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Hydrogen-dependent nitrogenase activity was studied in heterocysts, isolated from the filamentous cyano- 
bacterium Anabaena variabilis (ATCC 29413). Hydrogen provides reductant and ATP for nitrogenase via 
linear electron flow through Photosystem I. This allows for regulation of nitrogenase activity by controlling 
the turnover of the photosystem. When nitrogenase activity was varied by changing either the light intensity 
or the supply of reductant (i.e., hydrogen) or by inhibition of photosynthetic electron transport by DBMIB, 
no rate-dependent changes in cellular ATP concentrations were observed. This homeostasis of ATP was 
perturbed by addition of metronidazole, acting as alternative electron sink to nitrogenase, and by uncoupling 
agents like FCCP, gramicidin and nigericin. Valinomycin (in presence of KCI) exerted little effect on 
nitrogenase activity and adenylate pool composition. Metronidazole increased and uncoupling agents 
decreased cellular ATP concentration, A T P / A D P  ratio and energy charge. Inhibition of nitrogenase activity 
by metronidazole was caused by reductant limitation; inhibition by uncoupling agents was due to energy 
limitation. Control exerted on nitrogenase activity by ATP (energy limitation) was more pronounced at high 
rates of electron flow to nitrogenase than during reductant limitation. When cellular ATP synthesis was 
suboptimal due to partial uncoupling, the connection of phosphorylation and nitrogenase activity by electron 
transport allowed for homeostasis of ATP also at a lowered cellular concentration. 

Introduction 

In some filamentous cyanobacteria 3-10% of 
the cells exhibit morphological and biochemical 
differentiation by forming heterocysts upon ex- 

* To whom correspondence should be addressed. 
Abbreviations: ATTC, American Type Culture Collection; Chl, 
chlorophyll; DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-p-ben- 
zoquinone; FCCP, carbonyl cyanide p-trifluorometho- 
xyphenylhydrazone; Metronidazole, 1-(2-hydroxyethyl)-2- 
methyl-5-nitroimidazole; Tes, 2-{[2hydroxy-l,l-bis(hydroxy- 
methyl)ethyl]amino} ethanesulphonic acid. 

haustion of combined nitrogen during cultivation. 
Heterocysts are the major site of aerobic fixation 
of dinitrogen (for a review, see Ref. 1). 

Nitrogen assimilation by the enzyme nitrogenase 
requires ATP and a low potential reductant [2]. 
Studies of the effect of A T P / A D P  ratios or en- 
ergy charge values on the activity of purified com- 
ponents of nitrogenase revealed a nonlinear rela- 
tionship between these parameters [3,4]. These re- 
sults strengthened the hypothesis of a major par- 
ticipation of energy metabolism in nitrogenase reg- 
ulation in vivo [5]. 

However, Haaker et al. [6] rejected this hy- 
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pothesis based on the observation that the in- 
tracellular A T P / A D P  ratio did not change when 
nitrogenase was inhibited by uncouplers. Instead 
nitrogen fixation in Azotobacter [7,8], Rhizobium 
[9] and Rhodopseudomonas [10] was suggested to 
be controlled by the transfer of low potential 
electrons, driven by the membrane potential (re- 
versed electron flow). 

In cyanobacteria similar results were reported 
from the comparison of nitrogenase activity and 
the components of the protonmotive force gener- 
ated at the plasmalemma membrane [11,12]. How- 
ever, cyanobacteria differ from aerobic hetero- 
trophs and Rhodospirillaceae by possessing a pho- 
tosystem which allows for generation of reductant 
(reduced ferredoxin) at a redox-potential effective 
to supply nitrogenase with electrons (compare also 
the chloroplast-nitrogenase system [13]). Further- 
more, cell-free extracts of heterocysts exhibit high 
rates of nitrogenase activity not only in presence 
of dithionite, but also when several physiological 
reductants were used in the presence of an ATP 
generating system [14]. Neither of these activities 
was found to be sensitive to uncouplers [14,15]. 
This contrasts substantially with the findings in 
aerobic heterotrophs [6,16]. 

