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PHOTOPRODUCTION OF H2 145

sumption. Not all species of green algae, cyanobacteria or photosynthetic

bacteria contain all three H2 metabolising systems. (Energetically very
little 1S known about the relative efficiency of each system). In the

photosynthetic bacterium Rhodopseudomonas capsulata, studied In our
laboratory, the presence of a soluble hydrogenase could not be detected.
This photosynthetic bacterium seems to contain only a membrane-bound
hydrogenase functioning as a H2uptake hydrogenase.

Hydrogen production In heterocysts of cyanobacteria shows many
Interesting similarities to that of the photosynthetic bacteria: 1) the
ATP required for nitrogenase activity (hydrogen production) IS generated
through cyclic photophosphorylation, 2) the electrons for the reduction
of protons come from an organic carbon compound (in the case of he-
terocysts this organic carbon compound IS generated by the photore-
duction of C021iIn adjacent vegetative cells).

Hydrogen 1Is also produced by green algae, which can utilize water
as the electron donor for photosynthesis, as Iillustrated by Fig. 3. Green
algae possess two photosystems, as do plant chloroplasts, and It Is now
generally accepted that, In these organisms, water may serve as the

TABLE 2

H?2 Production by photosynthetic organisms

Organisms Enzyme Features
systems
Green algae Hydrogenase H 2 production only by anaerobically adapted cells
_|_
2 Photosystems Can split water
H2 photoproduction may or may not be linked to 0 2 photo-
production

0 2 sensitivity of hydrogenase
Bluc-grcen Nitrogenase H2 production capacity In unicellular or filamentous, hete-
algae 4 rocystous and non-heterocystous organisms

(cyanobacteria) 2 Photosystems

Protection against O 2 inactivation In heterocysts
No adaptation required, light-stimulated H2 production
Can split water

Uptake hydrogenase lowers H2 production

Photosynthetic Nitrogenase Use simple organic and Inorganic substrates as electron
bacteria + donors

1 Photosystem Do not split water
Grown easily, versatile metabolism
Utilize both visible and near infrared light in photosyntesis

Uptake hydrogenase and respiration can protect nitrogenase
against O 2 inactivation

Genetic techniques are already applied
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primary substrate for hydrogen (and oxygen) production ([3, 15] for
review).

In conclusion, for H2 photoproduction, solar energy drives the photo-
synthetic system by supplying the energy for the transfer of electrons
from the donor compound to a suitable low potential reductant such as
ferredoxin. This donor compound varies from organism to organism.
Cyanobacteria and green algae can carry out water photolysis, photo-
synthetic bacteria cannot; they need organic (or sulfur) compounds as
electron donors. (Cheap suiltable substrates are available In agricultural
and Industrial wastes). The main features characterizing H2 production
by photosynthetic organisms are summarized in Table 2.

TWO KEY ENZYMES, NITROGENASE AND HYDROGENASE

Two enzymes are directly involved In the metabolism of HZ2 namely
hydrogenase and nitrogenase.
Hydrogenase catalyzes the so-called “activation” of hydrogen accord-
Ing to reaction (1):
H2"+2H++2e- (EO= —0.420 V at pH 7.0). (1)

In vitro the hydrogenase reaction 1Is reversible and, depending
upon the imposed conditions under which the enzyme functions, hydro-

TABLE 3

General properties of enzymes involved Iin H2 metabolism

Type ML.W. Active site Properties Inhibi- Function
(approx.) 1 tors
“Classical” 60 000 Fe S flSqubIe CO, 02 Disposal of
hydrogenase | Reversible 1 excess elcc-
ATP-Independent | trons from
Fd-dependent | fermentation
“Uptake” 60 000 1 Fe S Membrane-bound CO H2 recycling
hydrogenase H2 uptake
ATP-Independent
Electron acceptor
unknown
. . Component I
nitrogenase 220 000 Mo Fe S Soluble 02 n2 N2 fixation
- 2 Component II: Irreversible
Components j 60 000 Fe S H?2 production
ATP-dependent
| Fd-dependent 1

Adapted from [2].



PHOTOPRODUCTION OF H?2 147

genase can catalyze either the production of H2 (when the electron donor
has a redox potential low enough, I1.e around the redox potential of the
H2 electrode) or the uptake of H2 (in the presence of an electron acceptor
of redox potential higher than that of the H2 electrode). In vivo the
hydrogenase of fermentative bacteria produces H2 while the hydrogenase
found In N2 fixers functions as an uptake hydrogenase (Table 3).

