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bstract

We evaluated the photochemical and enzymatic synthesis of methanol from formaldehyde with alcohol dehydrogenase (ADH) from Saccha-
omyces cerevisiae and NAD+ photoreduction by the visible-light sensitization of zinc tetraphenylporphyrin tetrasulfonate (ZnTPPS) in the presence
f methylviologen (MV2+), diaphorase, and triethanolamine (TEOA). When the sample solution containing ZnTPPS, MV2+, NAD+, diaphorase,
nd TEOA in potassium phosphate buffer solution was irradiated, the NADH produced increased with the irradiation time. After irradiation for
80 min, the conversion yield of NAD+ to NADH was about 60% under 0.1 mM NAD+ condition. The methanol production also depended on

he conversion yield of NAD+ to NADH. After irradiation for 180 min, 0.38 �M of methanol was produced from formaldehyde (16 �M). The
onversion ratio of formaldehyde to methanol was about 2.3%. This result indicates that a system for the photochemical synthesis of methanol
rom formaldehyde was developed with ADH and the NADH produced by the photosensitization of ZnTPPS in water media.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Organic syntheses based on biocatalytic methods with regio-
nd stereo-selectivity in mild physiological conditions have been
idely studied. Enzymatic synthesis competes with conven-

ional chemical synthesis, especially in organic syntheses that
annot be successfully carried out by chemical catalysts. The
xidation of alkanes, alkenes, and aromatic molecules proceeds
asily by the biocatalytic method [1]. Since biocatalytic reac-
ions proceed in aqueous reaction media, enzymatic methods
re attractive as green processes for organic chemical synthe-
is. Dehydrogenases such as lactate, formate, aldehyde, and
lcohol dehydrogenases are useful enzymes for the synthe-
is of valuable organic compounds such as lactic acid, formic

cid, and methanol. The coenzymes of these dehydrogenases
re NAD+, NADH, and viologen derivatives. Thus, the pho-
ochemical and enzymatic organic synthesis system can be
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eveloped by the combination of these dehydrogenases and the
edox reaction of the coenzymes with the visible-light sensi-
ization of photosensitizers. Visible-light-induced photoredox
ystems comprising an electron donor, photosensitizer, and elec-
ron relay have been widely studied [2–4]. Photoredox systems
ith visible light, such as water-soluble zinc porphyrins, have

bsorption bands in the visible-light region (380–600 nm); these
orphyrins have been widely used as effective photosensitizers
5–7]. Zinc tetraphenylporphyrin tetrasulfonate (ZnTPPS) and
inc tetrakis(4-methylpyridyl) porphyrin (ZnTMPyP) are espe-
ially useful as photosensitizers [8–10]. Some studies on the
hotochemical and enzymatic synthesis of organic molecules
ave been reported [11–18]. Previously, we reported the visible-
ight-induced enzymatic formic acid synthesis from HCO3

−
ith formate dehydrogenase (FDH) using the photosensitiza-

ion of water-soluble zinc porphyrin [11–13]. We also reported
he development of photochemical and enzymatic methanol

ynthesis from HCO3

− with FDH, aldehyde dehydrogenase
AldDH), and alcohol dehydrogenase (ADH) via the photore-
uction of methylviologen (MV2+) using ZnTPPS photosensi-
ization [17]. For example, ADH catalyzes the oxidation and
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cheme 1. Photochemical methanol synthesis from formaldehyde with alcoh
nTPPS photosensitization.

eduction between alcohol and aldehyde by the redox reac-
ion of NADH or MV2+. Formaldehyde, a typical pollutant that
riginates from furnishing and decorating materials, frequently
auses cancer. In the gas phase, it can be easily decomposed
y UV irradiation in the presence of a photocatalyst such as
t/Fe2O3/TiO2 [19]. Formaldehyde exists stably in aqueous
edia as formaline, which is still widely used for preserving

iological samples. Thus, the visible-light-induced methanol
ynthesis from formaldehyde in water media using the coupling
f the photoredox system and ADH will be attractive for the
tilization of waste water. The reduction ratio of MV2+ to MV+

s an important factor in photochemical and enzymatic organic
ynthesis that use the reduced MV2+ (MV+) as a substrate
or these NAD+-dependent dehydrogenases. The diaphorase
atalyzes the oxidation and reduction between NADH and
AD+ with the redox reaction of MV2+. Therefore, the pho-

ochemical methanol synthesis from formaldehyde that cou-
les the photoredox system – such as the reduction of NAD+

ith photsensitizer, MV2+, diaphorase, and NAD+ – and the
nzymatic process with ADH will be achieved as shown in
cheme 1.