Isolated heterocysts of Anabaena variabilis ex- 
hibit high rates of light induced, hydrogen-depen- 
dent nitrogenase activity [17,18]. Recent experi- 
ments using freeze-thawed heterocysts [14] or cell- 
free homogenates of heterocysts [15] showed that 
Photosystem I is an essential part of the pathway 
of electrons from hydrogen to acetylene (nitrogen). 
A stoichiometric coupling of photophosphoryla- 
tion and nitrogenase activity by linear electron 
flow through Photosystem I might regulate 
nitrogenase activity by the rate of electron flow 
without changing the cellular ATP concentration. 
Thus, a homeostasis of ATP will be possible (com- 
pare Kacser and Burns [19] for detailed discus- 
sion). To corroborate the homeostasis preserving 
nature of the energy-converting system in hetero- 
cysts, we compared acetylene reducing activity of 
nitrogenase and steady-state levels of ATP in pres- 
ence of various inhibitors of phosphorylation. For 
comparison also A T P / A D P  ratios and energy 
charge values are given in some experiments. How- 
ever, cellular ATP concentrations sufficiently char- 
acterize the metabolic state of heterocysts, as they 
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contain an active adenylate kinase with an ap- 
parent equilibrium constant around 1 [18]. 

Materials and Methods 

A. variabilis (ATCC 29413) was grown and 
harvested as described previously [18]: heterocysts 
were isolated according to Ref. 18 (preparation A, 
comprising lysozyme treatment, osmotic shock and 
cavitation in an ultrasonic cleaning bath) or 
according to Ref. 17 (preparation B, lysozyme 
treatment and sonification). Whereas both pre- 
parations yielded heterocysts largely impermeable 
to hydrophilic substances (compare also Ref. 17), 
preparation A generally was accessible to mem- 
brane soluble substances like gramicidin, 
valinomycin and nigericin. In preparation B, 
nitrogenase activity was only inhibited by FCCP, 
but not by the other ionophores. Due to the osmotic 
shock used in preparation A, nitrogenase activity 
and adenylate content was lower and exhibited 
more variation. Therefore preparation B was used 
in most experiments. 

Assays were performed in 7.8 ml vessels closed 
by rubber stoppers in a gas phase of H2 /C2H 2 
(87/13%; v/v) at 30°C. The reaction mixture 
contained: Tes /NaOH,  10 mM; MgC12, 10 mM; 
phosphate, 5 raM; sorbitol, 300 mM and bovine 
serum albumin (0.5%, w/v). The heterocyst-sus- 
pension (0.5 ml) contained 25 jag chlorophyll. 
Nitrogenase activity was determined by measuring 
ethylene formation [18]; chlorophyll, adenylate 
concentrations and energy charge values were de- 
termined as reported in Ref. 18. The intensity of 
white light was varied by neutral density filters 
(Oriel) and calibrated in the waterbath using a 
quantum sensor (Li-cor). 

Metronidazole was dissolved in the assay mix- 
ture, other inhibitors in methanol. The methanol 
concentration never exceeded 2% of the assay 
voltmae. Inhibitors were added 5-10 min before 
the activity test was started. DBMIB was reduced 
by borohydride prior to use, since the reduced 
form is more resistant to debromation, causing 
inactivation, which is usually observed in intact 
cells [201. 

Chemicals were obtained from following 
sources: FCCP and Gramicidin (Boehringer, 
Mannheim), Valinomycin (Serva, Heidelberg), 
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Metronidazole (May and Baker, Dagenham, Es- 
sex). Nigericin was kindly made available by Eli 
Lilly Laboratories, Indianapolis, IN, U.S.A. 

Results 

In a previous study [18] we showed, that light 
intensity controls nitrogenase activity, while little 
changes were found in the energy charge down to 
10% of maximum nitrogenase activity. A similar 
relationship of nitrogenase activity to cellular ATP 
concentration, A T P / A D P  ratio or energy charge 
was observed when photosynthetic electron trans- 
port was inhibited at the oxidizing site of Pho- 
tosystem I by DBMIB (20-200 ~M, Fig. 1). 