Nitrogenase catalyzes the reduction of N2to NH3 by an ATP-depen-
dent reaction as Indicated by reaction (2):

N2+6e~ +8H+ +nMgATP -> 2NH+ -fnMgADP + nPj (2)

The electron donor Is a compound of low redox potential (probably

a ferredoxin). The reaction Is energy-consuming; It consumes at least
2 mol of ATP per electron transferred so that a minimum of 12 ATP

are consummed per mol of dinitrogen. Furthermore together with N2

the nitrogenase complex has the property of reducing protons so that
1.5 mol of H2are produced per mol of dinitrogen reduced.

This H2 production, mediated by nitrogenase, consumes ATP and

low potential electrons and thus represents a loss of energy for the cell.
One role of hydrogenase when functioning as an uptake-hydrogenase

IS precisely to recover some of the energy which would be lost In the
form of H2 (Fig. 4).

The Interrelationships between hydrogenase and nitrogenase have
been detalled In a special i1ssue of Biochimie (Vol. 60, n°3, 1978).

Fig. 4. Simplified scheme of the hydro-
gen cycle In photosynthetic bacteria

The membrane bound hydrogenase (H2 ase), the
two soluble protein components of nitrogenase (Fe
and MoFe), and the activating factor (AF) of the
Fe protein are shown here. The membrane bound
structure labelled “pigments” iIs In fact a compli-
cated and highly ordered set of proteins containing
chlorophylls and other pigments. e~ designates se-
veral proteins the function of which Is to transfer
electrons from or to other proteins. The may accept
electrons from the photosynthetic apparatus (or
from hydrogenase), and yield electrons to the Fe
component of nitrogenase.

THE NITROGENASE SYSTEM

STRUCTURE OF THE ENZYMES

Nitrogenases extracted and purified from a number of Dbacteria
display remarkably similar structural and functional properties (Table 3).
They consist of two proteins, the larger of which (called MoFe protein



148 P. M. VIGNAIS, J. MEYER, P. C. HALLENBECK

or component | or nitrogenase) contains molybdenum, non heme Iron,
sulfide and carries the substrate reducing site. The smaller protein (Fe
protein or component Il or nitrogenase reductase) contains non heme
Iron, sulfide and serves as a specific reductant for the MoFe protein.
The molybdenum, Iron, and Inorganic sulfur atoms of nitrogenase are
assembled In structures that have been partially resolved In recent

Fig. 5. The two protein components of nitrogenase. The Fe protein contains a 4Fe*4S cube.

The MoFe protein presumably contains four 4Fe-4S cubes and one or two units (FeMoCo)
containing a total of 2 Mo, about 16 Fe and 16 S atoms. The structure of FeMoCo Is
presently unknown

years. The Fe protein contains a cubic Fe4S4 cluster. In the MoFe
protein, about half the i1ron content (16 atoms) Is organized Into Fe4S4
centers, and most If not all the remaining iron Is associated with molyb-
denum (2 atoms) In one or two units, the Fe-Mo cofactor, which can be
dissociated from the protein and studied separately (Fig. 5) [5].

MoFe proteins have molecular weights of 200 000 - 240 000 and aZ3
quaternary structures (a and = 50 000 - 60 000). Fe proteins have mole-
cular weights of 55000 - 70 000 and y2 quaternary structures.

In photosynthetic bacteria a third protein component, which IS mem-
brane bound, Is Involved In the functioning of nitrogenase. It Is released
from chromatophores In the presence of 0.5 M NaCl. It specifically acti-
vates the Fe protein In a process that requires ATP and Mn2+ [25, 35].
In vivo, the activation — deactivation of the Fe protein seems to be
related to the nitrogen nutrition of the cells |26, 46].

The turnover number of nitrogenase (50 mol/min per mol of Mo In the
nitrogenase) |[7] I1s quite low. To compensate, N2 fixers synthesize nume-
rous copies of the enzyme. In R. capsulata, nitrogenase may represent
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up to 20% of the soluble cell protein (depending upon growth conditions)
(unpubl. results). Much recent progress In the genetics of the regulation

and expression of the nijJ gene has been made (reviewed by Brill [5]).

