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HYDROGEN EVOLUTION BY CO-IMMOBILIZED CHLOROPLASTS AND CLOSTRIDIUM BUTYRICUM
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Spinach chloroplasts and Clostridium butyricum cells were immobilized in 2% agar gel. Crude ferredoxin isolated
from spinach and benzyl viologen were used as electron carriers. The optimum pH for both NADP reduction by
immobilized chloroplasts and for hydrogen evolution by immobilized CI. butyricum was 8.0. The optimum tem-
perature was between 25 and 30°C for NADP reduction by immobilized chloroplasts, and 37°C for hydrogen evo-
lution by immobilized cells. The total amount of hydrogen evolved in 6 h was 41 umol/mg Chl for the immobi-
lized chloroplast-benzyl viologen-immobilized CI. butyricum system, and 11 pmol/mg Chl for the immobilized
chloroplast-ferredoxin-Cl. butyricum system. The systems evolved only a trace amount of hydrogen when dichlo-
rophenyldimethylurea was added. The immobilized chloroplast-benzyl viologen-immobilized Cl. butyricum sys-
tem evolved hydrogen continuously for 6 h, and immobilized CI. butyricum retained the initial hydrogenase
activity. However, the photoreduction activity of chloroplasts decreased to 30% of the initial activity after 6 h of

reaction.

Introduction

Biophotolysis of water by algae and the chloro-
plast is now attracting attention as one of the hy-
drogen-production systems. The coupling of spinach
chloroplast PST to a Clostridium hydrogenase with
ferredoxin was noted by Arnon et al. [1]. Benemann
et al. [2] reported that coupling of the photosyn-
thetic system in plant chloroplasts with a hydrogen-
ase could result in light-driven splitting of water into
hydrogen and oxygen. Rao et al. [3] observed a rate
of 94 umol H,/h per mg Chl using Chenopodium
album chloroplasts and Clostridium pasteurianum
hydrogenase. However, the lifetime of the isolated
chloroplasts was very short. Moreover, hydrogenase is
inactivated with oxygen produced by PS II in the

Abbreviations: PS, photosystem; Chl, chlorophyll; DCMU,
3«3',4'dichiorophenyl)-1,1-dimethylurea; Tricine, N-tris(hy-
droxymethyl)methylglycine.

chloroplasts. Therefore, this system lost 50% of its
activity after 15 min of the reaction.

Immobilization techniques for living microorga-
nisms and organelles have been developed in our labo-
ratory. Chloroplasts were immobilized in polyacryl-
amide, agar gel, poly(vinyl alcohol) film or calcium
alginate gel [4~7]. The immobilized chloroplasts
were subjected to carbon dioxide fixation and NADP
reduction, The lifetime of the immobilized chloro-
plasts was longer than that of isolated intact chloro-
plasts. Furthermore, the authors succeeded in stabil-
izing the hydrogenase system by immobilization of
living whole cells [8]. Hydrogenase in immobilized
cells was protected from the deleterious effects of
oxygen.

In this study, spinach chloroplasts and Clostridium
butyricum were immobilized in agar gel, and hy-
drogen evolution by photolysis of water was studied
by the immobilized chloroplast-ferredoxin or benzyl
viologen-immobilized C. butyricum systems.
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Materials and Methods

Materials. Yeast extract was purchased from Difco
Laboratories. Peptone (from casein) and agar were
purchased from Kyokuto Pharmaceutical Co. Crude
ferredoxin was isolated from spinach according to the
procedure of San Pietro and Lang [9]. Other reagents
were commercially available reagents or laboratory
grade materials. Deionized water was used in all pro-
cedures.

Immobilization of chloroplasts. Spinach chioro-
plast preparations were made by homogenizing 30 g
spinach leaves with 70 ml buffer (0.8 M sucrose,
0.02 M Tricine, 0.01 M NaCl, pH 8.0) in a Waring
blender for 15s at 4°C. After filtration through a
gauze, the extract was centrifuged at 1000 Xg for
1 min. The pellets were discarded and the supernatant
was centrifuged at 1500Xg for 5 min. The chloro-
plasts (containing 4 mg Chl) were resuspended in
2ml 0.1 M Tris-HCl buffer (pH 8.0), and used for
immobilization. Chlorophyll contents were deter-
mined from the absorption coefficient according to
the procedure of Arnon [10].

