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The filamentous cyanobacterium Plectonema boryanum catalyzes efficient dark oxidative phosphorylation of 
exogenous ADP during NADPH consumption after a lysozyme treatment of only 30 min and subsequent 
dilution in hypoosmotic medium. It is shown that the thylakoid membranes and membrane areas bearing the 
terminal oxidase (presumably the cell membrane with cytochrome c:O 2 oxidoreductase) and easily soluble 
cytoplasmic proteins are involved in KCN-sensitive dark oxidative phosphorylation. The dinitrophenyl ether 
of 2-iodo-4-nitrothymol, 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone and KCN are inhibitors of dark 
respiratory ATP synthesis. Dependent on the physiological condition, other more or less KCN-insensitive 
respiratory pathways towards 02 may be present. A tentative scheme of the respiratory pathways is proposed. 

Introduction 

Intact cyanobacteria (blue-green algae) are sur- 
rounded by a lysozyme-sensitive cell wall and a 
cell membrane. The relatively simple intracellular 
thylakoid membranes are either not continuous or 
only loosely connected with the cell membrane 
[1,2]. The main energy-generating pathway in 
cyanobacteria is chloroplast-like photophosphory- 
lation [3,4]. In addition, dark oxidative phosphory- 
lation has been demonstrated in both photoauto- 
trophic and facultative (photo) heterotrophic 
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Abbreviations: DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-p- 
benzoquinone; DNP-INT, dinitrophenylether of 2-iodo-4- 
nitrothymol; PQ, plastoquinone; Qbc, the redox complex con- 
taining plastoquinone, cytochromes b-563 and c-557 and the 
Rieske non-haem iron and sulfur protein; Tricine, N-[2-by- 
droxy-l,l-bis(hydroxymethyl)ethyl]glycine. 

strains [5-13]. Photophosphorylation has been 
studied in cell-free preparations of several cyano- 
bacteria and its efficiency (ATP/2e ratio) is not 
very much impaired in these systems compared to 
intact cells [14-19]. However, from the few data 
on dark oxidative phosphorylation in cell-free pre- 
parations [6,11,19] it can be calculated that the 
ATP/2e ratio is rather low [0.1-0.4] in compari- 
son with the estimated values of about 3 in intact 
cells [8,13]. 

These differences were further substantiated by 
comparing the ATP/2e ratios of photophosphory- 
lation and dark oxidative phosphorylation (0.8-1.2 
and less than 0.1, respectively) in membrane 
vesicles of P. boryanurn [19]. This selective loss of 
dark phosphorylation efficiency in cell-free pre- 
parations may indicate that membranes other than 
the thylakoid membranes (presumably the cell 
membranes) being more sensitive to cell fragmen- 
tation, participate in dark energy conservation. 
Peschek and coworkers have recently demon- 
strated high rates of dark oxidative ATP synthesis 
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in French-press-isolated cell-free membranes of 
several cyanobacteria [7]. 

In the procedure for making cell-free prepara- 
tions, cell disruption will lead to vesicles consisting 
of partially separated or associated thylakoid and 
cell membrane fragments. Osmotically shocked 
spheroplasts may produce spatially separated 
thylakoid and cell membrane vesicles [20], whereas 
repeated French-press treatment, and even more 
sonication will most likely lead to recomposition 
of scrambled membrane vesicles. Thus, in order to 
arrive at conclusions concerning a cooperativity of 
both membrane types in dark energy conservation, 
the method of cell-free membrane preparation is 
of crucial importance. So far, this aspect did not 
receive much attention in these studies. 

In this paper we describe the preparation of 
osmotically stable but partially permeable cells by 
a short treatment (30 min) with lysozyme. These 
cells have retained their structural integrity upon 
dilution in hypo-osmotic medium, but are ap- 
parently rendered permeable to NADPH and ADP 
and show an appreciable and stable rate of dark 
oxidative phosphorylation. Our results point to the 
participation of both thylakoid and cell mem- 
branes in this process. 