SUBSTRATES REDUCIBLE BY NITROGENASE

N2 binds to the molybdenum of the MoFe protein. It I1s probably
reduced while bound to Mo by a mechanism which 1s not yet known.
The numerous Iron atoms contained In the protein are used for stocking
and transferring to Mo the six electrons necessary for the reduction
of N2to NH3

In the absence of N2 but when ATP and low potential electrons are
avallable, nitrogenase mediates the reduction of protons. ATP Is hydro-
lyzed and reducing power dissipated during H2 evolution [33]. Unlike
hydrogenase-mediated H2 evolution, the nitrogenase-mediated H2 evo-
lution Is essentially irreversible. In the absence of N2 all the electrons
are used to reduce protons and H2evolution 1s maximal.

In the presence of iIncreasing amounts of N2 Iin the gas phase, H?2
evolution 1Is progressively inhibited but never totally. Even under very

Fig. 6. The electron flux through nitrogenase as a func-

tion of the partial press sure of nitrogen. In the absence

of nitrogen, nitrogenase reduces only protons (H2 pro-

duction 1s maximal). As the pressure of nitrogen Is In-

creased, NH4 production increases, but no more than

70 to 80% of the total electron flow are used for N2
reduction
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high N2 pressures (up to 200 105 Pa) 25 to 30% of the electrons are
evolved as H2 the remaining electrons are used to reduce N2to NH4 [6].
The total flux of electrons through nitrogenase remains constant (Fig. 6).

In addition to nitrogen and protons nitrogenase can catalyse the
reduction of a variety of other substrates, cleaving N = N, N = N,
N=0O C=N and C= C bonds [16]. The reduction of acetylene to

ethylene [10] has led to a simple and quick assay for nitrogenase activity.

The ability of nitrogenase to reduce acetylene, cyanide or nitriles
which were probably present In the primitive atmosphere (together with
ammonia which represses nitrogenase synthesis) suggests that nitrogenase
might not have evoled Initially to reduce dinitrogen but rather to reduce
these alternative substrates. Reduction of cyanide, for example, could
have been a necessary detoxification mechanism [40].

Not all substrates are bound to nitrogenase at the same site; for
example nitrogen and acetylene may occupy different sites. (This topic
has been recently discussed extensively at a Conference on Molybdenum
Chemistry held In Japan In 1979, see [34]). H2 production by nitrogenase
IS Inhibited by acetylene but not by carbon monoxide (Fig. 7) which
Inhibits all other nitrogenase reductions [40].

Fig. 7. Inhibition of nitrogenase-mediated H2 production
by acetylene in resting cells of R. capsulata

Restoration of H2 photoproduction by carbon monoxide. Resting
cells (12mg of bacterial dry weight in 12 ml), from a phototrophic
culture of R. capsulata grown on lactate and glutamate, were Incu-
bated In the reaction vessel described In Jouanneau et al. [19].
Dissolved gases produced In the incubation medium diffused through
a Teflon membrane attached at the bottom end of the vessel to a va-
cuum line. They were directed to a cold trap and then admitted iInto
the 1on source of a mass spectrometer where they were ionized and
analyzed. Chloramphenicol (240{j.g) and 120!j.mol of lactate were
added to the reaction medium. The suspension was sparged with
argon In the dark. At time zero, the vessel was closed, the light
was turned on, and hi2 formation was recorded (mass 2). At 5.75
min, 1 ml of C2D2 gas was Introduced and left In contact with
the suspension for 1 min. After 1 min, the partial pressure of
dissolved acetylene reached 7300 Pa, and then buble was removed
and the C2D2H2 formed (mass 30) was recorded. At 125 min,
0.5 ml of buffer saturated with carbon monoxide was injected
(final partial pressure, 4200 Pa) (from [19])

FACTORS AFFECTING NITROGENASE ACTIVITY

The nitrogenase-mediated H2 production Is characterized by a) ATP-
dependency; b) light dependency; c) oxygen sensitivity; d) Inhibition by
ammonia; e) iInsensitivity to CO. Some experiments Illustrating these
features are described hereafter.

Effect of 02 Purified nitrogenases are irreversibly Inactivated
by 02 the Fe proteins being the more sensitive to oxidative damage.
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Oxygen exerts 1Its deleterious effect by destroying, the Mo-Fe-S or

Fe-S prosthetic groups of the enzyme; indeed, chemically synthesized
analogues of these active sites are known to be iIrreversibly damaged
by oxygen, with formation of iron sulfides or oxides [18]. In vivo,
nitrogenases are protected from oxidative damage by several mechanisms
[29]. One of these Is respiration, which contributes to the decrease of
Intracellular oxygen concentration. Another protective mechanism IS

cellular compartmentation, nitrogenase being accomodated iIn cells or
cell compartments that are not accessible to oxygen (e.g. heterocysts of

some cyanobacteria). It has also been suggested that nitrogenase may Dbe
protected by conformational changes. In relation with the latter hypo-

thesis, 1t should be noted that the cell-free nitrogenase complex from
Azobacter vinelandil Is Inhibited reversibly by low oxygen levels, but
not Irreversibly Inactivated [45].