Spinach chloroplasts were immobilized in agar gel.
Agar (0.24 g) was dissolved in 10 ml physiological
saline in a flask at 100°C and cooled to 50°C. Then,
2 ml Tris-HCI buffer (0.1 M, pH 8.0) containing 0.2 g
chloroplasts (0.6—0.8 mg Chl) and ferredoxin (36—
60 uM) or benzyl viologen (7.2 uM) were added to
the flask, mixed, and immediately cooled to 30°C.

Immobilization of Cl. butyricum. An authentic
culture of Cl. butyricum was maintained in a cooked-
meat medium. The bacterial cells were grown under
anaerobic conditions at 37°C, for 9 h in 11 medium
(pH 7.0) containing 10 g glucose, 4 g peptone, 4 g
yeast extract, 2 g beef extract, 12.5 g K,HPO, and
0.5 g FeSO,. The cells were isolated by centrifugation
at 8000 X g for 10 min. The cells were washed twice
0.1 M phosphate buffer (pH 8.0, 4°C) at 8000 Xg
for 10 min. For immobilization, 0.2 g of agar was dis-
solved in 8 ml Tris-HCl buffer (pH 8.0) in a flash at
100°C and cooled to 50°C. Then 2 ml Tris-HCl buf-
fer (pH 8.0) containing 1 g wet cells were added to
the flask and mixed. This flask was immediately
cooled to 30°C.

Determination of chloroplast activity. The activity
of chloroplasts was determined by measuring the
initial rate of NADP" reduction in the Hill reaction.
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The reduction of NADP" was measured by a spectro-
metric method (the increase in absorbance at 340
nm). The reaction mixture, which consisted of 2 g
immobilized chloroplasts and 5 ml Tris-HCl buffer
(0.1M, pH 8.0) containing ferredoxin (8 uM),
NADP* (0.8 mM) and NADP'ferredoxin oxido-
reductase, was placed in a flask and mixed. The
absorbance of the buffer containing ferredoxin,
NADP' and the enzyme was measured with a spec-
trometer (Shimadzu Seisakujo, UV-200) before
mixing. The flask was evacuated with a vacuum pump
and incubated for 5 min at 30°C under illumination
provided by a 500 W reflector lamp (Toshiba Co.,
light intensity 15000 1x). After illumination, the

,reaction mixture was filtered through a membrane

filter (Toyo Roshi Co., Ltd., pore size 0.2 um) and
the absorbance was measured again. The activity of
chloroplasts was calculated from the difference
between absorbances obtained from both measure-
ments,

Determination of hydrogenase activity in immobil-
ized cells of Cl. butyricum. The activity of hydrogen-
ase was determined by measuring the initial hydrogen
evolution from reduced benzyl viologen. The reaction
mixture, which consisted of 0.5 g immobilized bac-
teria and 5 ml phosphate buffer (0.1 M, pH 8.0) con-
taining benzyl viologen (1.2 M), was placed in a
flask, Then, 5 mg sodium dithionite were added to
the mixture, and the flask was evacuated with a
vacuum pump and sealed immediately. The reaction
mixture was incubated at 30°C for 2 h, and hydrogen
was determined by a gas chromatograph (Shimadzu
Seisakujo, Model GC 6AM) as described previously
18].

Hydrogen evolution by the immobilized chloro-
plast-Cl. butyricum system. Hydrogen evolution was
assayed in a 50 ml shrenk flask stoppered with a cap.
In the flask placed 2 g immobilized chloroplasts, 1 g
immobilized cells of CI. butyricum and 5 ml Tris-HCl
buffer (0.1 M, pH 8.0) containing ferredoxin (8 uM)
or benzyl viologen (1.2 uM). The flask were
exhausted with a vacuum pump and sealed. The reac-
tion mixture was incubated at 30°C under illumina-
tion provided by a 500 W reflector lamp (light inten-
sity 15000 1x). Hydrogen was determined by gas
chromatography.
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Results

Immobilization conditions

Spinach chloroplasts and CI. butyricum were im-
mobilized in agar gel. Fig. 1 shows the effect of agar
concentration on the activities of the photosystem in
chloroplasts and hydrogenase in CI. butyricum. The
activity of the photosystem in chloroplasts decreased
with increasing agar concentration. The activity of
hydrogenase in Cl butyricum also decreased with
increasing agar concentration. The maximum activi-
ties of both the photosystem and hydrogenase were
observed at 1% gel. However, this gel preparation was
too weak to use. Therefore, 2% gel preparations were
employed for the following experiments.