In this study, we describe a system for visible-light-induced
ethanol synthesis from formaldehyde with ADH from Saccha-

omyces cerevisiae and NAD+ photoreduction by the visible-
ight photosensitization of ZnTPPS in the presence of TEOA as
n electron donor, as shown in Scheme 1.

. Experimental

.1. Materials

Tetraphenylporphyrin-4-tetrasulfonate (H2TPPS) was
btained from Tokyo Kasei Co. Ltd. ADH was obtained from
igma Co. Ltd. NAD+ and diaphorase were obtained from
riental Yeast Co. Ltd. The other chemicals were of analytical
rade or the highest grade available. One unit of ADH activity
as defined as the amount of enzyme required to convert
.0 �mol methanol to formaldehyde per minute in the presence
f NAD+.

.2. Synthesis of ZnTPPS

According to the previously reported method, ZnTPPS was

ynthesized by refluxing H2TPPS with about 10 times molar
quivalent of zinc acetate in 100 ml of methanol at 60 ◦C for 2 h
17]. The introduction of zinc ion into H2TPPS was monitored
y UV–vis absorption spectroscopy using a Shimadzu Multispec
500 spectrophotometer.

3

t

hydrogenase (ADH) via the photoreduction of NAD with diaphorase using

.3. Photoreduction of NAD+

The sample solution contained ZnTPPS (1.0 �M), MV2+

0.1 mM), NAD+, diaphorase (five units), and TEOA (0.3 M)
n 3.0 ml of 10 mM potassium phosphate buffer (pH 8.0). It was
eaerated by freeze-pump-thaw cycles and then irradiated with
200 W tungsten lamp (Philips) placed at a distance of 3.0 cm
ith a Toshiba L-39 cut-off filter at 30 ◦C. To prevent the degra-
ation of ZnTPPS and ADH by near ultra-visible light, light
avelengths of less than 360 nm were eliminated by the Toshiba
-39 cut-off filter. The light intensity was measured by the potas-
ium ferrioxalate actinometry method [18]. The reduction of
AD+ to NADH was determined by the specific absorption at
40 nm with a molar extinction coefficient of 6.3 × 103 M cm−1.
o investigate the effect of NAD+ concentration on the NAD+

hotoreduction rate, the concentration of NAD+ was changed
etween 0.1 and 10 mM.

.4. Photochemical and enzymatic methanol synthesis from
ormaldehyde

The sample solution containing ZnTPPS (1.0 �M), MV2+

0.1 mM), NAD+, diaphorase (five units), TEOA (0.3 M), and
DH (25 units) in 3.0 ml of 10 mM potassium phosphate buffer

pH 8.0) was deaerated by freeze-pump-thaw cycles and then
ushed with argon gas for 5 min. Formaldehyde (16 �M) was
dded to the sample solution and then irradiated. The methanol
roduced was measured by gas chromatography using a Sorbitol
5%-Gasport B column (2 m × 3 mm i.d., GL Sciences) attached
o a Shimadzu GC-8A gas chromatograph (oven temperature:
00 ◦C; carrier gas: N2; flow rate: 21.8 ml min−1). To investigate
he effect of NAD+ concentration on the methanol synthesis, the
oncentration of NAD+ was changed between 0 and 10 mM.

.5. By-product analysis

By-product formation in the reaction mixture was ana-
yzed using an HPLC with an electrical conductivity detector
Shimadzu CDD-10AVP) (column temperature: 40 ◦C; column:
olystyrene sulfonate column Shimadzu SCR-H; elutant: p-
oluene sulfonic acid; flow rate: 0.8 ml min−1).