Fig. 8. Effect of light and darkness on acetylene reduction by whole cells of R. capsulata
(strain BIO)

Resting cells from a culture grown anaerobically in the light were incubated in stoppered 12 ml flasks gassed with
argon and shaken In a photcsynthetic Warburg bath (c.a 5,000 lux, 30°C). Reaction mixtures (2ml) consisted of
0.84 mg of bacterial protein suspended in mineral salt medium [44] 40|jig chloramphenicol and 20[xmol lactate. The
reaction was started by injecting 1 ml of acetylene. Two flasks were Illuminated at time zero; two others were
maintained In the dark and illuminated after 100 minutes. Gas phase: (O) Argon (¢) Argon + 10% O2,t light on
| light off* (from [29])
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Effect of light. Although nitrogen fixation Is not strictly light
dependent In purple nonsulfur bacteria, the activity of nitrogenase IS
hardly detectable In the dark. Appropriate concentrations of 02 have to
be used In the dark so that enough ATP 1Is synthesized by oxidative
phosphorylation without Inactivation of nitrogenase by oxygen [20, 27,
41]. Fig. 8 shows clearly that the reduction of acetylene to ethylene,
catalyzed by nitrogenase was very active when resting cells of R. cap-
sulata were Illuminated but stopped immediately when the lights were
extinguished |[30].

Effect of ammonia. Ammonia has been reported to Inhibit
nitrogenase activity In photosynthetic bacteria (cf. [29] for review). The
Inhibition 1s apparently released when all the added ammonia has been
assimilated. Hillmer and Gest [1/] have shown that 0.1 - 0.5 mM NH4&4+

Inhibits photoproduction of hydrogen in whole cells of R. capsulata. By

Fig. 9. Inhibition of acetylene reduction by ammonia in whole cells of R. capsulata (strain BIO)

Resting cells from a culture grown anaerobically in the light were incubated as described in Fig. 8. The cell con-

centration was 0.33 rag protein /ml. The reaction was starded by injecting 0.8 nil of acetylene. Ammonia (as (NH4)2"04)

was added as indicated by the arrow at the following final concentrations: O = control, « = 10 pM, m = 20 pM
(from [29])
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using dilute suspensions of this Dbacterium, thus iIncreasing the time
necessary for exhaustion of NH4+ from the medium, Meyer et al. [29]
have found that ammonia concentrations as low as IOuM are sufficient
to Inhibit nitrogenase activity (acetylene reduction In vivo (Fi1g9.9); the
rate of acetylene reduction Is 60% Inhibited by I10jIM ammonia and
totally Inhibited by 20xM ammonia. Zumft and Castillo [47] have also
reported a similar short term regulation of nitrogenase activity Iin Rhodo-
pseudomonas palustris. This rapid “switch on” — “switch off” effect of
ammonia on nitrogenase activity reveals the occurrence of fine control
mechanisms allowing the regulation of this energy-consuming reaction.
Such control mechanisms may eventually have to be by-passed If the
nitrogenase complex I1s to be used for continuous production of H2 In
a bloreactor.

THE HZUPTAKE HYDROGENASE

Photosynthetic bacteria are known to consume hydrogen and use It
as sole electron donor during photoautotrophic growth [39], among purple
nonsulfur bacteria, the R. capsulata strains were found to be the fastest
growing under these conditions [22].

In photosynthetic Dbacteria the hydrogenases, catalysing hydrogen
uptake, are membrane-bound. They have been isolated from Chromatium
[13, 21] Rhodospirillum rubrum [1] Thiocapsa roseopersicina [14] and
R. capsulata [8]. As Isolated the hydrogenase from R. capsulata iIs cold
labile and unstable; it Is stabilized by the presence of H2 [8].

The biosynthesis of hydrogenase Is not strictly coupled to the bio-
synthesis of nitrogenase since the former I1s present In cells that do not
contain the latter (e.g. dark grown cells or cells grown In the presence
of NH4+). The highest hydrogenase activities are found In cells grown
In the presence of HZ2 either supplied exogenously or evolved In situ
by nitrogenase. However, It Is not yet established whether H2 produced
by nitrogenase induces hydrogenase synthesis or whether It reactivates
a partially Inactive constitutive enzyme [9].