Materials and Methods 

Culture. Plectonema boryanum 594 Gomont, 
according to Rippka et al., properly called LPP 
73110 [21], was kindly provided by Dr. E. Padan 
and was grown in axenic batch culture as described 
previously [19]. 

Preparation of spheroplasts and leaky cells. In- 
tact cell filaments were collected by centrifugation 
of 400 ml of cell culture in the late logarithmic 
phase of growth at 5000 × g for 1 min and washed 
twice in buffer A (containing 10 mM Tricine- 
NaOH, 5 mM sodium phosphate-potassium phos- 
phate, 10 mM MgCI 2 and 500 mM mannitol (final 
pH 7.8) [14]). The cell filaments were resuspended 
in about 10 ml buffer A (10-20 mg protein per ml 
corresponding to 0.5-1.0 mg Chl a per ml) and 1 
mg.  ml-1 of lysozyme was added. The cells were 
incubated at 32°C for a standard 90 min or the 
indicated times (see Results) and stored on ice 
until use (within 1 h) [19]. Cells treated with 
lysozyme for only 30 min will be called leaky cells. 
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Preparation of membrane vesicles. Washed cell 
filaments in buffer A (see above) were sonicated 
for 5 times 1 min (1 min intervals) at 4°C with a 
MSE Soniprep 150, suited with a microtip at an 
amplitude of 28 #m. Intact cells were centrifuged 
at 2000 × g  for 10 min and the particles were 
collected by centrifugation of the supernatant for 
10 min at 25000 × g and finally resuspended in 
buffer A at a protein concentration of 15 mg. ml-  1, 
corresponding to about 0.8 mg Chl a per m1-1. 
The preparation was stored on ice until use (within 
1 h). 

Preparation of concentrated soluble proteins was 
done as described in the preceding paper [28]. 

Dark oxidative A TP synthesis. Spheroplasts or 
leaky cells were prepared as described above using 
variable lysozyme treatment times as indicated in 
the Results section. Samples of 1 ml of the 
spheroplast solution were diluted in 9 ml of buffer 
A and centrifuged at 2000 × g for 2 min. The 
pellet was resuspended in 10 ml buffer B (buffer A 
minus mannitol [4]) in small Erlenmeyer flasks 
placed on rotaryshaker in the 'dark' (a Kodak 
green safe light as used in the photographers dark 
room, and tested not to activate the cyanobacterial 
photosystems, was used as working light source). 
ATP synthesis then started by addition of ADP (1 
mM) and NADPH (0.5 mM); inhibitors or con- 
centrated soluble proteins were added as indi- 
cated. The experimental solutions remained air- 
saturated throughout. At 0 and 20 rain or at 
certain times (as indicated in Results), samples of 
2 ml were mixed with 2 ml of ice-cold 5 M HCIO 4. 
After 10 rain these samples were mixed with 2.2 ml 
of a solution containing 1 M Tris and 5 M KOH 
and centrifuged for 2 min at 2000 x g. Samples of 
the clear supernatant were kept at 4°C and either 
directly used for the ATP determination or frozen 
at - 18°C for later determinations [22]. The assays 
were usually done in triplicate. 

Determinations of A TP. ATP was determined 
via the luciferine/luciferase assay, essentially as 
described by Webster et al. [23]. We have used a 
measuring medium containing 100 mM Tris- 
acetate/3 mM magnesium-acetate/2 mM EDTA 
(pH 7.75). An internal ATP standard was used to 
correct for disturbing impurities in each de- 
termination. Measurements were made on a 
luminometer obtained from the Arrhenius Labora- 
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Dark oxidatioe phosphorylation 
In the present work we have studied dark phos- 

phorylation of added ADP by 'spheroplast' pre- 
parations of P. boryanum in the presence of 
NADPH as electron donor and 02 as terminal 
electron acceptor. A treatment with lysozyme for 
30 rain and subsequent dilution in hypoosmotic 
medium gave rise to optimal rates of dark oxida- 
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tory, University of Stockholm. 
NADPH oxidation. Spheroplasts or membrane 

vesicles were diluted in buffer B plus 0.1 mM 
NADPH (about 0.1 mg Chl a per ml). Further 
additions were as indicated in the Results section. 
NADPH oxidation was measured with an Aminco 
DW-2a dual-wavelength spectrophotometer at 340 
nm against 400 nm as reference or alternatively 
through polarographic assay of 02 uptake [19]. 

