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A biohydrogen production system, has been developed that couples sucrose hydrolysis by invertase and glucose
dehydrogenase (GDH) and hydrogen production with a platinum colloid as a catalyst. The system uses the visible
light-harvesting function of artificial Zn chlorophyll-a (Zn Chl-a), prepared from Mg Chl-a (obtained from Spilurina).
When a sample solution containing sucrose, invertase, nicotinamide adenine dinucreotide (NAD™), Zn Chl-a, methyl-
viologen (MV?*, an electron carrier), and platinum colloid was irradiated, continuous hydrogen production was ob-
served with the irradiation time. The amount of hydrogen production was about 10.5 umol after 4 h of irradiation under

the optimum condition.

Biohydrogen production systems from bio-resources, such
as starch, cellulose, sucrose, and lactose, are important for
the environment and the development of energy sources.!'™
These polysaccharides or oligosaccharides are hydrolyzed to
form monosaccharides, such as glucose. The conversion of
glucose to hydrogen will be a useful new enzymatic pathway.
Some studies on hydrogen production from glucose using an
enzymatic pathway have been reported.®"'° Hydrogen produc-
tion from glucose by combining glucose dehydrogenase
(GDH) and hydrogenase has been reported.!"!? Since glucose
was obtained from sucrose by using invertase enzymatically,
hydrogen production from an oligosaccharide, sucrose, will
be attained using the combination of invertase, GDH and
hydrogenase or the other hydrogen-evolved catalyst.

On the other hand, some photoinduced hydrogen production
systems consist of an electron donor, a photosensitizer, an
electron carrier, and a catalyst for hydrogen production.'3-1?
For a hydrogen-evolved catalyst, platinum colloid'’~' and hy-
drogenase from Desulfovibrio vulgaris (Miyazaki)'3-'® are
widely used in hydrogen-production systems. Especially, plat-
inum colloid is stable against long-term irradiation. Because
water-soluble zinc porphyrins have an absorption band in the
visible light region, these porphyrins have been widely used
as effective photosensitizers in a photoinduced hydrogen-pro-
duction system.!>!'* However, the molar absorption coefficient
of zinc porphyrins in the visible light region (500-600 nm) is
lower than that in the near ultra-visible light region (380400
nm). In contrast, Mg chlorophyll-a (Mg Chl-a), which acts as
the light-harvesting function in the photosynthesis of green
plants, has an absorption maximum at 670 nm;2 also, Mg
Chl-a is an attractive compound as a visible photosensitizer.
We previously reported on photoinduced hydrogen-production
systems with Mg Chl-a and platinum colloid.>'~?* In general,
purified Mg Chl-a is unstable against irradiation. Recently,
zinc bacteriochlorophyll-a was found to exist in an aerobic
bacterium, Acidiphilium rubrum.®* Because the zinc porphy-
rins are stable against irradiation and are effective photosensi-

tizers, zinc chlorophylls are also attractive compounds as sta-
ble visible photosensitizers. The preparation and characteriza-
tion of zinc chlorophyll-a (Zn Chl-a) and bacteriochlorophylls
have been reported.?*?> We previously reported on the prepa-
ration and characterization of Zn Chl-a, and found that the
photositability of Zn Chl-a was superior to that of Mg Chl-a
under various pH conditions.?®

In photoinduced hydrogen production with a system consist-
ing of an electron donor, a photosensitizer, an electron relay,
and a catalyst, a photoexcited photosensitizer reacts with an
electron relay to form a reduced electron relay; hydrogen
evolves by proton reduction with the catalyst, and then the oxi-
dized photosensitizer is reduced by an electron-donating re-
agent, such as reduced nicotinamide adenine dinucreotide
(NADH). Thus, the electron donor, NADH, was a sacrificial
reagent, and the oxidized electron donor, NAD™, was con-
sumed in the reaction system. If NADH is regenerated, a pho-
toinduced hydrogen-production system is accomplished with-
out NAD™ consumption. Since GDH uses NAD™ as a cofactor,
photoinduced hydrogen production with GDH, an electron do-
nor, a photosensitizer, an electron relay reagent, and a catalyst
will be attained. An effective photoinduced hydrogen produc-
tion system will be accomplished using the light-harvesting
function of Zn Chl-a instead of Mg Chl-a.

In this paper we describe a biohydrogen production system
coupling sucrose hydrolysis with invertase and GDH, and
hydrogen production with a platinum colloid using the light-
harvesting function of artificial Zn Chl-a in the presence of
methylviologen (MV?*) as an electron carrier, as shown in
Scheme 1.