The functioning of hydrogenase as an uptake hydrogenase enables
the cell to use H2 as electron donor and to recycle H2 evolved by nitro-

genase. The final physiological electron acceptors can be dinitrogen
(through nitrogenase), C02or 02

STIMULATION OF NITROGENASE ACTIVITY BY Hg

The experiment depicted In Fig. 10 demonstrates that the nitrogenase
reaction, measured by the reduction of acetylene can be markedly
stimulated (more than two-fold) by addition of hydrogen. Relatively low
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Fig. 10. Stimulation of acetylene reduction by hydrogen In resting cells of R. capsulcita (strain BIO)

Resting cells from a culture grown anaerobically in the light were iIncubated as described In Fig. 8 The cell

concentration was 0.8 mg protein/ml. The cells were depleted of endogenous substrates by preincubation In the

light (4 hours); the flasks were then gassed with argon and the reaction was started by injecting 1 ml of acetylene.
() control, (O) 1 ml hydrogen was injected after 40 min (from [29])

levels of hydrogen are effective; the KM of this reaction for hydrogen Is
about 1,400 Pa (11 |[aM) (unpublished results).

H2 OXIDATION: Oz SCAVENGING AND COUPLED PHOSPHORYLATION

In the presence of oxygen, H2is very rapidly oxidized. Meyer et al.
|129] have observed an iIncreased hydrogen consumption by resting cells
of R. capsulata In the presence of oxygen (in the dark or In the light);
the Km of this reaction was approximately 15 jxM 02 This oxy-hydrogen
reaction 1S probably used by the cell to maintain an anaerobic micro-
environment for nitrogenase. Due to the presence of a very active
respiration, R. capsulata can carry out nitrogen fixation even under
an atmosphere containing up to 30% oxygen [29, 31| although, once
Isolated, the nitrogenase complex Is Inactivated by trace amounts of air.

Oxidation of H2 does not result from direct Interaction Dbetween
hydrogenase and oxygen; Instead hydrogenase transfers electrons from
H2to the electron transport chain which, as shown on Fig. 1, can function
as respiratory chain In the presence of oxygen. In this way energy can
be recovered In the form of ATP since oxidation of H2 is coupled to
phosphorylation [23, 36].

Table 4 shows that the P/O ratio obtained with H2 Is In the same
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TABLE 4

Oxidation rate (0) : :
. Phosphorylation rate (P) fimol ATP

protein

Aerobiosis In the dark

H?2 2.5 1.02 0.42
NADH 4.3 2.25 0.52
Succinate 2.1 0.41 0.20
Anaerobiosis

Light 11.4

(~ 5000 lux) 1.1

0 2 consumption was measured amperomctrically at 25°C iIn the dark with a Clark-type oxygen electrode
polarised at - 0.8 V. The chamber was filled with 1.6 ml 2.7 mM MgCi2, 33 mM Tricine-NaOH buffer (pH 7.5).

For NADH or succinate oxidase assays chromatophores (1-1.5 mg protein corresponding to 50-57 p.g bacterio-
chlorophyll) were introduced through the rubber stopper closing the chamber and the reaction was started by
Injection of the substrate. For hydrogen oxidase assays, the chamber was filled with a mixture of air-saturated

and HZ2-saturated buffer (0.4 ml and 1.2 ml resp.) and the reaction initiated by chromatophores.
To measure the phosphorylation coupled to respiration the medium used In oxygraphic experiments was supple-
mented with 30 mM glucose and 1.6 units hexokinase/ml. Incubation was carried out In the oxygraphic chamber,

Chromatophores and substrates were added first as described for 0 2 consumption followed by 30 {r of a mixture
of 0.2 M ADP/0.4 M Pi1/32P) (1:1:1 by vol). All measurements were made for periods of time during which both
the 0 2 uptake and APT synthesis were linear. The iIncubation was ended by adding 0.1 ml 2.5 N perchloric acid.

After centrifugation unreacted 32P] was extracted as phosphomolydate complex by isobutanol benzene and glucose-6-

(32P) phosphate remaining In the aqueous phase was counted In a scintillation counter.
(X) :0,5 mM H2, 1.4 mM NADH and 14 mM succinate were used.

