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Summary 

1. Anaerobic hydrogenase activity in whole cells and cell-free preparations of 
H2-induced Anacystis was studied both manometrically and spectrophotometri- 
caUy in presence of physiological and artificial electron acceptors. 

2. Up to 90% of the activity measured in crude extracts were recovered in 
the chlorophyll-containing membrane fraction after centrifugation (144 000 × 
g, 3 h). 

3. Reduction of methyl viologen, diquat, ferredoxin, nitrite and NADP by 
the membranes was light dependent while oxidants of more positive redox 
potential were reduced also in the dark. 

4. Evolution of H2 by the membranes was obtained with dithionite and with 
reduced methyl viologen; the reaction was stimulated by detergents. 

5. Both uptake and evolution of H2 were sensitive to 02, CO, and thiol- 
blocking agents. The H2-dependent reductions were inhibited also by the 
plastoquinone antagonist dibromothymoquinone, while the ferredoxin inhibi- 
tor disalicylidenepropanediamine affected the photoreduction of nitrite and 
NADP only. 3-(3,4-Dichlorophenyl)-l,l-dimethylurea did not inhibit any one 
of the H2-dependent reactions. 

6. The results present evidence for a membrane-bound 'photoreduction' 
hydrogenase in H2-induced Anacystis. The enzyme apparently initiates a light- 

Abbreviations: CCCP, carbonylcyanide m-chlorophenylhydrazone; Chl a, chlorophyll a; DBMIB, 2,5- 
dibromo-3-methyl-6-isopropyl-p-benzoquinone: DCIP, 2,6-dichlorophenolindophenol; DCMU, 3-(3',4'- 
dichlorophenyl)-l , l-dimethylurea; DSPD, N,N'-disalicylidene-l,3-diaminopropane; HOQNO, 2-n-heptyl- 
8-hydroxyqulnoline-N-oxide; PMS, N-methylphenazonium sulphate; SDS, sodium dodecyl  sulphate.  
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driven electron flow from H: to various low-potential acceptors including 
endogenous ferredoxin. 

Introduction 

The term hydrogenase has been somewhat loosely applied to enzymes 
catalysing the metabolism of molecular hydrogen [1--3]. However, also nitro- 
genase, the enzyme responsible for dinitrogen fixation, may evolve H2 under 
certain conditions [4--6]. H2 uptake and evolution are widespread among 
anaerobic bacteria [7], and hydrogenases similar to the clostridial type 
(H2:ferredoxin oxidoreductase, EC 1.12.7.1) may also occur in H2-adapted 
eukaryotic algae [8]. 

In the aerobic 'hydrogen bacteria' hydrogenases are essential for chemolitho- 
trophic energy conservation and for chemoautotrophic CO2 fixation [9]. Two 
types of hydrogenases have been encountered in hydrogen bacteria: a soluble 
H::NAD ÷ oxidoreductase (EC 1.12.1.2), and a particulate enzyme initiating 
respiratory electron flow from H2 to 02, similar to the 'uptake hydrogenase' 
responsible for H2 uptake in the N2-fixing bacteria Rhizobium and Azotobacter 
[10,11], and in the likewise aerobic N2-fixing blue-green algae (cyanobacteria), 
e.g. Anabaena cylindrica [12--14]. H2-supported reduction of NAD ÷ in photo- 
synthetic bacteria [15,16] strikingly differs from the functionally correspond- 
ing activity in hydrogen bacteria as most photosynthetic bacteria require addi- 
tional energy from light to reduce NAD with H: [17]. 

Among blue-green algae hydrogenase activity has so far received attention 
almost exclusively in the context  of N2 fixation, and a functional relationship 
between hydrogenase and nitrogenase has been proposed [12,14]. Usually, in 
aerobic conditions both enzymes are most active in heterocysts only [18--20]; 
studies with isolated heterocysts [14,19,20] pointed to participation of 
hydrogenase in the heterocyst 's photosynthetic electron transport [19]. The 
enzyme is believed to be particulate [19,21]. Whether H2 can support N: 
fixation has not  yet been firmly established [12--14,20,22]. Also a possible 
role of hydrogenase for CO: photoreduction was questioned [13,22,23]. 

However, among non-heterocystous non-nitrogen-fixing species anaerobic 
CO2 photoassimilation with H: could be demonstrated in Oscillatoria limnetica 
and Aphanothece halophytica [24], and also in Anacystis nidulans [25,26]. 
Notes on H:-dependent CO2 photoreduction in blue-greens had already 
appeared earlier [27]. Bothe and coworkers recently confirmed hydrogenase to 
be inducible in Anacystis but  emphasized its role in an oxyhydrogen reaction 
rather than in photoreduction [ 20,21]. 

The present study describes the hydrogenase-catalysed reduction of physi- 
ological and artificial electron acceptors by whole cells and cell-free prepara- 
tions of Anacystis whose aerobic hydrogenase activity was only about 10--30% 
of the total hydrogenase activity. The actual contributions of  anaerobic (photo- 
reduction) and of aerobic (oxyhydrogen) hydrogenase activities were strongly 
influenced by the growth conditions of the algae (Peschek, G.A., unpublished 
results). Some features of  H:-supported CO2 photoreduction by intact 
Anacystis were reported previously [26]. A companion paper will describe 
investigations on the oxyhydrogen reaction of Anacystis. 
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Materials and Methods 

Growth of the alga. Axenic A. nidulans (strain 1402-1, GSttingen, F.R.G.) 
was grown photoautotrophical ly  at 41°C and 10 W/cm 2 warm white f luorescent 
light in presence of  H2 as previously described [26] except  that  nitrate was the 
nitrogen source; doubling time of  the (light-limited) cultures was 5.3 h. Photo- 
synthetic 02 evolution by the algae remained unimpaired during growth in 
presence of  H2 [26].  At the end of  logarithmic growth the algae were harvested 
[26],  washed twice with a buffer solution henceforth referred to as 'standard 
medium'  (30 mM Tris/Tricine buffer;  2 mM Na2HPO4; 1 mM MgCl:; 10 mM 
KC1, pH 7.8), and finally resuspended herein. The suspensions were always 
immediately used for the experiments.  All handling was done under H2 as far as 
possible. 