Optimum reaction conditions

Fig. 2 shows the effect of pH on the photoreduc-
tion activity of immobilized chloroplasts and the hy-
drogenase activity of immobilized Cl. butyricum. Im-
mobilized chloroplasts lost their activity below pH
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Fig. 1. Effect of agar concentration on the photoreduction
activity of immobilized chloroplasts (#————=e) and the hy-
drogenase activity of immobilized CI. butyricum (0———).
Reactions were carried out at 30°C and pH 8.0. For details,
see the text. The maximum rates of NADP reduction and hy-
drogen production are defined as 100% in Figs. 13, In this
figure, the NADP reduction rate in 1% agar gel was 53 umol/h
per mg Chl and that of hydrogen evolution in 2% agar gel was
185 umol/h per g wet cells.
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Fig. 2. Effect of pH on the photoreduction activity of immo-
bilized chloroplasts (#————e) and the hydrogenase activity
of immobilized Cl. butyricum (o-———o). Chloroplasts and
Cl. butyricum immobilized in 2% agar gel were employed.
Reactions were carried out at 30°C. The NADP reduction and
hydrogen evolution rates at pH 8.0 were 35 umol/h per mg
Chl and 185 umol/h per g wet cells, respectively.

5.0 and above pH 9.0, The optimum pH was 8.0, The
optimum pH of hydrogenase in immobilized whole
cells was also 8.0. Therefore, the coupled reaction of
immobilized chloroplasts and bacteria was carried out
at pH 8.0.

The effects of temperature on the activities of the
photosystem in immobilized chloroplasts and hy-
drogenase in immobilized cells are shown in Fig. 3.
The optimum temperature for immobilized chloro-
plasts was between 25 and 30°C. Immobilized chloro-
plasts were not stable above 30°C. On the other hand,
the optimum temperature for hydrogenase in im-
mobilized whole cells was 37°C, and the activity
decreased with decreasing temperature. Therefore,
further experiments were performed at 30°C.

Hydrogen evolution by the immobilized chloroplast-
Cl. butyricum system

Table I shows the amount of hydrogen evolved un-
der various conditions. The systems were incubated
for 6 h and the total amounts of hydrogen evolved by
the various systems were determined. When electron
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Fig. 3. Effect of temperature on the photoreduction activity
of immobilized chloroplasts (¢———e) and the hydrogen-
ase activity of immobilized Cl. butyricum (0———o). Chlo-
roplasts and Cl. butyricum immobilized in 2% agar gel were
employed. Reactions were carried out at pH 8.0. The NADP
reduction rate at 25°C was 36 ymol/h per mg Chl and that of
hydrogen evolution at 37°C was 480 umol/h per g wet cells.

TABLEI

HYDROGEN EVOLUTION UNDER VARIOUS CONDI-
TIONS

Im., immobilized.

Conditions Total amount
of hydrogen
evolvedin6 h
(umol/mg Chl)

Im. chloroplasts + Im. CI. butyricum 0

Im. chloroplasts + Im. CI. butyricum +

ferredoxin 11.0

Im. chloroplasts + Im. Cl. butyricum +

benzyl viologen 41.2

Im. chloroplasts + benzyl viologen 0

Im. CI. butyricum + benzyl viologen 6.3

Im, chloroplasts + Im. CI. butyricum +

benzyl viologen (in the dark) 1.5

Im. chloroplasts + Im. CI. butyricum +

benzyl viologen + DCMU 23
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carriers such as ferredoxin and benzyl viologen were
not added to the system, no hydrogen was evolved.
This fact shows that electrons are not transferred
from immobilized chloroplasts to immobilized bac-
teria without electron carriers. The total amounts of
hydrogen evolved in 6 h were 41.2 umol/mg Chl for
the immobilized chloroplast-benzyl viologen-immobil-
ized Cl. butyricum system, and 11.0 umol/mg Cht for
the immobilized chloroplast-ferredoxin-immobilized
Cl. butyricum system. However, the immobilized chlo-
roplast-benzyl viologen-immobilized CI. butyricum
system evolved only a very small amount of hydrogen
in the dark.