Experimental

Mg Chl-a from spirulina, invertase from Yeast and GDH from
Bacillus sp. were purchased from Wako Pure Chemical Industries
Ltd. (Osaka, Japan). NAD" and NADH were purchased from Ori-
ental Yeast Co., Ltd. MV?* dichloride and cetyltrimethylammoni-
um bromide (CTAB) were punched from Tokyo Kasei Co., Lid
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Scheme 1. Biohydrogen production system coupling sucrose hydrolysis with invertase and GDH and hydrogen production with plat-
inum colloid via MV?* photoreduction using light-harvesting function of Zn Chl-a.

(Tokyo, Japan). Hydrogen hexachloplatinate hexahydrate and so-
dium citrate dihydrate were obtained from Kanto Chemical Co.,
Ltd (Tokyo, Japan). The other chemicals were of analytical grade
or the highest grade available. One unit of GDH activity was
defined as the amount of enzyme that reduced 1.0 umol NAD*
to NADH by glucose per min. One unit of invertase activity
was defined as the amount of enzyme that produced 1.0 pmol of
glucose by sucrose per min.

Zn Chl-a was prepared according to a previously reported
method.”>?¢ Zn Chl-a was synthesized by refluxing Mg Chl-a
(50 mg, 56 umol) with about a 10-times molar equivalent of zinc
acetate in 100 mL of methanol at 80 °C for 5 h. The insertion of
zinc ion into the porphyrin ring of Chl-a was monitored by the
visible absorption spectrum. During the reaction, the characteristic
absorption bands of Zn Chl-a at 421 and 662 nm increased, and
the absorbance bands at 433 and 668 nm of Mg Chl-a gradually
decreased. After the mixture was cooled to room temperature,
the solvent was removed by using a rotary evaporator, and the re-
action mixture was then washed with water to remove any un-
reacted zinc acetate. Finally, Zn Chl-a was precipitated in water.
Zn Chl-a was collected by filtration and washed with water. The
purification was performed by recrystallization (water—methanol).
Zn Chl-a and Mg Chl-a were solubilized with 10 mmol dm— of
CTAB, since Zn Chl-a and Mg Chl-a are insoluble to aqueous
solution.

Platinum colloid was prepared by the reduction of a hexachlo-
platinate solution with sodium citrate. The reduction procedure
was similar to a previously reported method.'” A solution of
400 mL of water containing 30 mg of hydrogen hexachloplatinate
hexahydrate was brought to boiling temperature using a mantle
heater with a magnetic stirrer for 1.5 h, and then a solution of
30 mL of water containing 600 mg of sodium citrate dihydrate
was added and refluxed with a magnetic stirrer at 100 °C for 4
h. The particle size of prepared platinum colloid was estimated
to be 1.5 nm. The prepared platinum colloid had the ability to re-
lease 0.7 umol of hydrogen in a reaction system including 10 uL
of colloidal platinum, 1.2 x 10~> mmol of MV?* and 7.7 x 1073
mmol of sodium dithionite in 4.0 mL of 50 mmol dm~3 Tris—HCI
buffer (pH 7.4) at 30 °C for 10 min. One unit of colloidal platinum
activity was defined as the release of 1.0 pmol of hydrogen per
min.

The reduction of NADT was tested in a reaction mixture con-
taining NAD™, sucrose, invertase, and GDH. The reaction was
started by the addition of an NAD™ solution to a sample solution
containing sucrose (0.375 mmol dm™?), invertase (4.0 units) and
GDH (5.0 units) in 3.0 mL of 10 mmol dm~ potassium phosphate
buffer (pH 7.0) (process A and B in Scheme 1). The reduction of
NAD™ to NADH by GDH was determined by following the spe-
cific absorption at 340 nm, assuming a molar extinction coefficient

of 6.3 x 10> mol~"dm?cm~!. To investigate the effect of the
NAD" concentration on NADH reduction, NAD' was changed
from 1.75 to 5.25 mmol dm~3.

The photoreduction of MV>* was tested in a reaction mixture
containing NAD*, sucrose, Zn Chl-a, MV?*, invertase, and
GDH. The reaction system consisted of NAD™, sucrose (100
mmol dm~3), Zn Chl-a (15 wmol dm™?), MV?* (0.4 mmol dm™3),
invertase (4.0 units), and GDH (5.0 units) in 3.0 mL of 10
mmol dm~—3 potassium phosphate buffer (pH 7.0). The sample so-
lution was deaerated by repeated freeze—pump-thaw cycles, and
substituted by argon gas. Then, the sample solution was irradiated
with a 200 W tungsten lamp at a distance of 3.0 cm, with a light
intensity of 200 Jm~2s~!, at 30 °C. Light with wavelengths of
less than 390 nm was removed by a Toshiba L-39 cut-off filter
(Tokyo, Japan). The reduction of MV>*" was monitored using a
UV-vis spectrophotometer at 605 nm, with a molar extinction co-
efficient of 1.3 x 10* mol~! dm? cm™!.2® To investigate the effect
of the NAD* concentration on the MV?* reduction, the NAD*
concentration was changed from 1.75 to 5.25 mmol dm 3.