Measurement of H2 uptake and evolution. Gas exchange was followed mano- 
metrically at  35°C in a Photo-Warburg apparatus (Braun Apparatebau, 
Melsungen, F.R.G.}, model F 166. In case of  illumination light intensity was 
18 W/cm 2 at the bo t tom of  the vessels, measured with a Yellow Springs Instru- 
ments Radiometer  (model 65). Conical Warburg flasks, approx. 14 ml volume, 
with one side arm closed by  a serum cap equipped with a hypodermic needle, 
were shaken at 100 strokes/min and 3 cm amplitude. The vessels contained 2.0 
ml standard medium together with all other compounds  required; they were 
gassed through the manometers  for 15 min with O2-free H2, or with the desired 
mixtures of  H2, N2, 02 and CO. While gassing, 0.5 ml of  the algal suspension or 
cell-free preparation was filled into the side arm through the hypodermic needle. 
After  gassing had been s topped the contents of  the side arm were dipped in, the 
side arm was rinsed twice, and the manometer  readings were started. In some 
experiments the sensitivity of  the manometer  readings was improved by a 
factor of  1.5 using 2,2,4-tr imethylpentane (instead of  Brodie's solution} in the 
manometers  (see Ref. 28). Most of  the experiments were done in strict anaero- 
biosis under H2 with 0.15 ml alkaline pyrogallol in the center well. 02 evolu- 
tion by illuminated whole cells was prevented by 10 ~M DCMU. 

Spectrophotometric hydrogenase assay. Apart from manometry ,  hydro- 
genase activity was also assayed by measuring the H2-dependent reduction of  
several redox compounds  spectrophotometrical ly at 35°C in the dark with a 
Perkin-Elmer recording spectrophotometer ,  model 200. Light-dependent reduc- 
tions were studied discontinuously by separately illuminating the cuvettes 
containing the assay samples (2.5 ml) outside the spect rophotometer  at 35°C 
with 20 W/cm 2 tungsten light from a slide projector  for the desired time inter- 
vals; for each measurement  the cuvettes were put  back into the cuvette 
chamber and absorbance was read at the proper wavelength. All experiments 
were performed in cuvettes (1 cm light path) closed with serum stoppers 
permitting the use of  hypodermic needles to flush for 10 min with O2-free H2 
or other  gas mixtures. Control experiments with N2/H2 mixtures of  different 
composit ion showed reaction rates to be independent  o f  H2 tension between 
100% and at least 25% H2 (rest: N2). 2.5 ml standard medium, together with 
other  compounds  required, were placed in the cuvettes before flushing. Reac- 
tions were started by injecting 0.1--0.25 ml of  anaerobic algal suspension, 
extract  or membrane preparation. The reference cuvette contained the same 
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assay mixture as the measuring cuvette except  that  flushing was by O2-free N2 
insteady of  H2. In several experiments acceptor-free assay suspensions served as 
additional references. The difference in absorbances (AA) between reference 
and sample cuvettes was recorded as a function of  time with a Perkin-Elmer 
recorder (model 56). Only absolute values of  AA will be given in the figures. 

The following wavelengths (nm) and millimolar absorption coefficients 
(mM -1 • cm -l) were used: methyl  viologen, 578, 9.7; NADPH, 366, 3.3; DCIP, 
522, 8.6 (isosbestic point); ferricyanide, 410, 1; methylene blue, 600, -- ; cyto- 
chrome c, 550, 19.7 (e~e~ -~ eox ); PMSred, 387, - - .  The H2-dependent reduction 
of  O5 by isolated membranes was measured with a Clark-type oxygen electrode 
after flushing the samples for 10 min with 5% 05 in H2. 

In the experiments with cell-free systems the acceptor compounds  were used 
at the following concentrations (mM) throughout:  methyl  viologen, 5; diquat, 
5; neutral red, 5; NAD, 3; NADP, 3; menadione, 0.05; methylene blue, 5; PMS, 
5; DCIP, 0.1; cytochrome c, 0.5; benzoquinone,  2; ferricyanide, 0.8. Separate 
experiments had shown that the reactions were independent,  within wide 
limits, of  acceptor  concentrations which in each case were sufficient to ensure 
maximal rates. 

Colorimetric determination of  nitrite. Nitrite was determined with sul- 
phanilic acid and 1-aminonaphthalene according to Lunge and Lwoff  [29]; 
nitrate was first converted to nitrite with Zn/HC1. 

Preparation of  cell-free extracts. Harvested algae were suspended in standard 
medium at a chlorophyll  concentrat ion of  0.1--0.2 mg/ml. The following 
methods were used for cell breakage: (a) Sonication. Algal suspensions were 
sonicated after addition of  0.3 M mannitol and 1 mM dithiothreitol, at 4°C 
under H2 with a Branson Sonifier at the maximal power  ou tpu t  of  the mitro- 
tip for ten times 1 min, with 1 min intervals to allow for cooling. The overall 
yield of  broken cells was about  85% as judged from the phycocyanin content  
of  intact cells compared to that of  'crude extracts '  (see below). (b) Lysozyme 
digestion. After adding 3 mM Na2EDTA, 0.3 M mannitol and lysozyme (5 mg/ 
mg Chl a) the algal suspension was incubated at 37°C under H2 for 2 h with 
occasional shaking. Abou t  90% of the algae had formed microscopically 
discernible sphaeroplasts after this treatment.  Sphaeroplasts were centrifuged at 
500 X g and 4°C for 15 min, washed once with standard medium containing 
0.3 M mannitol and 1 mM dithiothreitol,  and the resulting pellet was 
resuspended and stirred in a 1:20 dilution of  this medium at 4°C for 15 min. 
The overall yield of  broken cells after lysozyme digestion and osmotic shock 
was approx. 70%. (c) Cells were pretreated with lysozyme as described above 
(b), but  Na2EDTA was omit ted and incubation was for 30 min only. Then the 
suspension was sonicated for five times 30 s as described under Ca). When the 
H2-supported photoreduct ion  of  NADP was used as test reaction the rates 
obtained with membranes prepared according to (a), (b) or (c) were in the ratio 
of  about  0.3 : 0.1 : 1, respectively; in case of  ferricyanide reduction the ratio 
was 0.4 : 0.7 : 1. Consequently,  all experiments on isolated membranes were 
done with preparations obtained by short sonication of  lysozyme-pretreated 
Anacystis cells in a medium of  moderate  osmolarity. 