(from [37]).

range as with NADH. The ratios are low because of the presence of two
terminal oxidases, one of which diverts electrons through a non
phosphorylating pathway (cf. Fig. 1). However, the rate of photo-
phosporylation (Table 4) and therefore, In the presence of light, respira-
tion plays probably only a limited role, If at all, in energy supply. The

very rapid ATP synthesis by photophosphorylation may explain the ap-
parent light-dependency of the nitrogenase reaction shown in Fig. 8.

LIGHT-DEPENDENT HYDROGEN UPTAKE FOR COg PHOTOREDUCTION

The function of hydrogenase In hydrogen consumption was clearly
demonstrated In cells of R. capsulata lacking nitrogenase [19]. Cells had
been grown photoautotrophically on HZ2 as electron donor to maximize
hydrogenase activity [8] and In the presence of NH4+ to repress the
synthesis and activity of nitrogenase [17, 29]. The resting cell suspension
was placed In a reaction vessel directly connected to a mass spectrometr.
The cell suspension was sparged In the dark with argon to eliminate 02
and HZzsaturated buffer was added 1 min before time zero. The changes
In the concentration of C02 (mass 44) and H2 (mass 2) were monitored
continuously. It could be directly demonstrated that In the light there
was a rapid and complete hydrogen uptake concomitant with COz con-

sumption [19].

2 — Postepy Biol. Kom. 3/81
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COMMENTS ON THE POSSIBLE USE OF PHOTOSYNTHETIC
BACTERIA FOR INDUSTRIAL H2 PRODUCTION

The main features of H2 production by photosynthetic bacteria are
summarized In Table 5 To Increase H2 production by bacterial cells It Is
necessary to 1dentify where the limiting steps are. The limiting factors
may be extrinsic (e.g. light Intensity, electron donors) or iIntrinsic (e.qg.
competitive metabolic pathways, rate limiting steps). The intrinsic limit-
Ing factors are more difficult to deal with. It I1s necessary to clearly
Identify them and to know at what level and how the regulatory controls
are exerted.

The methods used for increasing the hydrogen photoproduction
capability In living cell systems include.

TABLE 5

Features of H2 production by photosynthetic bacteria

1 — H2is produced by nitrogenase
The nitrogenase-mediated H?2 evolution Is:
ATP-dependent (photophosphorylation)
Inhibited by 02
Inhibited by NH3, N2
Insensitive to CO
Can occur under an atmosphere of 100% H?2

2 — Photosynthetic bacteria are unable to split water but can use simple organic or Inorganic
substrates to produce H2 (no oxygen Is evolved)

3 — Through the uptake hydrogenase H2 can be an electron donor for
N2 reduction
0 2 reduction (respiration)
C 02 photoreduction
The functioning of an uptake hydrogenase may, In some conditions, Increase H2 production
Instead of lowering It. (protection of nitrogenase activity).

4 — Genetic studies of N2 fixation in Rhodopseudomoms capsulata and biochemical characteri-
zation of 1tif mutants are In progress.

THE SELECTION OF NATURALLY ADEPT STRAINS

Increases In hydrogen production may be obtained by strain selection.
Desired characteristics might be: an iIncreased content of nitrogenase,
decreased uptake hydrogenase activity, and Increased activity of access-
ory reactions; iIncreased rates of photophosphorylation on a per chloro-
phyll basis (a decreased content of accessory pigments) and increased
rates of ferredoxin reduction. In addition, It would be desirable to select
for strains able to grow on specific substrates, available as eilther In-
dustrial or agricultural waste products. This would have the additional
advantage of lessening the possibility of contamination by other species
brought In with the substrate.
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THE PROTECTION FROM INHIBITORS (02 AND NH +)

The necessity to use closed systems for the purpose of collecting H2
evolved by the cells has the advantage of protecting the cultures from
alr. Consequently, no oxygen Is present to Inactivate nitrogenase. The
uptake hydrogenase can rapidly transfer electrons from H2to the respi-
ratory chain and then to 02 thus scavenging remaining traces of 02
and maintaining a strict anaerobic environment for the nitrogenase. The
exclusion of air from the cultures presents the additional advantage of
allowing the nitrogenase to work In the absence of dinitrogen. Thus, H2
evolution would be optimal (H+ 1s the only substrate present), and no
NH4+, which Is an inhibitor of nitrogenase, would accumulate.

THE STABILIZATION OF CELLS AND ENZYMES

Enzymes, such as hydrogenase or nitrogenase, either free or In living
cells, are efficient catalysts, catalyzing specific reactions under mild
conditions, In neutral agqueous solutions, at room temperature. However
the Instability of Dbiological systems has 1mpeded their industrial
application.

