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NAD™" analogues, nicotinamide and nicotinamide mononucleotide
(NMN*), were used to clarify the mechanism of visible-light driven
selective NAD* reduction to 1,4-NADH in a system of water soluble
zinc tetraphenylporphyrin tetrasulfonate and colloidal rhodium
nanoparticles dispersed with polyvinylpyrrolidone (Rh-PVP). As a
result, it was found that nicotinamide was not reduced but NMN*
was reduced to the 1,4-form selectivity, the same as NAD*. In
addition, the visible-light driven selective NMN* reduction was
found to be enhanced by the addition of the adenosine monopho-
sphate part of the NAD" structure.

The reduced form of nicotinamide adenine dinucleotide (NADH)
and nicotinamide adenine dinucleotide (NAD") are widely used as
co-enzymes with electron donor and electron acceptor functions,
respectively, in redox reactions with oxidoreductase.' Due to the
high cost and low stability of NADH, its supply is a major challenge
and the development of effective NADH regeneration systems is
being actively pursued.” Various NADH regeneration methods
have been investigated using chemical processes,” biocatalysis,
electrochemistry,'® photochemistry,""* and homogeneous™ and
heterogeneous catalysis."* Of these methods, photochemical NADH
regeneration has attracted much attention, because solar energy is
clean, cheap, abundant, and renewable. The direct reduction of
NAD' to NADH using photosensitisers such as water-soluble
metalloporphyrins with absorption bands in the visible light region
has been proposed as a simple method for reducing NAD' to
NADH using visible light energy. NAD' is reduced in a single-
electron process by a photosensitiser to form an NAD radical, and
then undergoes dimerisation to form a biologically inactive
reduction product, as shown in Fig. 1."® In addition, it has been
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reported that enzymatically inactive by-products (1,2- and 1,6-
NADH isomers) also are produced, as shown in Fig. 1.
Therefore, systems that selectively reduce NAD" to 1,4-NADH
require effective catalysts that prevent NAD" dimerisation and
1,2- or 1,6-NADH isomer production. As examples of catalysts
for the reduction of NAD" to 1,4-NADH, organometallic com-
plexes have been reported using ruthenium, rhodium, and
iridium ions. In particular, the rhodium complex [Cp*Rh(bpy)
(H,0)** (Cp* = pentamethylcyclopentadienyl, bpy = 2,
2'-bipyridyl) has been widely used and studied for the
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Fig. 1 Schematic representation of a typical NAD* reduction pathway.
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Fig. 2 Visible-light driven 1,4-NADH regeneration in a system of TEOA,
ZnTPPS, and Rh-PVP. The chemical structures of nicotinamide (NAM),
nicotinamide mononucleotide (NMN*) and adenosine monophosphate
(AMP) are shown.

regioselective reduction of NAD" because of its versatile range of
application and regioselective activity.">'” As an example of the
non-enzymatic photoreduction of NAD", [Cp*Rh(bpy)(H,O)]*" has
also been used as a catalyst for electron and hydride transfer in
the presence of a photosensitizer."®*° Thus, we focused on Rh
catalysts because of their usefulness in hydride production. One
type of Rh catalyst, colloidal Rh nanoparticles dispersed by
protective agents such as polymers and surfactants, has attracted
considerable attention due to its simple preparation method by
the reduction of Rh*" ions in ethanol solvent with protective
agents. In particular, Rh nanoparticles dispersed in polyvinylpyr-
rolidone (Rh-PVP) have attracted significant attention due to their
ability to catalyse the hydrogenation of benzoic acids and nitriles.
Avisible-light driven regioselective 1,4-NADH regeneration system
consisting of triethanolamine (TEOA) as an electron donor, zinc
tetraphenylporphyrin tetrasulfonate (ZnTPPS) as a photosensiti-
zer, and Rh-PVP as a selective NAD' reduction catalyst, as shown
in Fig. 2, has been reported.**'

By using this system, NAD" is selectively reduced to enzy-
matically active 1,4-NADH upon visible-light irradiation. More-
over, in this system, it has been found that NAD" can be
selectively reduced to 1,4-NADH using TiO, photocatalyst as a
sensitiser in addition to ZnTPPS.>' However, a detailed 1,4-
NADH regeneration mechanism with Rh-PVP in this system has
not been clarified yet. One way to clarify this mechanism is to
study the interaction of Rh-PVP with each of the NAD" compo-
nents, nicotinamide, pyrophosphate, adenine and pentose, as
shown in Fig. 2.