The cell-free extracts were immediately centrifuged at 8000 X g and 4°C for 
10 min to remove whole cells and cell debris. The resulting supernatant ( 'crude 
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extract ')  was then centrifuged at 144 0 0 0 × g  and 4°C for 3 h; the pellet was 
resuspended in standard medium containing 0.3 M mannitol,  and immediately 
used for the experiments. Photosynthet ic  02 evolution by the isolated mem- 
branes always was less than 0.2 pmol/min per mg protein which corresponded 
to the sensitivity limit of  polarographic 02 determination when performing 
measurements at 35°C and 20 W/cm 2 white light in presence of  any one of  the 
electron acceptors used in this study. Obviously, the procedure of  cell breakage 
employed was just harsh enough to eliminate the water-splitting system while 
still preserving sufficient activities of  the membrane-bound hydrogenase. 

Determination o f  chlorophyll and protein. Chlorophyll was determined 
according to Arnon [30].  Protein content  was determined by a modified biuret 
method [31].  1 mg dry weight was equivalent to 3.1 ~l packed cells [26] or 
0.024 mg Chl a or 0.56 mg protein. The protein/chlorophyll  ratio in isolated 
membranes (free of  phycocyanin)  was 12. In crude extracts the distribution of  
protein between the particulate and the soluble fraction was approx. 1 : 0.86. 

Controls. In the experiments on H:-supported acceptor-reduction samples 
flushed with O2-free N2 served as controls. Anaerobic H2 uptake followed 
manometrically in presence of  acceptors was compared with endogenous H2 
uptake which was zero with membrane preparations and small even with whole 
cells (see Fig. 1). In several runs also algae or isolated membranes heated at 
90°C for 5 min were used as additional controls. Isolated membranes were 
incapable of  photosynthet ic  02 evolution (see above); however, to ensure that 
Photosystem II actually was not  involved in H2-dependent photoreduct ion in 
experiments with isolated membranes,  too,  10 uM DCMU was included in the 
reaction mixtures; no difference was seen between samples with and without  
DCMU (cf. Table IV). 

All values in the figures and tables are the means from at least three indepen- 
dent  representative experiments; maximal deviations of  single determinations 
from the corresponding mean were 10---15% of the mean for each given set of  
experiments. 

Chemicals. All chemicals used were of  the highest purity available. Sub- 
stances poorly soluble in water were dissolved in freshly distilled dimethyl- 
sulphoxide. Samples containing dimethylsulphoxide alone (at most  1%, v/v) 
gave the same results as dimethylsulphoxide-free controls. 

Results 

Hydrogen uptake by whole cells 
Whole cells of  Anacystis grown as described in Materials and Methods took  

up H2 in the light in presence of  bicarbonate,  nitrite and nitrate (Fig. 1); 
endogenous H2 uptake in the light was very small and ceased after about  3 h. In 
the dark no measurable H2 uptake occurred either in presence or absence of  the 
oxidants. The reactions with bicarbonate and nitrate were linear over at least 
3 h. Also artificial electron acceptors permit ted H2 uptake by whole cells 
(Fig. 1). While H2 uptake with methyl  viologen and diquat was observed exclu- 
sively in the light, p-benzoquinone permit ted almost equal rates in the light and 
in the dark. H2 uptake in presence of  N-methylphenazonium sulphate was 
stimulated by light. Table I shows the stoichiometries between H2 consumption 



192 

.f: 
,-.-'30 

20 
E 

~0 

ZO 

A c o y  

i i 

0 1 2 

T i m e ( h  ) 

lO 

fll 

~ 2  
e~ 

T 
o 

m o ~ 

//o/O 
//o 

/,~ ~-~.io I 

/ / , , ~  ° /  , .  

o io 3'o 4'o .40 
T i m e  ( ra in )  

F i g .  1.  A n a e r o b i c  H 2 u p t a k e  b y  w h o l e  ce l l s  i n  p r e s e n c e  o f  p h y s i o l o g i c a l  a n d  a r t i f i c i a l  e l e c t r o n  a c c e p t o r s .  

(A) 20 mM NaHCO 3 (o), 3 mM NaNO 2 (~), I0 mM NaNO 3 (~), endogenous (0). (B) 2 mM p-benzo- 
quinone (eL 15 mM methyl viologen (o), 15 mM diquat (0L 15 mM N-methylphenazonium sulphate (~). 
Open symbols: light (18 W/m2). Full symbols: dark. H 2 uptake was measured manometrically under 

100% H 2. No H 2 uptake was observed in the dark with NaHCO 3, NaNO 2, NaNO 3, methyl viologen, 
diquat or without added acceptors. 

and the corresponding amount  of acceptor photoreduced by intact cells. It is 
seen that  the H2 consumed is almost stoichiometrically used for the reduction 
of the oxidant. 

Hydrogen uptake by membrane preparations 
The localization of  hydrogenase activity in cell-free systems from Anacystis 

was studied by use of the H2-supported reduction of methyl  viologen, NADP, 
nitrite and ferricyanide as hydrogenase test reactions (Table II). In addition, 
H2-dependent uptake of 02 (i.e. oxyhydrogen activity) was also tested. About  
70--90% of the hydrogenase activity present in crude extracts were recovered 
in the membrane fraction. Activity in the supernatant was always negligible. 

T A B L E  I 

S T O I C H I O M E T R I E S  O F  H 2 - S U P P O R T E D  P H O T O R E D U C T I O N  O F  C O 2 ,  N I T R I T E  A N D  M E T H Y L  
V I O L O G E N  B Y  W H O L E  C E L L S  

A l g a e  f r o m  o n e  a n d  t h e  s a m e  h a r v e s t  w e r e  a s s a y e d  in  p a r a l l e l  f o r  H 2 u p t a k e  a n d  f o r  r e d u c t i o n  o f  a c c e p t o r  
c o m p o u n d s  ( see  M a t e r i a l s  a n d  M e t h o d s ) .  R e a c t i o n  r a t e s  i n  N 2 - f i u s h e d  c o n t r o l s  a n d  i n  d a r k  c o n t r o l s  w e r e  
a l w a y s  n e g l i g i b l e .  