The development of immobilization techniques applicable to living
cells and enzymes has opened up new possibilities for the use of biolog-
Ical systems In chemical reactors (bioreactors). Cells and chromatophores
of R. capsulata have been Immobilized by entrapment in alginate gels
137, 38] In view of their use In fluidized bed bioreactors. After en-
trapment In alginate beads, cells of R. capsulata had 80°0 of the H2
production capacity of that of free Dbacteria. However In these pre-

liminary experiments, the stability of nitrogenase inside the entrapped
cells was not greater than that in the free living bacteria.

GENETIC CONSIDERATIONS

Genetic analyses of the genes Involved In N2 fixation (nif genes) IS
a very active field of research (cf. [5]). Seventeen nif genes have been
Identified near the his operon on the chromosome of Klebsiella pneumo-
niae. They are organized Into seven distinct operons transcribed In the
same direction (toward the his genes). The regulation of nif expression
IS complex and not fully elucidated. The nif RLA operon Is the regula-
tory operon; once that operon Is expressed the other nif operons are
turned on. Furthermore nif L codes for a protein that plays a role in 02
regulation of nitrogenase synthesis. According to Brill [5] some strains
that lack the nif L protein but contain the nif A protein are iInsensitive
to repression by 02 but are still sensitive to repression by ammonia. On
the other hand the wild type, In the presence of NH|, does not syn-
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thesize either requlatory protein. The locus between nif L and the pro-
moter for the nif RLA operon at which N H |[;regulation occurs has been
defined as nif R; 1t Is not yet known if nif R codes for a protein [5].
Further genetic studies of these regulatory and other nif genes
could lead to the making of new strains with derepressed nitrogenase,

having much higher H2 evolving capacities.

BIOENGINEERING ASPECTS

The studies concerning the photoproduction of H2 by photosynthetic
bacteria are mostly at the stage of basic research. The biloengineering

aspects as studied by Benemann et al., [2] have not yet recelved much
consideration. As pointed out by these latter authors and by the SERI

scientists [44] some specific near-term options are available '(e.g. use of

photosynthetic bacteria to produce hydrogen while degrading low-
nitrogen wastes). It would be advisable to undertake now R and D

studies to evaluate the economics and the feasibility of such systems
using solar energy for the production of hydrogen.
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FOTOBIOLOGICZNE WYTWARZANIE WODORU *

PHOTOBIOLOGICAL HYDROGEN PRODUCTION

Wactaw HENDRICH

Instytut Biochemii Uniwersytetu Wroctawskiego

Streszczenle. Fotobiologiczne wytwarzanie wodoru jest procesem, przebiegajacym
Z udziatem aparatu fotosyntetycznego oraz enzymu, hydrogenazy. Omowiono wtas-
ciwoscl hydrogenaz 1 nitrogenazy oraz donora elektronow dla tych enzymow, ferre-
doksyny. Przedstawiono proces wytwarzania wodoru przez uktad chloroplasty ros-
lin wyzszych — hydrogenaza, jego mechanizm oraz wptyw roznych czynnikOw na
wydajnosSC tego procesu. Przedyskutowano istotne roznice mechanizmu wytwarza-
nia wodoru przez naswietlone glony, zielenice 1 sinice. W tych ostatnich proces jest
katalizowany gtownie przez nitrogenaze, zlokalizowana w heterocystach.

summary. In photobiological hydrogen production are engaged photosynthetic
apparatus and enzyme, hydrogenase. The properties of hydrogenases and nitro-
genase as well as of donor to these enzymes, ferredoxin are described. Photo-
biological hydrogen production by the system higher plant chloroplasts — hydro-
genase Is presented, Including the mechanism of this process and influence of some
factors on the yield of hydrogen production. The differences In hydrogen production
by green and blue-green algae are considered. In blue-green algae hydrogen
production Is catalysed mainly by nitrogenase, localized In heterocysts.

Wykaz stosowanych skrotow

ATP — adenozynotrdjfosforan

BSA — albumina surowicy wotu

CCCP — m-chlorofenylohydrazon cyjanku karbonylu

DBMIB — 2,5-dwubromo-3-metylo-6-1zopropylo-p-benzochinon

* Referat wygtoszony na Sympozjum ,Biochemiczne podstawy wykorzystania
energll stonecznej”, XVII Zjazd Polskiego Towarzystwa Biochemicznego, Warsza-
wa, 11-13 wrzesSnia 1980 r.