Photoinduced hydrogen production from sucrose was carried
out as follows. A sample solution containing NAD™, sucrose
(100 mmol dm~—3), Zn Chl-a (15 mmol dm—3), MV?* (0.4 mmol
dm™3), platinum colloid (0.5 unit), invertase (4.0 units), and
GDH (5.0 units) in 3.0 mL of 10 mmol dm~3 potassium phosphate
buffer (pH 7.0) was deaerated by a freeze—pump-thaw cycle 6
times, and substituted by argon gas. The amount of hydrogen
evolved was measured by Schimadzu GC-14B gas chromatogra-
phy (detector, TCD; column temperature, 40 °C; column, active
charcoal with the particle size 60-80 mesh; carrier gas, nitrogen
gas; carrier gas flow rate, 24 mL min~!). To investigate the effect
of the NAD" concentration on hydrogen production, the NAD™"
concentration was changed from 1.75 to 5.25 mmol dm .

Results and Discussion

The time dependence of NADH formed in a solution con-
taining sucrose, invertase, GDH, and NAD™ is shown in
Fig. 1. The initial rate of NADH formation was determined
by the amount of NADH after incubation for 10 min. In all
cases of NAD™ concentrations, there was no difference in the
initial rate of NADH formation. In contrast, no formation of
NADH was observed in a solution containing sucrose, GDH,
and NAD™ (closed triangle). Thus, NADH was formed via
sucrose hydrolysis with invertase. After 50 min of incubation,
0.375 mmol dm~> NADH was formed. This value is equal to
the initial concentration of sucrose. This result shows that
sucrose was hydrolyze to glucose and fructose completely.

The time dependence of the MV*T concentration in a sys-
tem containing sucrose, invertase, GDH, NAD", Zn Chl-q,
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Fig. 1. Time dependence of NADH formation with sucrose

(0.375 mmol dm~3), invertase (4 units), NAD", and GDH
(5 units) in in 3.0 mL of 10 mmol dm™> phosphate buffer
(pH 7.0). NAD™ (open circle): 1.75, (closed square): 2.63,
(open square): 3.5, and (closed circle): 5.25 mmol dm—3.
(closed triangle): without NAD™.

0.1

0.08

-3

+,

[MV ]/ mmol dm

0.02

oMKk 1w 1w | ¥
0 50 100 150 200 250
Irradiation time / min

Fig. 2. The time dependence of the reduced MV>* concen-
tration under steady state irradiation with visible light
using 200 W tungsten lamp at a distance of 3.0 cm. The
sample solution consisting of NAD™, sucrose (20 mmol
dm~?), invertase (4 units), GDH (5 units), Zn Chl-a (15
wmol dm~?), and MV?* (0.4 mmoldm~3) in 3.0 mL of
10 mmoldm™ potassium phosphate buffer (pH 7.0).
NAD™ (open circle): 1.75, (closed square): 2.63, (open
square): 3.5, and (closed circle): 5.25 mmol dm~3. (closed
triangle): without NAD™. (x symbol): without irradiation.
Open triangle: 10 mmol dm™3 potassium phosphate buffer
prepared using D,O is used as the reaction media
(pH 7.0).

and MV?* with visible light irradiation is shown in Fig. 2. The
absorbance at 605 nm, the absorption band of MV*", increased
with the irradiation time. In all cases of NAD™ concentrations,
ca. 0.1 mmol dm~3 reduced MV?* is produced and the yield of
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Fig. 3. Time dependence of hydrogen production under
steady state irradiation with visible light using 200 W
tungsten lamp at a distance of 3.0 cm. The sample solution
consisting of NAD™, sucrose (20 mmol dm™3), invertase
(4 units), GDH (5 units), Zn Chl-a (15 pmoldm™?),
MV?* (0.4 mmol dm~3), and platinum colloid (0.5 unit)
in 3.0 mL of 10 mmoldm™3 potassium phosphate buffer
(pH = 7.0). NAD™" (open circle): 1.75, (closed square):
2.63, (open square): 3.5, and (closed circle): 5.25 mmol
dm™3. (closed triangle): without NAD™. (x symbol):
without irradiation. Open rhombic: 10 mmoldm~3 potas-
sium phosphate buffer prepared using D,O is used as the
reaction media (pH 7.0).