A c c e p t o r  a d d e d  0 ~ m o l / h  p e r  m g  C h l )  

H 2 u p t a k e  A c c e p t o r  
r e d u c t i o n  

/~mol  H 2 / ~ m o l  a c c e p t o r  

N o n e  1 . 6  - -  
20  m M  N a H C O  3 1 4 . 2  * 6 . 7  

3 m M  N a N O  2 1 3 . 9  * 5 .0  
1 5  m M  m e t h y l  v i o l o g e n  5 .6  * 1 3 , 1  

2 . 1 2  {2)  * *  
2 . 7 8  (3 )  **  
0 . 4 3  ( 0 . 5 )  **  

* C o r r e c t e d  f o r  e n d o g e n o u s  H 2 u p t a k e .  
* * V a l u e s  i n  b r a c k e t s :  t h e o r e t i c a l  s t o i c h i o m e t r i e s .  
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T A B L E  II 

L O C A L I Z A T I O N  O F  H Y D R O G E N A S E  A C T I V I T Y  IN C E L L - F R E E  E X T R A C T S  

'Particulate' ,  ac t iv i ty  o f  the  1 4 4  0 0 0  × g s e d i m e n t .  'Soluble ' ,  ac t iv i ty  o f  the  1 4 4  0 0 0  × g supernatant .  
Cell-free preparat ions  c o n t a i n e d  b e t w e e n  0 . 9  and 2 .3  m g  p r o t e i n / m l .  S p e c t r o p h o t o m e t r i c  h y d r o g e n a s e  
assay as descr ibed  in Materials  and Methods .  0 2  u p t a k e  m e a s u r e d  w i t h  a Clark-type  O 2 e l e c t r o d e ,  n .d . ,  
n o t  d e t e r m i n e d .  

A c c e p t o r  Spec i f i c  ac t iv i ty  Relat ive  act iv i ty  (%) 

( n m o l / m i n  per  m g  pro te in )  (crude  ex tra c t  = 1 0 0 % )  

Crude e x tr ac t  Part iculate  So luble  Particulate  So luble  

M e t h y l  v io logen  Light  2 6 . 5  4 1 . 2  0 .9  8 3 . 5  1 .6  

D a r k  0 . 5  0 0 .8  0 7 0  

Nitr i te  Light  1.8  2 .3  0 .8  6 8  20  

D a r k  0 .4  0 0 .7  0 8 0  

N A D P  L i g h t  12 .3  19 .1  0 .3  8 4  i . I  

D a r k  0 .3  0 0 . 5  0 7 8  

Ferr icyanide  Light  34 .1  57 .1  0 .2  91 0 .2  

D a r k  3 4 . 0  58 .9  0 .3  9 0  0 .3  

O x y g e n  ( 2 2  ~ M )  L i g h t  - -  * 6 .3  * * n .d .  - -  - -  

D a r k  3 .2  ** 4 .9  ** n .d .  8 5  - -  

* High rates  o f  0 2  u p t a k e  in crude  e x t r a c t s  w e r e  observed  o n  i l luminat ion  regardless w h e t h e r  f lushing 
was  b y  H 2 or N 2. Th e  reac t ion  t h e r e f o r e  probably  re f l ec t s  s o m e  k ind  o f  p h o t o o x i d a t i o n  rather than  
an o x y h y d r o g e n  react ion .  

** Values  c o r r e c t e d  for  the  ' e n d o g e n o u s '  0 2 uptake  ( m e a s u r e d  under  N 2 / O  2 = 9 5 ] 5 )  w h i c h  wa s  b e t w e e n  
8 a n d  13% o f  the  t o ta l  0 2  c o n s u m p t i o n  in p.resence o f  H 2. 

Washing of the membranes with standard medium led to complete loss of  
nitrite and NADP photoreduction without significantly affecting the reduction 
of  methyl viologen or ferricyanide (not shown). Exogenous ferredoxin (cf. 
Table III) not only stimulated the photoreduction of  NADP and nitrite by 
freshly prepared membranes but also nearly completely restored these reactions 
with washed membranes, and the same influence of  ferredoxin was seen in the 
manometric hydrogenase assay but there was no effect when methyl viologen 
or ferricyanide served as acceptors (results not shown). 

Table III summarizes the effects of  physiological and artificial redox com- 
pounds as electron acceptors for the hydrogenase reaction observed with 
isolated membranes. The results again document the obligatory participation of  
light in the H2-dependent reduction of  compounds with strongly negative redox 
potential (cf. Fig. 1). Photosystem II apparently does not contribute to the 
photoreductions as seen from the lack of inhibition by DCMU. Moreover, no 
Emerson enhancement has been found for H2-supported photoreduction by 
intact Anacystis [26]. 

Inhibition by CO and 02. Reversibility of the 02 effect 
Dependence of  the inhibition of ferricyanide and NADP* reduction mediated 