Metronidazole, acting as an electron acceptor at 
the reducing site of Photosystem I [21] strongly 
inhibited nitrogenase activity. However, the 
steady-state concentration of ATP increased, as 
well as A T P / A D P  ratio and energy charge values. 
This was observed in short time experiments (15 
min) using low concentrations of metronidazole 
(Fig. 2). Prolonged incubation and enhanced levels 
of inhibitor (above 1.5 mM) diminished the in- 
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Fig. 1. Effect of DBMIB (20-200 btM) on nitrogenase activity, 
cellular ATP and the A T P / A D P  ratio. Heterocysts were pre- 
pared according to method B. Assays were conducted in the 
light for 25-35 min and stopped by perchloric acid; adenylates 
were determined from the same sample. Activity (100%) of 
nitrogenase (N2ase) was 129 p, mol C 2 H 4 / m g  Chl per h 
( I  I )  and ATP content (100%) was 214 n m o l / m g  Chl 
(= ®), A T P / A D P  ( T / D )  ratio (A A). The energy 
charge values showed little variation (from 0.79 to 0.74). 
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Fig. 2. Effect of metronidazole (0.2-5 mM) on nitrogenase 
(N 2 ase) activity, cellular ATP concentration and the A T P / A D P  
ratio. The experiment was carried out as described in Fig. 1 but 
adenylates were extracted after 15 min. Nitrogenase activity 
(100%) was 135 #mol  C 2 H a / m g  Chl per h (11 II), ATP 
content (100%) was 227 n m o l / m g  Chl (O O), A T P / A D P  
ratio (A A). The energy charge increased from 0.80 to 
0.89. 

crease in ATP concentration, probably due to 
secondary effects of reduced metronidazole [22]. 

Uncoupling agents inhibit ATP synthesis by 
dissipating the energy stored in the chemiosmotic 
gradient [23]. A decline of steady-state levels of 
ATP, of the A T P / A D P  ratio and of energy charge 
values was observed when FCCP was added to 
illuminated heterocysts (Fig. 3). Concomitantly, an 
inhibition of ATP-dependent nitrogenase activity 
was found. The ionophore nigericin showed a simi- 
lar pattern (Fig. 4 left). Valinomycin, by increasing 
membrane permeability to potassium but also to 
ammonia, acts as a potent inhibitor of phosphory- 
lation in mitochondrial and bacterial systems. No 
significant effect on either ATP pool or nitrogenase 
activity was found in a concentration range of 
0.1-10/~M in the presence of KCI (50 mM, Fig. 4 
right). The inefficiency of valinomycin did not 
result from impermeability of the ionophore, as 
addition of ammonium chloride (1 mM) caused 
inhibition of phosphorylation and nitrogenase ac- 
tivity (Fig. 4 right; compare also Ref. 24). 

In Fig. 5 data obtained with several inhibitor 
concentrations are summarized as a plot of 
nitrogenase activity versus ATP pool concentra- 
tion. Results of a series of experiments comprising 
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Fig. 3. Effect of FCCP (10-200 #M) on nitrogenase activity, 
cellular ATP concentration and the ATP/ADP ratio. The 
experiment was  carried out as described in Fig. 1. Nitrogenase 
(N2ase) activity (100%) was 101 #mol C2H4/mg Chl per h 
(11 II), ATP content (100%) was 239 nmol/mg Chl 
(O e), A T P / A D P  ratio (A A). The energy charge 
was  inhibited from 0.81 (control) to 0.21 at highest concentra- 
tion of FCCP. 

decreasing light intensities and decreasing hydro- 
gen concentrations were included. When the rate 
of photosynthetic electron flow was varied either 
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Fig. 4. Effect of nigericin (0.01-10 #M) and valinomycin 
(0.1-10 ~M) on nitrogenase (N2ase) activity and cellular ATP 
concentration. Heterocysts were  prepared  according to method 
A, assay conditions as in Fig. 1. Nitrogenase activity (100%) 
w a s  39 /tmol C2H4/mg Chl per h (O O), adenylate 
content (100%) was 180 nmol/mg Chl (11 II). The effect 
of valinomycin was  tested in the presence of 50 mM KCI. At 
one concentration of valinomycin (1 /~M) ammonium chloride 
w a s  added  to a final concentration of 1 raM; (nitrogenase 
activity (~r), ATP (A)). Controls showed no inhibition of 
nitrogenase activity or ATP level by 1 mM ammonia alone. 
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Fig. 5. Nitrogenase activity as a function of cellular ATP 
concentration in isolated heterocysts. Data obtained from Fig. 
1 (DBMIB, O), Fig. 3 (FCCP, . )  and Fig. 4 (nigericin, *) were  