In this study, focusing on the unique catalytic function of
Rh-PVP, we attempted the selective photoreduction of NAD' to
enzyme active 1,4-NADH by using Rh-PVP in a photo-redox
system, without producing by-products, based on the effect of
each of the NAD" components, nicotinamide, pyrophosphate,
adenine and pentose. Here, we report a novel and simple
system using homogeneous polymer-dispersed Rh nano-
particles for selective 1,4-NADH regeneration.

First, the visible-light driven reduction of NAD" analogues,
NAM, NAD" and NMN", in a system of TEOA, ZnTPPS and Rh-PVP
was compared. ZnTPPS was purchased from Frontier Scientific,
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Fig. 3 UV-vis absorption spectra changes in the sample solution consist-
ing of TEOA, ZnTPPS, Rh-PVP and NAD™" analogues with irradiation. (a)
NADY, (b) NAM, (c) NMN*. Inset: Different UV-Vis absorption spectra of the
sample solution from O min irradiation.

Inc. Rh-PVP was purchased from Renaissance Energy Research.
NAD" was purchased from Oriental Yeast Co., Ltd. NAM and
NMN" were purchased from Tokyo Chemical Industry Co., Ltd.
The reduction of NAD" analogues using a system containing
TEOA (0.2 M), ZnTPPS (4.6 uM), Rh-PVP (Rh concentration:
50 puM) and NAD' analogues (1.0 mM) was investigated in
5.0 mL of 50 mM HEPES-NaOH buffer (pH 7.4) at 30 °C. A
sample solution was deaerated by freeze-pump-thaw cycling,
and flushed with Ar gas for 10 min. Then, the sample solution
was irradiated with a halogen lamp as a visible-light energy
source. The production of a reduced NAD' analogue was
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determined based on the UV-Vis absorption change at 340 nm.
Fig. 3 shows the time dependence of UV-vis absorption spectra
changes in the sample solution consisting of TEOA, ZnTPPS,
Rh-PVP and NAD" analogues with irradiation. Different UV-Vis
absorption spectra changes of the sample solution from 0 min
irradiation are shown in the inset of Fig. 3.

When using NAD" or NMN", the intensity of the absorption
band with a maximum at 340 nm was increased as shown in
Fig. 3(a) and (c). In contrast, no significant change in the
absorption band with a maximum at 340 nm was observed
when using NAM as an NAD' analogue, as shown in Fig. 3(b).
These results indicate that NMN* was reduced to NMNH, while
no reduction of NAM occurred when using the system of TEOA,
ZnTPPS and Rh-PVP with visible-light irradiation. This suggests
that quaternization of the pyridine nitrogen of nicotinamide is
essential for selective reduction using a system of TEOA,
ZnTPPS and Rh-PVP with visible-light irradiation. For NMN"
reduction, absorption maxima at 395 nm, based on 1,2-NMNH,
and 345 nm, based on 1,6-NMNH, were not observed, as
shown in Fig. 3(c). This indicated that NMN" was reduced to
1,4-NMNH or NMN dimer. Therefore, isomer analysis of the
reduction products of NMN" was conducted by using an HPLC
system with a TOSHO ODS column (4.6 x 250 mm, 5 pm
particle size), a Shimadzu LC-20AD SP pump, and a Shimadzu
SPD-20A UV/Vis detector (detected wavelength; 340 nm). A
mixed solution of methanol/100 mM potassium phosphate
buffer pH 7.1 (9:1 v/v) was used as the eluent. Fig. 4 shows
the analytical HPLC chromatograms for visible-light driven
NMN" reduction with the system consisting of TEOA, ZnTPPS,
Rh-PVP and NMN" (a), and a standard sample of ((2R,3S,4R,5R)-
5-(3-carbamoylpyridin-1(4H)-yl)-3,4-dihydroxy-tetrahydrofuran-2-
yl)methyl dihydrogen phosphate (1,4-NMNH) purchased from
AmBeed, Inc (b).

As shown Fig. 4(a), the intensity of the signal peak based on
1,4-NMNH increased with irradiation time. Thus, NMN" was
reduced to 1,4-NMNH only using the visible-light redox system
of TEOA, ZnTPPS and Rh-PVP.