MV?* to MV**+ was estimated to be ca. 25% after 240 min of
irradiation. The photoreduction rate was independent of the
concentrations of NAD™, sucrose, invertase, and GDH. In con-
trast, the reduction rate depended on the concentrations of Zn
Chl-a and MV?>*. Thus, the rate-limiting step in the MV>* re-
duction (processes 1, 2, and 3 in Scheme 1) was the electron-
transfer process from the photoexcited Zn Chl-a (*Zn Chl-a)
to MV2* (process 3 in Scheme 1). In contrast, MV>* was
not reduced without NAD™ in the above system (closed trian-
gle), or without irradiation (x symbol). Thus, the MV>* pho-
toreduction proceeded by coupling the sucrose hydrolysis with
invertase and GDH (processes 1 and 2 in Scheme 1) and MV>*+
reduction using the light-harvesting function of Zn Chl-a
(process 3 in Scheme 1).

Figure 3 shows the time dependence of visible light-induced
hydrogen production in a system containing sucrose, invertase,
GDH, NAD*, Zn Chl-a, MV?*, and platinum colloid. By irra-
diation, hydrogen was produced continuously for more than 4
h. In contrast to the MV>* photoreduction, the hydrogen pro-
duction depended on the NAD™ concentration. This result in-
dicates that the rate-limiting step in the photoinduced hydro-
gen production of Scheme 1 was the electron-transfer process
from the NADH to one-electron oxidized Zn Chl-a (Zn Chl-
a™). By adding platinum colloid to the MV>* photoreduction
(1, 2, and 3 in Scheme 1), the reaction of MV*t to MV?t,
due to hydrogen production with platinum colloid (process 4
in Scheme 1), proceeded rapidly. On the other hand, NADH
formation (process 1 and 2 in Scheme 1) also proceeded rap-
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idly, as shown in Fig. 1. The amount of hydrogen produced in-
creased with increasing the NAD™ concentration, indicating
that the rate-limiting step was the electron-transfer process
from the NADH, produced with process 1 and 2 in
Scheme 1, to Zn Chl-a™. Thus, the hydrogen production de-
pended on the NAD" concentration. The amount of hydrogen
production was estimated to be 10.5 wmol after 4 h of irradi-
ation (closed circle) under 5.25 mmoldm~> NAD*. In con-
trast, the hydrogen production was 4.0 umol after 4 h of irra-
diation (open circle) under 1.75 mmol dm—3 NAD™. The turn-
over number of Zn Chl-a was estimated to be 442 h™! under
5.25 mmol dm~3 NAD*. Therefore, the Zn Chl-a appears to
have served as a system for transferring electrons from NADH,
which was formed from sucrose, to a more reductive hydrogen
molecule. On the other hand, hydrogen also was not evolved in
the absence of NAD™ in the above system (closed triangle) or
without irradiation (x symbol). These results strongly suggest
that visible light-induced hydrogen production proceeded by
coupling the sucrose hydrolysis with invertase and GDH (pro-
cesses 1 and 2 in Scheme 1), and that hydrogen production
with platinum colloid proceeding by using the light-harvesting
function of Zn Chl-a (processes 3 and 4 in Scheme 1).

Next, to investigate the proton source of photoinduced hy-
drogen production in a system containing sucrose, invertase,
GDH, NAD™, Zn Chl-a, MV?*, and platinum colloid, 10
mmol dm™ potassium phosphate buffer prepared using D,O
was used as the reaction media (pH 7.0). At first, the photore-
duction of MV?* was attempted in 10 mmol dm—> potassium
phosphate buffer prepared using D,O. The time dependence
of the MV*" concentration in a system containing sucrose, in-
vertase, GDH, NAD*, Zn Chl-a, and MV** in 10 mmol dm—3
potassium phosphate buffer prepared using D,O with visible
light irradiation is shown in Fig. 2 (open triangle). The photo-
reduction of MV2* proceeded in a potassium phosphate buffer
prepared using D,O. However, no hydrogen production with a
system containing sucrose, invertase, GDH, NAD™, Zn Chl-q,
MV2*, and platinum colloid in 10 mmoldm™ potassium
phosphate buffer, prepared using D,O, was observed, as shown
in Fig. 3 (open rhombic). This result shows that the platinum
colloid could not catalyze the reduction of D* to D,. Thus,
the proton source of the photoinduced hydrogen production
was the proton included into reaction media. The possible rea-
son why the no hydrogen production occurred in a potassium
phosphate buffer prepared using D, 0 is the difference between
D,0 and H,O in pK, value, the redox potential, and so on.
However, the reason has not yet been clarified, and is now
under research.

In conclusion, a hydrogen-production system coupling su-
crose hydrolysis with invertase and GDH and hydrogen pro-
duction with platinum colloid via MV?* photoreduction using
the light-harvesting function of Zn Chl-a has been developed
and continuous hydrogen gas achieved. Only gluconic acid is
produced as a by-product, and no carbon dioxide gas is
evolved in present reaction system. Thus, renewable bio-re-
sources have been effectively used to produce hydrogen gas
through an environmentally clean process.
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