s u p p l e m e n t e d  by data obtained from variation of light intensity 
(T) (3-300 /~Einstein. m -  l .s-1),  variation of hydrogen con- 
centration (11) (0.1-20%, v/v;  balanced by Ar/C2H2) , and 
gramicidin (*) (0.1-10 /~g/ml). ATP concentrations and 
nitrogenase activity are given as percent of controls without 
inhibitor. Preparation method A was  used  in two experiments 
(gramicidin and nigericin), the other data were obtained with 
preparation B. 

by light intensity, or by DBMIB a largely ATP-in- 
dependent mode of regulation of nitrogenase was 
obtained (curve A). 

The uncoupling agents FCCP, gramicidin and 
nigericin decreased the steady-state concentration 
of ATP followed by a decline of nitrogenase activ- 
ity (curve B). Experimental variation was observed 
when results from different methods of 
heterocyst-preparation were compared (see 
Materials and Methods). However, the characteris- 
tic relationship (curve A and curve B) of 
nitrogenase activity to adenylate concentration was 
consistently observed, irrespective of the hetero- 
cyst preparation method used and irrespective of 
both maximum activity and adenylate content 
(comp. Fig. 3 and Fig. 4). 

In order to characterize intermediate stages of 
regulation of nitrogenase by ATP and reductant 
supply we combined two inhibitory treatments. 
When electron transport was restricted by a con- 
stant amount of inhibitor (DBMIB, 40 /~M, or 
metronidazole, 1 mM, Fig. 6A), no effect on 
steady-state concentration of ATP was seen when 
light intensity was decreased, except for low light 
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Fig. 6. Light dependency of nitrogenase activity and cellular 
ATP concentration in presence of constant amounts of inhibi- 
tors. Light intensity was varied by neutral density filters. Pre- 
paration and assay conditions were described in Fig. 1, 
nitrogenase activity (closed symbols) and ATP concentration 
(open symbols) are shown. (A) Control values (nitrogenase e, 
ATP O) without inhibitors are compared to experiments in 
presence of 40/~M DBMIBH 2 (A, zx) and in presence of 1 mM 
metronidazole (11, [:3). (B) Control values (nitrogenase (N2ase) 
o, ATP O) are compared to experiments in the presence of 20 
(~F, O) and 50/xM (*, ¢~) FCCP. 

intensi t ies  (e.g., 3 btEinstein- m -2 • s 1) when A T P  

concen t ra t ion  app roached  the da rk  value (com- 
pa re  Ref. 18). On  the other  hand,  if n i t rogenase  

act ivi ty  was res t r ic ted by  the presence of D B M I B  
and met ronidazole ,  the amoun t  of l ight necessary 
to sa turate  n i t rogenase  act ivi ty  was reduced  sig- 

n i f icant ly  (Fig. 6, left). 
In a different  set of  exper iments ,  l ight in tensi ty  