by the photoreduction hydrogenase on the concentration of CO and 02 is given 
in Fig. 2. Both reactions were inhibited by some further 20--25% upon 
illumination with 400 W/m s white light (results not shown; cf. Fig. 4). There- 
fore the effect of  CO on reactions catalysed by the photoreduction hydrogenase 
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Fig. 2.  Inh ib i t ion  o f  H 2 - d e p e n d e n t  r e d u c t i o n  of  fe r r icyan ide  an d  of  N A D P  + by CO (A)  and  0 2  (B). 
S p e c t r o p h o t o m e t r i c  h y d r o g e n a s e  assay as desc r ibed  in Materials  and Methods .  Be fore  in jec t ing 0 .25  ml  of  
anaerobic  m e m b r a n e  suspens ions  (equiva lent  to 0 .55  0 . 7 5  m g  p ro te in )  t h r o u g h  the s e ru m s topper s  the 
cuve t t e s  con ta in ing  2.5 ml  of  s t anda rd  m e d i u m  (plus accep to r s )  w e r e  f lushed  for 10 rain w i t h  gas mix-  
tures  c o m p o s e d  of  30% H2,  0 - -70% CO a nd  70- 4)% N2,  respec t ive ly ,  or wi th  0 - -3% 0 2  in H 2. F r o m  this ,  
the  mo l ar  c o n c e n t r a t i o n s  of  CO and O 2 were  ca lcu la ted  using the  respec t ive  Bunsen a b s o r p t i o n  co e f f i -  
c i ents  [ 2 8 ] .  Con t ro l  e x p e r i m e n t s  w i t h  H 2 con ta in ing  0 70% N 2 revea led  no  d e p e n d e n c e  of  the  reac t ion  
rate on H 2 c o n c e n t r a t i o n .  400  W / m  2 whi te  i ncandescen t  l ight further  inhibi ted  the  H 2 - s u p p o r t e d ,  CO- 
inh ib i t ed  r e d u c t i o n  o f  ferr icyanide  and o f  N A D P  + by a b o u t  20- -25% (resul ts  n o t  shown;  cf. Fig. 4) 
showing  that  the  e f f e c t  of  CO was no t  reversed  in s t rong  l ight  and ,  hence ,  probably  was  n o t  m e d i a t e d  by 
s o m e  CO-sensit ive r e sp i r a to ry  c y t o c h r o m e ( s )  (cf.  Fig. 3 o f  Ref.  41).  
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Fig. 3. Revers ib i l i ty  o f  0 2 inh ib i t ion  and p r o t e c t i v e  e f f e c t  o f  d i th io thre i to l .  H 2 - d e p e n d e n t  r e d u c t i o n  o f  
N A D P  ( A )  and H 2 u p t a k e  in presence  o f  nitr i te  (B)  by i so la ted  m e m b r a n e s  w e r e  m e a s u r e d  as descr ibed  
in Materials  and M e t h o d s .  A t  the  t i m e  ind icated  by arrow 1,  sa mple s  w e r e  sparged w i t h  1% (o  o ) ,  
5% (~ ~)  or 10% (u u) 0 2  for 10  rain in the  dark w i t h o u t  r e m o v i n g  t h e m  f r o m  the  t h e r m o -  
s ta t t ed  ( 3 5 ° C )  w a t e r  bath .  A f t e r  a l l o w i n g  5 rain for equi l ibrat ion  the  readings  w e r e  c o n t i n u e d  for  a n o t h e r  
1 5 - - 2 0  rain. A t  the  t i m e  ind ica ted  by  arrow 2,  pure H 2 ( free  o f  0 2 )  was  bubbled  through  the  sa mple s  for  
10  rain. Therea f t er ,  readings  w e r e  c o n t i n u e d  w i t h  the c o m p l e t e l y  anaerob ic  suspens ions .  + I, sus- 
pens ions  c o n t a i n e d  1 m M  d i t h i o t h r e i t o l  f r o m  the  beginrdng; o t h e r  procedures  as given above ;  n o  dif fer-  
e n c e  was  seen  b e t w e e n  sam p le s  w i t h  or w i t h o u t  d i th io thre i to l  during strict  anaerobios i s  ( 0 - - 1 5  m i n ) .  
Appropr ia te  c o n t r o l  e x p e r i m e n t s  revealed  lack  o f  d o n o r  f u n c t i o n  w i t h  d i th io thre i to l  in the  absence  o f  H 2 
(cf .  Table  V) .  
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Fig. 4. In f luence  o f  l ight in tens i ty  on  the  H 2 - d e p e n d e n t  r e d u c t i o n  of  N A D P  and  fe r r icyan ide  by  isola ted 
m e m b r a n e s .  S p e c t r o p h o t o m e t r i c  h y d r o g e n a s e  assay as desc r ibed  in Materials  and  Methods .  I l l umina t i on  
was by  a slide p r o j e c t o r  l a mp .  Final  light intensity was varied by  m e a n s  of  sui table  c o m b i n a t i o n s  of  
K o d a k  Wra t t en  gelat in  filters placed beh ind  a K G  4 in f ra red  fil ter (Sch o t t  AG,  Mainz,  F .R .G. ) .  In each 
case the  a b s o r b a n c e  was m e a s u r e d  in the dark immediately before and  a f t e r  i l lumina t ing  the  samples  
a t  35°C  for  15 rain.  Fresh  samples  (0 .25  m g  p r o t e i n / m l )  were  used for  each  d e t e r m i n a t i o n .  Maximal  
act ivi t ies  (100%)  c o r r e s p o n d e d  to  1 7 . 7 - - 2 0 . 2  n m o l  N A D P  and  to 50 .3-  59.7 n m o l  ferricyanide reduced/ 
rain per  m g  p ro te in .  

present in the Anacystis membrane preparations used in this s tudy appeared to 
be due to inhibition by CO of the hydrogenase enzyme, proper, and not  to 
some CO-sensitive respiratory cytochrome(s) .  

Fig. 3 shows that the light-dependent reduction of  NADP ÷ and of nitrite was 
completely inhibited by less than 2% 02, and that this inhibition was reversible: 
almost the same reaction rate as before was re-established when, after a short 
period of  oxygenation with 1% 02, pure H2 was introduced again. Reversibility 
decreased, however, with increasing O2 concentrations and prolonged incuba- 
tion periods: after 30 min exposure to air recovery under pure He was less than 
1% {results not  shown). Conflicting results of  reactivation experiments with 02- 
inactivated hydrogenases from various sources have appeared in the literature 
[ 3,32,33 ]. The inactivating effect  of  low 02 concentrations was partly counter- 
acted by dithiothreitol (Fig. 3). Control experiments established that 1 mM 
dithiothreitol neither affected H2-supported photoreduct ions  nor acted as elec- 
tron donor  in the absence of  H2 (cf. Table V). Effects similar to those shown in 
Figs. 2 and 3 were found with ferr icytochrome c or DCIP serving as terminal 
electron acceptors for the hydrogenase reaction either in the light or in the 
dark {results not  shown; cf. Table III). 

Evidence for the involvement of photosynthetic electron flow 
Participation of  photosynthet ic  electron transport  in H2-dependent (photo)- 

reductions as deducible from the results presented so far was also suggested by 
the action of  specific inhibitors {Table IV). Effects of  the inhibitors were the 
same in the spectrophotometr ic  and in the manometric  hydrogenase assays 
{results no t  shown). Inhibitor studies recently conducted  on H2-supported 
photoreduct ion  of  CO2 by intact Anacystis [26] did not  allow clear-cut con- 
clusions. 