Next, we discuss the quantification of the visible-light
reduction of NMN" to 1,4-NMNH using the visible-light redox
system of TEOA, ZnTPPS and Rh-PVP. The production of 1,
4-NMNH was determined based on the UV-Vis absorption
change at 340 nm with a molar extinction coefficient of
0.884 mM " cm ™! (Fig. S1 (ESIt) shows the UV-Vis absorption
spectra of various 1,4-NMNH concentrations, and the relation-
ship between 1,4-NMNH concentration and the absorbance at
340 nm). Fig. 3 shows the time dependence of the UV-Vis
absorption spectra changes in the sample solutions consisting
of TEOA, ZnTPPS, Rh-PVP and NAD" analogues (NMN" (a) or
NAD" (c)) with irradiation. Fig. 5 shows the time dependence of
1,4-NMNH and 1,4-NADH production using the system of
TEOA, ZnTPPS, Rh-PVP and NMN" or NAD" with irradiation.

As shown in Fig. 5, the concentrations of 1,4-NMNH and 1,
4-NADH increased with increasing irradiation time. After 300
min of irradiation, the concentrations of 1,4-NMNH and 1,
4-NADH were estimated to be 249 and 61.1 pM, respectively.
The yields for 1,4-NMNH and 1,4-NADH production were
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Fig. 4 HPLC chromatograms for visible-light driven NMN™ reduction with
the system consisting of TEOA, ZnTPPS, Rh-PVP and NMN* with different
irradiation times (a), and a standard sample of 1,4-NMNH (b).
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300

calculated to be 24.9 and 6.1%, respectively. These results
suggest that the visible-light reduction efficiency is related to
the AMP moiety, which is the difference in structure between
NAD" and NMN".

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 6 Time dependence of 1,4-NMNH production with the system of
TEOA, ZnTPPS, Rh-PVP and NMN* with irradiation in the presence of
various AMP concentrations.

In order to investigate the effect of the AMP moiety on NAD"
reduction to 1,4-NADH, a sample solution containing TEOA
(0.2 M), ZnTPPS (25 pM), Rh-PVP (Rh concentration: 50 uM),
NMN" (1.0 mM), and AMP (0-2.0 mM) was irradiated with
visible-light, the same as for the previous experiment. Fig. S2
(ESIT) shows the time dependence of the UV-Vis absorption
spectra changes in the sample solution consisting of TEOA,
ZnTPPS, Rh-PVP and NMN" with irradiation in the presence
of AMP (0-2.0 mM). Fig. 6 shows the time dependence of 1,
4-NMNH production using the system of TEOA, ZnTPPS, Rh-
PVP and NMN" with irradiation at various AMP concentrations.
As shown in Fig. 6, the concentration of 1,4-NMNH increased
with increasing irradiation time at all AMP concentrations.
Under conditions with less than 1.0 mM AMP, the initial rate
of 1,4-NMNH production increased, but the concentration of
1,4-NMNH produced after 5 h of irradiation was almost the
same as that in the absence of AMP. On the other hand, the
initial rate of 1,4-NMNH production increased with more than
1.5 mM AMP, and the concentration of 1,4-NMNH produced
after 5 h of irradiation was found to increase by about fourfold
compared to the system in the absence of AMP.

From these results, it was found that the visible-light
reduction efficiency of NMN" to 1,4-NMNH was increased up
to 1.4-fold by adding more than 1.5 equivalents of AMP to the
NMN" concentration. No change in the visible-light reduction
efficiency of NMN" to 1,4-NMNH was observed in the presence
of adenosine. In contrast, no change in the efficiency of the
visible light driven NAD" reduction to 1,4-NADH was observed
in the presence of AMP. This suggests that the pyrophosphate
and adenosine moieties constituting NAD" play an important
role in Rh-PVP-catalysed 1,4-NADH generation.

In this work, to elucidate the mechanism of visible light-
driven selective NAD" reduction to 1,4-NADH in the system of
ZnTPPS and Rh-PVP, the visible light reduction behaviour of
the NAD" analogues NAM and NMN" was investigated. As a
result, no reduction of nicotinamide was observed, but NMN*

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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was reduced to the 1,4-form selectivity. It was found that the
quaternisation of the pyridine nitrogen of nicotinamide is
essential for selective reduction upon visible light irradiation
using TEOA, ZnTPPS and Rh-PVP. In addition, it was found that
the visible-light driven selective NMN" reduction to 1,4-NMNH
was enhanced by the addition of the adenosine monopho-
sphate part of the NAD" structure. This work provides a plat-
form for using colloidal Rh nanoparticles as highly efficient
homogeneous catalysts for 1,4-NADH regeneration.
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