was varied in the presence of fixed amount s  of 
uncouple r  (FCCP) .  A d d i t i o n  of F C C P  d imin ished  
the s teady state level of A T P  and concomi tan t ly  
inhib i ted  A T P  dependen t  n i t rogenase  act ivi ty  in 
s t rong light. Lower ing  the light in tensi ty  fur ther  
decreased ni t rogenase  act ivi ty  without  add i t iona l  
effect on the A T P  pool  (Fig. 6, right). In  cont ras t  
to the effect of e lect ron t ranspor t  inhibi tors ,  as 
shown in Fig. 6 (left), an increased f ract ional  
inhib i t ion  of  n i t rogenase  act ivi ty by  the uncouple r  
was observed when light in tensi ty  was lowered. 
S imul taneous  analysis  of A T P  concent ra t ions  re- 
vealed,  that  the m a x i m u m  ATP-level  was reached 
at  8 / tEins te in .  m - 2 .  s -a  in the controls ,  whereas  
in the presence of  F C C P  (20 and 50 ffM) 
ATP-homeos tas i s  appea red  above  20 and  30/zEin-  
s te in ,  m 2. s 1 respect ively (Fig. 6, right). 
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Fig. 7. Nitrogenase activity as a function of cellular ATP 
concentration from double inhibition experiments. Nitrogenase 
activity obtained by decreasing light intensity from 190 to 3 
ff Einstein. m- 2. s - 1 in the presence of a fixed amount of FCCP 
is shown as a function of steady-state ATP concentration 
determined in the same sample. Control values without inhibi- 
tors accumulate in curve A. Addition of FCCP (20/~M in A1 
(A), 40 ~M in A2 (O), 100 /tM in A3 (<~) establish parallel 
curves at lowered ATP levels. Another set of data (11) (curve C) 
was obtained by increasing concentrations of FCCP (10-200 
/~M) similar to the experiment described in Fig. 3, however, the 
gas phase consisted of H2/C2H2/Ar (4.4/13/82.6%, v/v) 
thereby limiting nitrogenase activity to 50% of the control. 

In an ATP-versus-ac t iv i ty  plot  a series of near ly  
paral le l  curves was ob ta ined  by  using fixed 
amoun t s  of F C C P  (20, 50 and  100 ~M) while 
decreas ing light in tensi ty  (Fig. 7) indica t ing  that  
A T P  was not  l imi t ing n i t rogenase  activity,  when 
elect ron t ranspor t  was subopt imal .  A direct  p roof  
of this hypothes is  was ob ta ined  by  add i t ion  of 
increas ing amounts  of F C C P  (10-200  ffM) to a 
reduc tan t  l imited assay. In  this exper iment ,  re- 
duc tan t  l imi ta t ion  was caused by a subop t imal  
concen t ra t ion  of hydrogen  (4.4% v / v  hydrogen,  
ba lanced  by  a r g o n / a c e t y l e n e )  in the assays. Whi le  
decreas ing the s teady-s ta te  level of ATP,  F C C P  
had  litt le effect on n i t rogenase  activity,  unti l  en- 
ergy l imi ta t ion  prevai led  reductan t  l imi ta t ion (Fig.  

7, curve C). 

D i s c u s s i o n  

A T P  requi rement  and  the need for a low-poten-  
tial reduc tan t  renders  ni t rogen f ixat ion an expen- 
sive b iosynthe t ic  process.  Numerous  da ta  ob ta ined  
with the isola ted n i t rogenase  complex  suggest a 



minimum requirement of 2 Mg. ATP hydrolysed 
per electron transferred to substrate during 
turnover [25], thus exceeding ATP demand of CO 2 
fixation. 

Studies on the electron transport in freeze- 
thawed [14] and cell-free [15] extracts from hetero- 
cysts revealed that electrons from hydrogen are 
transferred via Photosystem I and ferredoxin to- 
wards nitrogenase. Thus in cyanobacteria, the gen- 
eration of the terminal reductant (ferredoxin) is 
coupled to photophosphorylation. When the ratio 
of ATP synthesized per electron transported 
through Photosystem I and the ratio of ATP con- 
sumed per electron transferred to a substrate of 
nitrogenase are constant, then nitrogenase activity 
is coupled to electron flow without variation of the 
cellular ATP-concentration [19]. A homeostasis of 
ATP was indeed observed at high values of energy 
charge (0.7-0.8) when nitrogenase activity in iso- 
lated heterocysts was varied by light intensity, 
hydrogen concentration or by addition of DBMIB 
(Figs. 1 and 5) or by a combination of these 
treatments (Fig. 6A). Though the rate of electron 
transport and therefore of the protonmotive force 
sensed by the ATPase is changed by any of these 
treatments, the ratio of ATP synthesized per elec- 
trons delivered to nitrogenase appeared not to be 
affected. At flow rates of electrons smaller than 
10% of maximum activity, however, steady states 
of ATP were established at concentrations lower 
than the homeostatic level (Fig. 6A). This indicates 
that either photophosphorylation or nitrogenase or 
both changed their A T P / e  ratios at low activities. 