DCMU is known as an inhibitor of electron trans-
port from PS II to plastoquinone. The amount of hy-
drogen decreased significantly when DCMU was
added to the system (total amount of hydrogen
evolved in 6h, 2.3 pmol/mg Chl). The benzyl
viologen-immobilized CI. butyricum system also
evolved only a small amount of hydrogen. These
results indicate that the photosystem in immobilized
chloroplasts contributes to hydrogen evolution.

Time course of hydrogen evolution

Fig. 4 shows the time course of hydrogen evolu-
tion by the immobilized chloroplast-benzyl viologen-
immobilized CI. butyricum, native chloroplast-benzyl
viologen-immobilized CI. butyricum and native chlo-
roplast-benzyl viologen-native CI. butyricum systems
under illumination or in the dark. The native chloro-
plast-benzyl viologen-immobilized bacteria system
evolved only a trace amount of hydrogen. The native
chloroplast-benzyl viologen-native bacteria system
also did not evolve hydrogen. During the initial 2 h,
only a small amount of hydrogen was evolved by the
immobilized chloroplast-benzyl viologen-immobilized
Cl. butyricum system. This is a result of the diffusion
limitation of benzyl viologen. However, hydrogen
production increased and the maximum rate was
attained during 3—4 h. The rate of hydrogen evolu-
tion decreased gradually after 5h. This system
evolved hydrogen for 6 h. After 6 h incubation under
illumination, the activities of the photosystem in im-
mobilized chloroplasts and hydrogenase in immobi-
lized Cl. butyricum were determined. Immobilized
Cl. butyricum retained the initial hydrogenase activ-
ity. However, the photoreduction activity of immobi-
lized chloroplasts decreased to 30% of the initial
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Fig. 4. Time course of hydrogen evolution by immobilized
chloroplast-benzyl viologen-immobilized CI. butyricum
(0o————), native chloroplast-benzyl viologen-immobilized
Cl. butyricum (e————ae), native chloroplast-benzyl viologen-
native Cl, butyricum (A——=2), and immobilized chloroplast-
benzyl viologen-immobilized Cl. butyricum (X X) in
the dark. Reactions were carried out under optimum condi-
tions. For details, see the text.

activity. Therefore, the decrease in the hydrogen evo-
lution rate is attributed to inactivation of the photo-
system in chloroplasts.

Discussion

As shown in Fig. 5, electron carriers such as benzyl
viologen and ferredoxin are reduced by PS I and PS II
in chloroplasts under illumination. Hydrogen is
evolved through oxidation of this reduced benzyl
viologen or ferredoxin by hydrogenase in CI butyri-
cum. At the same time, oxygen is evolved by PS I in
chloroplasts. The major problem of the coupling sys-
tem of chloroplasts and hydrogenase is the oxygen
sensitivity of hydrogenase. Benemann et al. [2] used
glucose, glucose oxidase and catalase as an oxygen-
scavenger system. As a result, the amount of hydro-
gen evolved increased 7-fold. However, glucose is used
up with oxygen consumption. Rao et al. [3] em-
ployed oxygen-stable hydrogenases isolated from
Chromatium viridis and Rhodospirillum rubrum [3].