Praca niniejsza zostata wykonana w ramach realizacji Problemu Resortowego
R 1.9.01.03.
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DCMU — 3(3,4-dwuchlorofenylo)-I,I-dwumetylomocznik

DCPIP — 2,6-dwuchlorofenoloindofenol

DSPD — dwusalicydenopropanodwuamina

FCCP — p-trojfluorometoksyfenylohydrazon cyjanku karbonylu
Fd — ferredoksyna

HOQNO — N-tlenek 2n-heptylo-4-hydroksychinoliny

MV — metylo-wiologen

NAD+, NADH (NADP+, NADPH) — utleniona 1 zredukowana forma (fos-
foranu) dwunukleotydu nikotynamido-adeninowego

PMS — metylosiarczan N-metylofenazoniowy

PSI (2) — fotosyntetyczny zespot barwnikowy 1 (2)

TMPD — N-czterometylo-p-fenyleno-dwuamina

WSTEP

Badania nad fotobiologicznym wytwarzaniem wodoru majg dwa waz-
ne aspekty: a) poznawczy, ktorego celem jest zbadanie procesow bio-
chemicznych prowadzacych do wydzielenia wodoru, powiazan fotosynte-
Zy 1 Innych procesow metabolicznych uczestniczacych w wydzielaniu wo-
doru, a takze jego ewentualnej roli fizjologicznej; b) praktyczny, gdyz
badania stabilnosci skiadnikow uczestniczacych w wytwarzaniu wodoru
| warunkow maksymalne] wydajnosSci tego procesu zmierzaja do opraco-
wania uktadow na skale techniczng, ktdore kosztem promieniowania Sto-
necznego produkowatyby zrodto energii — wodor.

O wadze praktycznego aspektu badan, wykraczajacego poza zakres
niniejszego opracowania, moze SwiladczyC pare nastepujacych danych:
obecnie okoto 95% energii zuzywane] przez ludzkoSc pochodzi ze spala-
nia zgromadzonych w ziemi produktow fotosyntezy: wegla, ropy nafto-
we] 1 gazu ziemnego,; tylko pozostate 5% energil dostarczaja inne zrodia
(energia Jadrowa, hydroelektryczna). Przy duzym 1 ciagle wzrastajacym
zapotrzebowaniu na energie grozi to szybkim wyczerpaniem zasobow
naturalnych. W tej sytuacji waznym problemem staje sie poszukiwanie
Innych drog wytwarzania zrodet energii. Jedna z rozpatrywanych alter-
natyw Jest wykorzystanie aparatu fotosyntetycznego lub zbudowanego
na Jjego wzoOr sztucznego uktadu produkujacego wodor kosztem energil
stonecznej. Duzymi zaletami takiego rozwigzania sa. a) wykorzystanie
nieograniczonego zapasu substratu — wody, b) wykorzystanie nieogra-
niczonego zrodta energili — promieniowania stonecznego, c¢) akumulacja
energil w postaci gazowego wodoru, ktorego dalsze wykorzystanie moze
przebiega¢ z duza wydajnoscia (taczenie z tlenem w ogniwach paliwo-
wych moze dostarczaC energie elektryczng z wydajnoscig do 80%) bez
obawy o skazenie Srodowiska.
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Podobne zalety ma inny proponowany sposob przetwarzania energil
stonecznej, za pomoca fotoogniw potprzewodnikowych [36].

Fotobiologiczne wytwarzanie wodoru mozna porownac z procesem
fotosyntezy. Bezposrednie produkty fotosyntezy, weglowodany, tworza
sie wedtug sumarycznej reakcji:

HD + C02->16CAHIN6+ 02 AG — + 120 kcal/mol. (1)

Jeden einstein czerwonego promieniowania odpowiada energili okoto
40 kcal, w reakcji (1) magazynuje sie wiec energia 3 einsteinow. Ponie-
waz Jednak w normalnych warunkach reakcja ta przeblega w aparacie
fotosyntetycznym kosztem 8-12 einsteinow, wydajnosS¢ procesu fotosyn-
tezy wynosi okoto 25 - 40°o.

Proces fotosyntezy przebiega w dwoch etapach: w pierwszym, foto-
chemicznym, zlokalizowanym w btonach wewnatrzchloroplastowych, ty-
lakoildach, uczestnicza dwa zespoty barwnikowe PSI 1 PS2 oraz szereg
przenosnikow elektronow. W etapie tym energia zaabs<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>