The plastoquinone antagonist DBMIB (1 p~I) inhibited the light-dependent 
reduction of  methyl  viologen, NADP and nitrite by about  70%; also the dark 
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T A B L E  IV 

A C T I O N  OF I N H I B I T O R S  ON H Y D R O G E N A S E - C A T A L Y S E D  R E D U C T I O N S  BY M E M B R A N E  PRE- 
P A R A T I O N S  

H 2 - d e p e n d e n t  r e d u c t i o n  o f  m e t h y l  v io logen  (MV).  n i t r i te  and  N A D P  in the  light,  and  of  f e r r i eyan ide  
( F e C y )  and  DCIP in th e  dark ,  was  m e a s u r e d  s p e c t r o p h o t o m e t r i c a l l y  as desc r ibed  in Materials  an d  
Methods .  Samples  c o n t a i n e d  b e t w e e n  1.3 and  2.2 m g  p r o t e i n / m l .  

Inhibi tor  R e d u c t i o n  o f  ac cep to rs  
( n m o l / m i n  pe r  m g  prote in )  

MV NO 2 NADP FeCy  DCIP 

None  39.3  7.0 17 .9  51 .8  27 .2  
10/~M DCMU 38,8  7.1 17 .8  52.1 27 .0  

1 /~M DBMIB 12.6  2.2 5.6 17.5 10 .0  
10 #M DBMIB 8.7 1.5 3.8 24.7 12.8 
0 .5  m M  DSPD 35.0  1.4 3.6 47 .0  24.8 
10 #M H O Q N O  26,4 4.8 11 .5  34 .2  19.0 
10  ~zM CCCP 38.8  7.4 17.2 50.2 25.9 
0 .5  m M  p - h y d ~ o x y m e r e t t r i b e n z o a t e  2.0 0 .4  0.9 2.6 1.3 
0.5 m M  N - e t h y l m a l e i m i d e  2,8 0 .5  1.2 3.5 1.9 

reduction of  ferricyanide and DCIP by H2 was inhibited 66 and 63%, respec- 
tively. Thus both  in the light and in the dark electrons from H2 apparently have 
to pass a, or the, DBMIB-sensitive site. H2-dependent photoreduct ions  were still 
further inhibited by />10 lzM DBMIB while the rates of  ferricyanide or DCIP 
reduction were raised above their levels at 1 aM DBMIB (Table IV); H2 uptake 
was stimulated by 10 ~zM DBMIB when compared with 1 aM DBMIB, either in 
presence or absence of  any one of  the acceptors used (results not  shown). 
Therefore it was concluded that />10 aM DBMIB per se can function as a 
terminal electron acceptor  in the hydrogenase reaction of  Anacystis mem- 
branes. Reduced DBMIB in turn may then reduce suitable high-potential 
acceptors, e.g. DCIP or ferricyanide (Table IV). Similar conclusions had been 
drawn in case of  DBMIB photoreduct ion  by  isolated chloroplasts [34].  

The ferredoxin inhibitor DSPD depressed photoreduct ion  of  NADP and 
nitrite more than 80% reflecting the involvement of  ferredoxin. Methyl 
viologen appeared to be photoreduced by H2 wi thout  participation of  ferre- 
doxin; also the dark reduction of  ferricyanide and DCIP by  H2 was only slightly 
inhibited (Table IV). The uncoupler  CCCP was wi thout  major influence on the 
hydrogenase~:atalysed reactions of  isolated membranes.  Also in whole cells 
there was neither stimulation nor inhibition by 10 pjVl CCCP or 0.5 mM dinitro- 
phenol (results not  shown); therefore, phosphorylat ion either is not  involved in 
the electron flow from H2 to the acceptors tested or, more likely, is not  rate 
limiting for the overall reaction. 

The inhibitory effect  of  thiol-blocking agents, e.g. p-hydroxymercuriben-  
zoate or N-ethylmaleimide (Table IV) is reminiscent of  an involvement of  
'active' thiol groups in catalysis by hydrogenases from both bacteria [32] and 
(eukaryotic)  algae [35].  

Hydrogen evolution 
Evolution of  H2 by crude extracts and isolated membranes was tested under 
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T A B L E  V 

E V O L U T I O N  O F  H 2 BY M E M B R A N E  P R E P A R A T I O N S  IN P R E S E N C E  O F  V A R I O U S  E L E C T R O N  
D O N O R S  IN T H E  L I G H T  A N D  IN T H E  D A R K .  E F F E C T  O F  S O D I U M  D O D E C Y L  S U L P H A T E  

L i g h t  i n t e n s i t y  was  18 W]va 2. H 2 e v o l u t i o n  was  m e a s u r e d  va a nome t r i c a l l y  u n d e r  O2-f ree  N 2. T h e  gas 

f o r m e d  was  i d e n t i f i e d  as H 2 by  gas c h r o m a t o g r a p h y  and  by  a d s o r p t i o n  o n t o  a c t i v a t e d  pa l l a d ium.  Sa mple s  
c o n t a i n e d  1 .2 - -4 .2  rag  p r o t e i n ] m l .  H 2 e v o l u t i o n  e x p r e s s e d  as n m o l / v a i n  per  vag p ro t e in .  No ac t i v i t y  was 

d e t e c t e d  w i t h  c o n t r o l s  c o n t a i n i n g  h e a t - d e n a t u r e d  m e m b r a n e s .  H 2 e v o l u t i o n  ra t e s  were  depressed  by  

s o m e  30% u n d e r  an a t m o s p h e r e  o f  100% H 2. 

