration of fumarate production
after 120 min incubation was reduced to about 16% compared
to that in the condition without ZnTPPS*~. Also the initial rate of
fumarate production with FUM in the presence of ZnTPPS*~ was
slowed down by 5% compared to that in the condition without
ZnTPPS*~. Furthermore, spectroscopic results suggested that
ZnTPPS*~ binds to the substrate-binding site of FUM and inhibits
fumarate production. These results contribute to the appropriate
selection of the photosensitizing molecule and yield improvement
in the visible-light driven fumarate production system as shown in
Fig. 3.
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