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Efficiencies of oxidative phosphorylation ( P / O  ratios), intracellular high-energy phosphate pools (ATP and 
ADP) under aerobic and anaerobic dark conditions, and photosynthetic oxygen evolution measured with 
intact cells of Anacystis nidulans were found to be specifically depressed by NaCI, but not by KCI. A scheme 
is proposed which explains the deleterious effect of sodium on the energy metabolism of A. nidulans by 
competition for protons between ATP synthesis and active sodium extrusion. 

Cyanobacteria are a major group of photo- 
trophic prokaryotes uniquely capable of plant-type, 
oxygenic photosynthesis [1-3]. Along with photo- 
synthetic oxygen production, cyanobacteria pre- 
sumably were the first organisms to develop some 
type of aerobic respiration as well [3]. Unfor- 
tunately, very little is known about respiratory 
electron transport and oxidative phosphorylation 
in cyanobacteria [ 1,2]. Yet it would be particularly 
desirable for reasons of both evolutionary consid- 
erations and comparative biochemistry to have a 
better understanding of the mechanisms of aerobic 
energy conversion in the very organisms whose 
direct ancestors are believed to mark the turning 
point from a basically anaerobic to an aerobic 
biosphere. Nowadays, the growth of more than 
50% of the cyanobacterial species investigated 
strictly depends on supply of light as the sole 
energy source, i.e., they are obligate phototrophs, 
unable to grow on organic substances in the dark 
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[4]. Among a couple of hypotheses attempting to 
explain the reasons for obligate photo(auto)trophy 
[4-7] the possibility of inherently insufficient ATP 
generation by oxidative phosphorylation has re- 
ceived least attention. 

Here we want to show that apparent efficiencies 
of oxidative phosphorylation, i.e., P /O ratios [8,9], 
in whole cells of the obligately phototrophic 
cyanobacterium Anacystis nidulans (SAUG 
1402/1) are severely curtailed by elevated sodium 
levels present in the environment. Implications of 
the energy costs of active sodium extrusion for the 
phenomenon of obligate phototrophy will be dis- 
cussed. 

Fig. 1 shows formation rates of ~ P and oxygen 
consumption during a transition from anaerobiosis 
to aerobiosis with intact A. nidulans cells contain- 
ing different amounts of intracellular sodium. The 
formation rates of ~ P and oxygen consumption 
rates varied by a factor of 2-3 with different 
batches of cells. However, the calculated P /O 
values were always as shown in Fig. 2, depending 
only on the intracellular Na + concentration. Fur- 
thermore, using the same batch of cells (Fig. lb 
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Fig. I. Formation of ~ P and oxygen uptake in whole cells of 
Anacystic nidulans on transition from anaerobiosis to aerobio- 
sis. v o and v~ p are the rates expressed as nmol O or ~ P/min 
per nag dry weight. (a) Na+-depleted cells grown photoauto- 
trophieally in modified Medium D [28] as previously described 
[20,29] but with all Na + salts replaced by corresponding K + 
salts except for Na2EDTA and Na2MoO 4 (total Na + con- 
centration 0.3 raM). Assay medium: 30 mM Hepes-KOH buffer, 
pH 7.5. Intracellular sodium concentration [Na + ]i < l mM. (b) 
Cells grown in modified Medium D [29] (containing about 30 
mM Na + ). Assay medium: 30 mM Hepes-KOH buffer, pH 
7.5. [Na + ]i = 10-15 mM. (c) Cells grown in modified Medium 
D as for b. Assay medium: 30 mM Hepes-NaOH buffer, pH 
7.5. [Na+]i =25-30 mM. Intraceilular sodium was measured 
by flame photometry [10,12], assuming cell water to account for 
70% of packed cell volume [30]. All experiments were per- 
formed at 35°C in strict darkness, suspensions containing 
10-! 5 mg dry weight of cell/ml. Anaerobiosis was achieved by 
sparging cell suspensions with oxygen-free nitrogen and main- 
rained for 20 rain before adding oxygen-saturated assay medium 
(time zero). Oxygen concentration was measured polarographi- 
tally [24,25]. For determination of ~ P (=  2[ATP] + [ADP] [31]) 
cells were extracted with trichloroacetic acid/EDTA [32]. ATP 
and ADP were assayed by the luciferin-luciferase method [33]. 
ATP synthesis was completely abolished by 50 #m of the 
uncoupler carbonyl cyanide m-chlorophenylhydrazone (not 
shown), thus excluding major contribution from substrate-level 
phosphorylation. 