. Results and discussion
.1. Photoreduction of NAD+

The photoreduction of NAD+ to NADH is the most impor-
ant process in the photochemical synthesis of methanol. The
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Fig. 1. Time dependence of NADH production with the system consisting of
TEOA, ZnTPPS, MV2+, diaphorase and NAD+ under steady state irradiation.
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incubation. It was observed that the optimum methanol pro-
duction (1.0 �M) occurred at 25 units of ADH. Methanol pro-
duction increased with ADH activity up to 25 units and then
NAD+] = 0.1 mM (closed circle), 1.0 mM (closed diamond), 5.0 mM (closed
riangle) and 10 mM (closed square). Open circle: in the absence of ZnTPPS.
pen triangle: without irradiation.

eaction conditions necessary to obtain the highest NADH yield
ere investigated. Fig. 1 shows the formation of NADH dur-

ng the irradiation of the sample solution consisting of ZnTPPS
1.0 �M), MV2+ (0.1 mM), NAD+, diaphorase (five units), and
EOA (0.3 M) in 3.0 ml of 10 mM potassium phosphate buffer

pH 8.0). The rate of NADH formation increased with the con-
entration of NAD+. In contrast, the conversion yield of NAD+

o NADH decreased with the concentration of NAD+, as shown
n Fig. 2. ADH catalyzes both the reduction of formaldehyde
o methanol and the oxidation of methanol to formaldehyde. In
eneral, the reaction rate for the reduction of formaldehyde to
ethanol is slower than that for the oxidation of methanol to

ormaldehyde in the system with ADH. At high NAD+ concen-

rations, formaldehyde is produced by the oxidation of methanol
ith ADH. The conversion yield of NAD+ to NADH is an impor-

ant factor for methanol synthesis using the system shown in
cheme 1. The optimum NAD+ concentration was found to be

ig. 2. Relationship between the conversion ratio of NAD+ to NADH and the
oncentration of NAD+.
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.1 mM for methanol synthesis with ADH. After irradiation for
80 min, 60 �M NADH was produced and the reduction ratio of
AD+ to NADH was about 60% under 0.1 mM NAD+ condition.
otassium ferrioxalate actinometry revealed that the quantum
ield of NAD+ photoreduction was 5.2% after irradiation for
80 min. In the absence of diaphorase and NAD+, the reduction
atio of MV2+ to MV+ was ca. 25% after irradiation for 40 min
17]. These results indicate that an effective NAD+ photore-
uction system was developed using the photosensitization of
nTPPS in the presence of diaphorase. The time dependences
f NADH accumulation in the absence of ZnTPPS (open cir-
le) and without irradiation (closed triangle) are also shown in
ig. 1. In these cases, no NADH accumulation was observed.
oreover, NADH was not produced if even one of the five com-

onents – TEOA, ZnTPPS, MV2+, diaphorase, and NAD+ – was
issing.

.2. Photochemical and enzymatic methanol synthesis from
ormaldehyde

Since we were able to accomplish an NAD+ photoreduction
ystem with the photosensitization of ZnTPPS, the photochem-
cal and enzymatic methanol synthesis from formaldehyde was
ttempted with ADH.

Initially, the optimum ADH activity was determined under
he condition of NADH (1.0 mM), formaldehyde (16 �M), and
DH in potassium phosphate buffer (pH 8.0) at 30 ◦C for
0 min incubation. The ADH activity was changed between 1.0
nd 50 units. Fig. 3 shows the relationship among the ADH
ctivity, produced methanol concentration (square), and reac-
ion yield with regard to ADH activity (circle) after 30 min
ecreased, as shown in Fig. 4 (square). In contrast, the reaction

ig. 3. Relationship among the ADH activity, produced methanol concentrations
square) and reaction yields toward ADH activity (circle) after 30 min incuba-
ion. The reaction condition was NADH (1.0 mM), formaldehyde (16 �M) and
DH in potassium phosphate buffer (pH 8.0) at 30 ◦C in dark.
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Fig. 4. Time dependence of methanol (closed circle) and formaldehyde concen-
tration (closed square) with the system consisting of TEOA, ZnTPPS, MV2+,
diaphorase, NAD+, formaldehyde and ADH under steady state irradiation.
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Kodansha–Springer, 2002.
NAD+] = 0.1 mM (closed circle), 5.0 mM (closed triangle) and 10 mM (closed
quare). Open circle: in the absence of ZnTPPS. Open triangle: without irradi-
tion. ×: in the absence of diaphorase and NAD+.

ield decreased with an increase in ADH activity (circle in
ig. 4). However, the concentration of methanol produced was
n important factor in the system, as shown in Scheme 1. There-
ore, it was determined that the optimum ADH activity was 25
nits.