D o n o r  L igh t  D a r k  L igh t  + D a r k  + 
1 m M  SDS 1 m M  SDS 

10 m M  d i t h i o n i t e  0 .4  0.4 2.3 
10 m M  d i t h i o n i t e  + f e r r e d o x i n  (0 .5  m g / m l )  0 .4  0.3 2.1 

10  yaM d i t h i o n i t e  + 5 yaM m e t h y l  v io logen  1.2 1.3 6.7 

10 m M  c y s t e i n e  0 0 0 

5 m M  d i t h i o t h r e i t o l  0 0 0 
10 m M  a s c o r b a t e  + 0 .5  yaM DCIP  0 0 0 

10  m M  a s c o r b a t e  + 0 .5  yaM D C I P  + 0 0 0 .2  
f e r r e d o x i n  (0.5 vag/val)  

10 m M  a s c o r b a t e  + 0 .5  m M  D C I P  + 5 m M  m e t h y l  1.0 0 6 .0  

v io logen  

2.3 

2.2 
6.6 

0 

0 
0 

0 

N2 with several reductants in the light and in the dark (Table V; results given 
for isolated membranes). Only dithionite and reduced methyl viologen proved 
effective. In particular, unlike other hydrogenase-containing photosynthetic 
systems (see Ref. 36) the Anacystis membranes did not show photoproduction 
of H2 with cysteine, dithiothreitol or ascorbate-reduced DCIP. Also ferredoxin 
reduced either by dithionite or by membranes illuminated in presence of 
ascorbate plus DCIP, could not serve as electron donor to the hydrogenase 

T A B L E  VI  

A C T I V A T I O N  A N D  S O L U B I L I Z A T I O N  O F  T H E  M E M B R A N E - B O U N D  H Y D R O G E N A S E  BY T R E A T -  
M E N T  W I T H  D E T E R G E N T S  

S p e c t r o p h o t o m e t r i c  h y d r o g e n a s e  a s s a y :  0 .5  val a n a e r o b i c  m e m b r a n e  s u s p e n s i o n s  equ iva l en t  to  4 .9 - -6 .5  
rag p r o t e i n  were  i n j ec t ed  t h r o u g h  a s e r u m  cap in to  a cuve t t e  c o n t a i n i n g  2.0 val 5 yaM m e t h y l  v io logen  in 

s t a n d a r d  m e d i u m  p r ev ious ly  f lu shed  w i t h  p u r i f i e d  N 2 t h r o u g h  h y p o d e r m i c  need les  and  b r o u g h t  t o A  578 = 
0 .5 - -0 .6  by  in j ec t ing  a f ew d r o p s  o f  d i t h i o n i t e  so lu t ion .  F o r  so lub i l i za t ion  e x p e r i m e n t s  a l iquo t s  o f  t he  
or ig inal  m e m b r a n e  p r e p a r a t i o n  ( a b o u t  0 .2  m g  p ro te in /va l )  were  i n c u b a t e d  w i t h  1 m M  SDS or  d e o x y c h o -  

la te ,  o r  w i t h  0 .03% (v /v)  T r i t o n  X-100  a t  4 ° C  u n d e r  N 2 fo r  20  vain, t h e n  c e n t r i f u g e d  at  144  0 0 0  × g for  
3 h.  Con t ro l s  were  i n c u b a t e d  w i t h o u t  d e t e r g e n t s .  No c h a n g e  in a b s o r b a n c e  was  seen  w i t h  s a mp le s  con t a in -  
ing  no  m e m b r a n e s  or  h e a t e d  m e m b r a n e s  or  m e m b r a n e s  p r e p a r e d  f r o m  algae n o t  p rev ious ly  i n d u c e d  for  
h y d r o g e n a s e .  

M e m b r a n e s  
i n c u b a t e d :  

Spec i f ic  h y d r o g e n a s e  ac t i v i t y  

( n m o l e s  o f  r e d u c e d  m e t h y l  v io logen  o x i d i z e d / r a i n  per  m g  p r o t e i n )  

Before  c e n t r i f u g a t i o n  A f t e r  c e n t r i f u g a t i o n  

S e d i m e n t  S u p e r n a t a n t  

W i t h o u t  d e t e r g e n t  2.6 2.4 
+ d o d e c y l  su lpha t e  12 .8  4.2 
+ T r i t o n  X - l O 0  5.1 5.0 
+ d e o x y c h o l a t e  13.3  1.9 

0 
86.0  

0 .6  
94 .7  
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while photoreduced methyl viologen was nearly as effective as dithionite- 
reduced methyl viologen {Table V). H2 evolution showed a similar response to 
the inhibitors CO and mercuribenzoate as did H2 uptake; also high light 
intensities inhibited both reactions {results not shown). Evolution of H2 by 
isolated membranes or by crude extracts was not influenced by 3 mM ATP, but 
was inhibited about 30% by 100% H2 {results not shown). Therefore it is con- 
cluded that the evolution of H2 demonstrated here for Anacystis preparations 
was due to the reversible action of the hydrogenase, and not to a nitrogenase: 
nitrogenase-catalysed H2 evolution is inhibited by N: but not by H2, is ATP 
dependent, and is not inhibited by CO. Anyway nitrogenase is thought to be 
absent from Anacystis [20] as well as from most of the other Synechococcus- 
type blue-greens recently tested [18]. 

The evolution of H2 by the membrane preparations was markedly stimulated 
by detergents, and part of the H2-evolving activity was recovered in the super- 
natant after treatment with 1 mM dodecyl sulphate or deoxycholate {Table VI) 
indicating partial solubilization of the hydrogenase normally tightly bound to 
the photosynthetic lamellae. 

Discussion 

The results of the present study provide evidence for a membrane-bound 
hydrogenase associated with the photosynthetic electron transport in A. 
nidulans. The enzyme catalysed the H2-dependent photoreduction of methyl 
viologen, diquat, ferredoxin, NADP, nitrite, N-methylphenazonium sulphate 
and menadione by chlorophyll-containing membrane ('thylakoid') preparations 
under strictly anaerobic conditions. This implies that all the enzymes and 
cofactors necessary for hydrogenase-mediated (photo)reduction of the com- 
pounds remained bound to the membranes during isolation. On the other hand 
the preparations were completely devoid of photosynthetic O2 evolution (see 
Materials and Methods). Requirements for retaining optimal hydrogenase activ- 
ity were sufficiently mild cell breakage, e.g. by short sonication of lysozyme- 
pretreated cells, and appropriately high osmolarity of the medium throughout 
the whole isolation procedure (see Materials and Methods). In particular, also 
{endogenous) ferredoxin, NADP : ferredoxin oxidoreductase [37] and nitrite 
reductase [38] had apparently been retained by the membranes during isola- 
tion. Washing of the membranes predominantly removed ferredoxin as in 
washed membranes the ferredoxin<lependent reactions, i.e. NADP and nitrite 
photoreduction, were lacking but could be restored by exogenous ferredoxin. 
Involvement of ferredoxin in H2-dependent NADP and nitrite photoreduction 
by the isolated membranes was also derived from the action of the ferredoxin 
inhibitor disalicylidenepropanediamine {Table IV). 