and c) the formation rates of ~ P were essentially 
independent of the presence of Na  + , while Na  + 
enhanced oxygen uptake drastically, suggesting a 
role for oxygen in active Na  + extrusion. It  is 
clearly seen (Fig. 2) that the highest efficiencies 
( P / O  = 2.9) were displayed only by cells depleted 
of Na  + and assayed in K + buffer. The low P / O  
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Fig. 2. Formation of u p  as function of oxygen formation. 
Curves a, b and c were calculated from Fig. la, b and c, 
respectively [9,26,34]. The slopes indicate the P /O  ratios: (a) 
2.9, (b) 2.0, (c) 0.6. AO: Amount of oxygen taken up by the 
cella after different periods of time following aeration. As the 
02 electrode had response time of 5-10 s, oxygen consumption 
during the first seconds was calculated from v o by assuming 
respiratory 02 uptake to be constant during the whole experi- 
ment (see Fig. la-c). AP: Increase of ~ P  from anaerobic level 
within the same time as corresponding AO. 

ratios of Na+-r ich  cells were thus caused by the 
striking postanaerobic enhancement of oxygen up- 
take rather than reduced rates of synthesis of 
energy-rich adenylates. 

The specific effect of Na  + on energy metabo- 
lism is also demonstrated by the results shown in 
Figs. 3 and 4. Addition of NaC1, but not KCI, 
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Fig. 3. Intracellular levels of ATP and ~ P ( = 2[ATP] + [ADP]) 
in the dark as influenced by addition of 50 mM NaCI (open 
symbols) or KCI (filled symbols) at zero time to aerobic or 
anaerobic cells grown as described in Fig. la and suspended in 
30 mM Hepes-Tris buffer, pH 7.5. 
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lowered the levels of --~ P and ATP in both aerobic 
and anaerobic cells in the dark (Fig. 3). The effect 
is somewhat higher aerobically, presumably be- 
cause more energy is available when respiration is 
possible. Indeed, more Na + is transported out of 
the cells aerobically than anaerobically as shown 
by the cells containing higher Na + concentrations 
in the latter case [10]. Also, illuminated cells under 
energy-limited conditions obviously suffered from 
the energetic burden imposed on them by Na + as 
seen from the lowering of oxygen evolution (Fig. 4). 