Fig. 4 shows the methanol production during irradiation of
he sample solution consisting of ZnTPPS (1.0 �M), MV2+

0.1 mM), NAD+, diaphorase (five units), TEOA (0.3 M),
ormaldehyde (16 �M), and ADH (25 units) with a 200 W tung-
ten lamp. The concentration of NAD+ was changed between
.1 and 10 mM. The rate of methanol production decreased
ith the concentration of NAD+. The methanol production
epended on the conversion yield of NAD+ to NADH. At
.1 mM of NAD+, methanol production was 0.38 �M after irra-
iation for 180 min. The turnover numbers of ZnTPPS, MV2+,
nd NAD+ in the system containing ZnTPPS (1.0 �M), MV2+

0.1 mM), NAD+(0.1 mM), diaphorase (five units), TEOA
0.3 M), formaldehyde (16 �M), and ADH (25 units) were 0.13,
.0013, and 0.0013 h−1, respectively. Since the total turnover
umbers for all the cofactors remained low, the photochemical
ynthesis system of methanol from formaldehyde was developed
ith ADH and the NADH produced by the photosensitization of
nTPPS. The time dependences of the methanol accumulation

n the absence of ZnTPPS (open circle) and without irradia-
ion (open triangle) are also shown in Fig. 4. In these cases,
o methanol accumulation was observed. Moreover, methanol
as not produced if any one of the seven components – TEOA,
nTPPS, MV2+, diaphorase, NAD+, formaldehyde, and ADH –
as missing. Methanol production was observed in the absence
f diaphorase and NAD+, as shown in Fig. 4 (×). The reduced
orm of MV2+ is the substrate for NAD+-dependent enzymes

uch as ADH and FDH. However, the amount of methanol pro-
uction was small in comparison to that for the system in the
resence of diaphorase and NAD+. NADH is a natural substrate
or ADH; therefore, in comparison to MV+, NADH is a more

[
[
[
[

atalysis B: Enzymatic 44 (2007) 27–31

uitable cofactor for methanol production from formaldehyde
ith ADH. Diaphorase catalyzes the transformation of NAD+ to
ADH, as shown in Scheme 1. Thus, methanol production from

ormaldehyde with ADH effectively proceeded by the addition
f an NAD+ reduction system with diaphorase. These results
ndicate that an effective methanol production system could be
eveloped via NAD+ photoreduction with the photosensitization
f ZnTPPS in the presence of diaphorase. By-product formation
n the reaction mixture was analyzed using a gas chromatograph
nd HPLC with an electrical conductivity detector. Methanol
nd formaldehyde were detected by gas chromatograph analy-
is, and NADH, NAD+, and ZnTPPS were detected by HPLC
nalysis; however, formic acid and hydrogen bicarbonate were
ot detected.

. Conclusion

The photochemical and enzymatic synthesis of methanol
rom formaldehyde with ADH and NAD+ photoreduction by
he visible-light photosensitization of ZnTPPS in the presence
f MV2+, diaphorase, and TEOA was developed. The rate of
ADH formation increased with the concentration of NAD+.
owever, the conversion yield of NAD+ to NADH decreased
ith the concentration of NAD+. The conversion yield of NAD+

o NADH was the most important factor for methanol synthe-
is in Scheme 1. After irradiation for 180 min, the reduction
atio of NAD+ to NADH was about 60% under 0.1 mM NAD+

ondition. The optimum NAD+ concentration was 0.1 mM for
ethanol synthesis with ADH and 0.38 �M of methanol was

roduced after irradiation for 180 min. The conversion ratio of
ormaldehyde to methanol was 2.3% (initial concentration of
ormaldehyde was 16 �M). This result indicates that a photo-
hemical synthesis system of methanol from formaldehyde can
e developed with ADH and the NADH produced by the pho-
osensitization of ZnTPPS.
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