The light dependence of the reduction of, e.g. methyl viologen (E0 = --0.44 
V), diquat (E0 = --0.35 V), ferredoxin (E~ = --0.43 V) or NADP (E~) . . . .  ~).32 V) 
by H2 (E0 = --0.42 V) might not be completely explained by mere thermo- 
dyanamics; usually the reduction of such compounds by hydrogenases from 
other sources indeed is a dark reaction [8,32]. Therefore it may simply be the 
spatial organization within the cell that prevents a hydrogenase from acting on 
a redox level it should display thermodynamically: provided, e.g. the hydro- 
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genase is membrane bound and integrated into an electron flow chain at a site 
of comparatively high redox potential then the electrons which it extracts from 
H: will immediately be diverted to the reduction of an adjacent electron carrier 
of still more positive potential. Only further promotion of the electrons by 
additional energy input, e.g. via a Photosystem I light reaction, might even- 
tually 'restore' the original reducing power of H:. Incidentally, similar 
argumefits might apply in the case of photosynthetic bacteria whose photo- 
autotrophic growth on H2 is light dependent [17]. 

For Anacystis the results suggest that in vivo H: photoreduced primarily 
endogenous ferredoxin. If indeed reduced ferredoxin is the immediate electron 
donor to the nitrogenase of heterocystous blue-greens then reduction of ferre- 
doxin by H: should be a prerequisite for the H2-supported N: fixation found 
by several investigators [13,22]. However, as outlined above this does not pre- 
suppose direct reactivity between ferredoxin and the hydrogenase. Rather, no 
evidence for such coupling was found in the present experiments (cf. Table V), 
nor seems direct coupling between ferredoxins and hydrogenases (both from 
various sources) to be the rule except perhaps in case of clostridial hydro- 
genases (cf. Ref. 36). 

Inhibition of H:-dependent (photo)reductions by the plastoquinone 
antagonist DBMIB suggested a site of action for the hydrogenase before plasto- 
quinone (cf. Ref. 2). Note, however, that this cannot be on the oxidizing side 
of Photosystem II as the latter was not involved in the reaction; DCMU was 
without effect on the photoreductions, and no dichromatic enhancement was 
observed for H2-supported photoreduction of CO: in intact Anacystis [26]. 
The fact that DBMIB not only inhibited the photoreductions, but also the dark 
reductions tested may indicate that, in the algal material used in the present 
study, electrons from H: initially follow the same flow chain in the light and 
in the dark. Eventually they may be taken over by some suitable acceptor 
compound from an electron transport component of  appropriate redox 
potential. Such partially identical pathways are also suggested by the similar 
degree of inhibition by O: and by other inhibitors listed in Table IV, when 
comparing photoreductions with dark reductions. 

The inhibitory effect of CO on the H:-supported reduction of ferricyanide 
and of NADP ÷ was not reversed in strong light which appears to rule out an 
involvement of  respiratory cytochromes in the hydrogenase-catalysed reactions 
described here for the Anacystis membranes used in this study. On the other 
hand, both uptake and evolution of H: by the membranes were inhibited to 
corresponding degrees by CO and in strong light, and H: evolution was indepen- 
dent of ATP but inhibited under an atmosphere of pure H:; from this, also the 
participation of  a nitrogenase in the hydrogenase activities described in this 
paper appears to be excluded. 

A last point to which attention may be drawn in the present study is the 
reversible inactivation by O: of the photoreduction hydrogenase of Anacystis. 
Hydrogenases from different sources may show pronounced differences in O: 
sensitivity: e.g. the enzymes involved in the oxyhydrogen reaction in Knallgas 
bacteria [9,32] and in N2-fixing blue-greens [12--14] appear to be remarkably 
stable towards O:. In contrast, with adapted green algae O2 concentrations 
below 1% already lead to inactivation of the hydrogenase (see Ref. 8); also the 
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enzyme involved in photoreductions by whole cells of Anacystis [26], and by 
the membrane preparations used in the present study, was completely inhibited 
by ~2% 02. 

With adapted eukaryotic algae the 02 effect probably reflects a 'reversible 
de-adaptation' rather than an irreversible destruction [8], but there may be 
exceptions [3]. A highly purified soluble hydrogenase from Alcaligenes 
eutrophus H16 was inactivated by 02 (presumably by oxygenation of disul- 
phide bridges), and subsequently reactivated by reducing agents [32]. When 
inactivated by ,~2% 02 the enzyme from Anacystis could be perfectly reacti- 
vated simply by treatment with pure H2, and the reducing agent dithiothreitol 
prevented the deleterious effect of 02. Recalling the effect of thiol-blocking 
agents, an obligatory involvement of SH groups in the function of the photo- 
reduction hydrogenase of Anacystis thus seems likely. Involvement of 'active' 
SH groups in hydrogenases of both bacteria [32] and eukaryotic algae [35] has 
been envisaged. 

The results of the work presented here apparently are the first to describe a 
membrane-bound hydrogenase to be involved in anaerobic photoreductions 
(and related reactions) in a blue-green alga. However, predominance of either 
photoreduction or oxyhydrogen activity in Anacystis strongly depended on the 
conditions under which the organisms had been induced for hydrogenase 
(Peschek, G.A., unpublished). The companion paper deals with the oxyhydro- 
gen reaction of Anacystis, and the data presented may altogether point to the 
possible occurrence in Anacystis of two different hydrogenases, an O2-sensitive 
'photosynthetic' hydrogenase responsible for photoreduction, and an 02- 
insensitive 'respiratory' hydrogenase responsible for the oxyhydrogen reaction. 
The results obtained so far at least do not necessarily support the view that one 
and the same hydrogenase couples, according to conditions, sometimes with 
the photosynthetic, sometimes with the respiratoryelectron transport. 
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