Ferredoxin H+
2

Hydrogenase

.
_ IWBTLTZED

BACTERIA

IMMOBILIZED

CHLOROPLAST Benzy1

viologen

Fig. 5. Principle of hydrogen evolution by immobilized chlo-
roplast-Cl, butyricum system,

Though these hydrogenases were reported to retain
their activity during storage in air, their ability to
evolve hydrogen continuously in the presence of
oxygen has not yet been demonstrated. Moreover,
these hydrogenases did not react with reduced ferre-
doxin. Another possibility of overcoming oxygen
inactivation of hydrogenases is to immobilize hydro-
genase. Several immobilization methods have been
employed for hydrogenase [3,11,12]. Rao et al. [3]
linked ferredoxin to AH Sepharose 4B and then
bound hydrogenase on the immobilized ferredoxin.
This immobilized ferredoxin-hydrogenase was effec-
tive in water-splitting hydrogen evolution [3]. But,
the activity and stability of the immobilized hydro-
genase were not studied in the presence of oxygen.
The hydrogenase immobilized on glass beads was also
inactivated by oxygen [11].

Recently, the authors used immobilized whole
cells of Cl butyricum for heterolytic hydrogen evolu-
tion [10]. We found that hydrogenase in immobilized
cells was protected from the deleterious effect of
oxygen. Therefore, immobilized cells of Cl. butyri-
cum were employed for light-induced hydrogen evo-
lution from water. Hydrogenase in immobilized
whole cells was not inactivated by oxygen. Immobi-
lized cells retained initial hydrogenase activity after
6 h of reaction.

Chloroplasts were also immobilized in agar gel. In
previous studies, immobilized chloroplasts were used
for carbon dioxide fixation [4] and NADP reduction
[5]. The lifetime of the immobilized chloroplasts was
3-times longer than that of native chloroplasts. In this
study, the immobilized chloroplast-Cl. butyricum sys-
tem could evolve 41 pmol/mg Chl of hydrogen in
6 h, whereas the native chloroplast system evolved
only 0.1 umol/h per mg Chl of hydrogen. Thus, the
lifetime of immobilized chloroplasts was prolonged as
compared with native chloroplasts. However, the
photoreduction activity of immobilized chloroplasts



decreased to 30% of the initial activity after 6 h of
reaction. Further stabilization of chloroplasts is
needed for light-splitting hydrogen production. In
this study, ferredoxin and benzyl viologen were used
as electron carriers, The molecular weight of benzyl
viologen is lower than that of ferredoxin, and hence it
permeates through the gel matrix and cell walls of
bacteria. As a result, a higher amount of hydrogen
was evolved when benzyl viologen was employed.
However, benzyl viologen is unstable in the presence
of oxygen. Furthermore, benzyl viologen cannot be
used for many oxidation and reduction cycles. A
decrease in hydrogen production of the system is also
caused by this fact, Further developmental studies in
the laboratory are now being directed toward stabi-
lizing chloroplasts and electron carriers.

References

1 Arnon, D.I,, Mitsui, A. and Paneque, A. (1961) Science
134,1425

10
11

12

495

Benemann, J.R., Berenson, J.A., Kaplan, N.O. and
Kamen, M.D. (1973) Proc. Natl. Acad. Sci. U.S.A. 70,
2317-2320

Rao, K.K., Gogotov, D.O. and Hall, D.O. (1978) Bio-
chimie 60, 291-296

Karube, 1., Aizawa, K., Ikeda, S. and Suzuki, S. (1979)
Biotechnol. Bioeng. 21, 253-260

Karube, 1., Otsuka, T., Kayano, H., Matsunaga, T. and
Suzuki, S. (1980) Biotechnol. Bioeng. 22, 26552665
Ochiai, H., Shibata, H., Fujishima, A. and Honda, K.
(1979) Agric. Biol. Chem, 43, 881—883

Gisby, P.E. and Hall, D.O. (1980) Nature 287, 251-253
Karube, 1., Matsunaga, T., Tsuru, S. and Suzuki, S.
(1976) Biochim. Biophys. Acta 444, 338—343

San Pietro, A.and Lang, HM, (1958) J. Biol. Chem. 231,
211-229

Arnon, D.O. (1949) Plant. Physiol. 24, 1—15

Lappi, D.A., Stolzenbach, F.E,, Kaplan, N.O. and Kamen,
M.D. (1976) Biochem. Biophys. Res. Commun. 69, 878
884

Klibanov, AM., Kaplan, N.O, and Kamen, M.D. (1978)
Proc. Natl. Acad. Sci. U.S.A. 75, 3640—3643