We applied several inhibitors (metronidazole, 
uncouplers) to impair photophosphorylation and 
nitrogenase activity. Metronidazole inhibits 
nitrogenase activity by oxidizing ferredoxin [21]. 
This changed the relative activities of the 
ATP-producing and the ATP-consuming system. 
Fig. 2 demonstrates that ATP-concentration, en- 
ergy charge, and the A T P / A D P  ratio raised upon 
treatment with metronidazole. Despite the highly 
favorable effect of an increased A T P / A D P  ratio 
on nitrogenase [4,5], its activity was severely in- 
hibited, underlining the limitation of nitrogenase 
by electron supply. 

Uncouplers dissipate the proton gradient neces- 
sary for ATP synthesis, but stimulate the flow of 
electrons, when an electron acceptor is available. 
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Since acetylene, the final electron acceptor, is not 
rate-limiting in our assay system, its reduction is 
controlled by the catalytic activity of nitrogenase, 
which in turn is limited by the cellular concentra- 
tion of ATP. In the presence of an uncoupler, 
enhanced electron flow to nitrogenase lowered the 
steady-state concentration of ATP by nitrogenase 
consuming ATP. Thus linear electron transport 
from hydrogen to acetylene via nitrogenase was 
inhibited by uncouplers through a lower A T P /  
ADP ratio (Figs. 3 and 4, and curve B in Fig. 5). 

When uncouplers were added, a decreased range 
of ATP-homeostasis and enhanced inhibition of 
nitrogenase was observed at low light intensities 
(Fig. 6B). In line with the discussion above, a 
diminished efficiency of photophosphorylation at 
low rates of electron flow in presence of uncou- 
plers [26] caused energy limitation of nitrogenase 
resulting in a lag-phase of its activity. 

Electron-flow limitation (Fig. 5, curve A) and 
energy limitation (Fig. 5, curve B) represent two 
limiting cases of regulation of nitrogenase. We 
used double inhibition experiments to demonstrate 
intermediate stages of regulation. The results of 
Figs. 5, 6 and 7 can be summarized as follows. (1) 
Heterocysts are able to establish steady states of 
cellular ATP concentrations at any level of energy 
charge between 0.35 and 0.9 (compare also Ref. 
18); (2) in addition they are able to establish a 
homeostasis of ATP not only at high, but at any 
cellular ATP concentration (Fig. 6B); (3) maxi- 
mum activity of nitrogenase is limited by the 
phosphorylation capacity of the photosystem, 
which artificially can be decreased by uncouplers 
(Fig. 3 and curve B in Fig. 5); (4) submaximal 
activity is caused by reductant limitation, when a 
light activated reductant (hydrogen) is used (Fig. 
7, curves A, A1, A2 and A3). In this study we 
found no evidence of membrane potential in- 
fluencing nitrogenase activity directly, since addi- 
tion of valinomycin was without effect (Fig. 4). 
Rather the observed effects are explained by the 
stoichiometric connection of phosphorylation and 
nitrogenase activity via the photosynthetic electron 
flow. 

All experiments were carried out with intact 
heterocysts, however, using hydrogen, an electron 
donor of limited importance in nature. The yet 
unknown reductant of nitrogenase, ultimately de- 
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rived from photolysis of water, must be trans- 
ported into heterocysts, since these cells lack Pho- 
tosystem II and ribulose-bisphosphate carboxylase 
[27]. If this reductant is metabolized and feeds into 
Photosystem I like hydrogen and reduced pyridine 
nucleotides [14,15,28], nitrogenase activity in the 
light will be regulated by electron flow coupled to 
phosphorylation. A homeostasis of ATP will be 
established. On the other hand, if the reductant 
supplies nitrogenase in a light-independent 
pathway, e.g., via reduced ferredoxin generated by 
glycolysis [28,29], homeostasis of ATP, generated 
by cyclic phosphorylation, might be impaired, thus 
allowing additional control of nitrogenase by the 
ATP/ADP ratio. 
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