Stimulation of respiratory oxygen uptake fol- 
lowing addition of NaC1 but not KC1 [11] had 
previously been explained by energy-dependent 
extrusion of sodium through an N a + / H  + - 
antiporting system in the cytoplasmic membrane 
of A. nidulans ultimately powered by ATP ('salt 
respiration', cf. Ref. 12). Another explanation is 
suggested, however, by our own observations. In 
cells passing from anaerobiosis to aerobiosis in the 
dark (Fig. lb and c) oxygen uptake is enhanced by 
Na + while formation of ~ P remains unaffected. 
Moreover, Na + causes a depression of 02 evolu- 
tion in the light. While it may be assumed that 
photosynthetic oxygen evolution is the same under 
all conditions in Fig.4, aerobically part of the 
evolved 02 and anaerobically all of the 02 is used 
in respiration. According to our hypothesis, there- 
fore, a cytoplasmic membrane-bound proton- 
translocating terminal oxidase participates directly 
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Fig. 5. Proposed scheme of membrane functions in A. nidulans. 
PS, photosynthetic electron transport; aa 3, proton-pumping 
cytochrome oxidase; e -  1, electron donation to cytoehrome 
oxidase through hitherto unknown intermediates; . . . . .  , passive 
influx of sodium. The separated representation of respiratory 
and photosynthetic electron transport on the thylakoid mem- 
brane was chosen for clarity and does not necessarily imply 
that they share no common components. 
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Fig. 4. Photosynthetic oxygen evolution (CO 2 as substrate) by 
cells suspended in aerobic (0.12 mM 02) or anaerobic K +- or 
Na +-Hepes buffer (30 mM, pH 7.5). CO 2 fixation as measured 
radiochemically with NaHI4CO3 [29] was found to parallel 
exactly 02 evolution under the respective conditions (not 
shown)• Arrows indicate onset of illumination with 5 W. m-2 
white light as measured with a YSI radiometer model 65. The 
inhibiting effect of sodium was not seen if saturating light of 
100 W.m -2 was used (not shown). 

in the buildup of a proton gradient across the 
cytoplasmic membrane, the gradient being used 
primarily for active sodium extrusion (Fig. 5). With 
A. nidulans, cytochrome c oxidase (cytochrome 
aa 3) characterized in this and other cyanobacterial 
species [13-17] could recently be shown to be 
located not only in the thylakoid but also in the 
cytoplasmic membrane [18-21], and to be capable 
of proton translocation [22] similar to mammalian 
cytochrome oxidase [23]. 

Thus, under conditions when much energy must 
be expended for Na ÷ extrusion (e.g., in the com- 
mon media used for laboratory growth of the 
organisms), and under the premise of constitu- 
tively low rates of respiratory electron transport 
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(and,  hence, of  ox ida t ive  phosphory l a t i on )  as com-  
p a r e d  to pho tosyn the t i c  e lect ron t r anspor t  (photo-  
phosphory la t ion) ,  the s i tua t ion  discussed above  
migh t  necessar i ly  result  in ' ob l iga te '  pho to t rophy .  
Be i t  no ted  that  j u s t  the cond i t ion  of  inheren t ly  
low resp i ra t ion  ra tes  is well  p roven  for  cyanobac -  
ter ia  [7,24,25]. P re l iminary  exper iments  of  the type  
descr ibed  here  for  A. nidulans also were conduc ted  
wi th  Anabaena variabilis A T C C  29413 and Nostoc 
sp. s t ra in  M A C  [26]. The  resul ts  were qual i ta t ive ly  
s imi lar  to those shown for .4. nidulans though,  
in teres t ingly,  the dele ter ious  effect of  sod ium was 
far  less p r o n o u n c e d  in these facul ta t ively  chem- 
ohe te ro t roph ic  species. This might  best  be  ex- 
p l a ined  by  in t r ins ica l ly  d i f ferent  pe rmeabi l i t i e s  for 
N a  + of  the cy top lasmic  m e m b r a n e  in the di f ferent  
species. However ,  in this contex t  it  is t empt ing  to 
m e n t i on  tha t  typica l ly  ha lophi l ic  (or  at  least  halo-  
to l e ran t )  c y a n o b a c t e r i a  such as Oscillatoria 
limnetica and Aphanocapsa halophytica are obl igate  
p h o t o t r o p h s  [27]. 

This  work  was suppo r t ed  b y  f inancia l  a id  f rom 
the F o n d s  zur F 6 r d e r u n g  der  wissenschaf t l ichen 
Fo r schung  in 0s te r re ich .  One  of  us (G.A.P. )  thanks  
the K u l t u r a m t  der  S tad t  Wien  for  a grant .  The  
in teres t  of  Professor  E. Broda  and  the skilful  tech- 
n ical  ass is tance of  Mr.  O. K u n t n e r  are  gra teful ly  
acknowledged .  
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