Determination of chlorophyll a and protein. Pro- 
tein was determined according to Lowry et al. [24]. 
Chlorophyll a was determined according to Mac- 
Kinney [25], using extensively lysed cells [19]. 

Chemicals. DBMIB and DNP-INT were gener- 
ously provided by Dr. A. Trebst. Luciferine, 
luciferase and lysozyme were obtained from 
Boehringer. All chemicals used were of analytical 
grade. 

Fig. 1. Dark respiratory ATP synthesis in cells of P. boryanum 
after treatment with lysozyme for different times. The ATP 
synthesis assay conditions have been described in Materials 
and Methods. The symbols indicating the lysozyme treatment 
times were: II, 0 min; ~,, 30 min; O, 60 min and ~r, 90 min. 

tive phosphorylation, linear for at least 1 h (Fig. 
1). In a few experiments with these leaky cell 
preparations we have determined ATP/2e ratios 
in NADPH respiration from 0.5 up to 2.3. In the 
absence of NADPH the rate of ATP synthesis 
decreased to less than 20% of the control (not 
shown). The rates of NADH oxidation and accom- 
panying ATP synthesis were generally only 40% of 
the comparable rates with NADPH. As observed 
by light microscopy, the briefly (30 min) 
lysozyme-treated cells retain their intact cell shape 
after dilution in hypoosmotic medium, but ap- 
parently, they have become permeable to NADPH 
and ADP. These preparations will further be indi- 
cated as leaky cells. Prolonged treatment with 
lysozyme (60-90 min) and dilution in hypo- 
osmotic medium resulted in spheroplast lysis and a 
strong decrease in the rate of dark oxidative phos- 
phorylation. In contrast, however, these prepara- 
tions are still very active in photophosphorylation 
as shown before [19]. Interestingly, Fig. 2 shows 
that the decrease in the dark ATP synthesis after 
prolonged lysozyme treatment and subsequent 
spheroplast lysis could be restored by addition of a 
concentrate of soluble proteins, indicating that 
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Fig. 2. Effect of concentrated soluble proteins on the rate of 
dark respiratory ATP synthesis in cells of P. boryanum at 
increasing times of lysozyme treatment. O, no addition; *,  + 10 
/H .ml - ]  concentrated soluble proteins (CSP). Further details 
in Materials and Methods. 
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TABLE I 

THE EFFECTS OF CONCENTRATED SOLUBLE PROTEINS (CSP) AND KCN ON NADPH OXIDATION IN DIFFERENT 
MEMBRANE PREPARATIONS 

The concentration of concentrated soluble proteins was 10 #g protein per ml and 10 #M of KCN. Two methods of measurements 
have been used, oxygen electrode measurements (O) and spectrophotometric measurements (S). Further details in Materials and 
Methods. Single determinations never deviated more than 20% from the mean (n >/3), deviations are expressed as S.D. values. 

Assay condition Control rate Inhibited rate Inhibition Method of 

preparation inhibitors (nmol NADPH/mg (nmol NADPH/mg (%) measurement 
added Chl a per rain) Chl a per rain) 

Intact cells KCN 198 + 17 23 _+ 3 88 + 12 O 
Spheroplasts KCN 113 + 10 54(22-79) a 52(30-80) a S, O 
Washed spheroplasts KCN 64 + 6 59 + 6 8 + 6 S, O 
Washed spheroplasts KCN, CSP 70 + 6 26(14-30) a 63(60-80) a S 
Membrane vesicles KCN 40+ 5 8+ 1 80+ 4 S, O 
Membrane vesicles KCN, CSP 43 + 5 8 _+ 1 83 + 4 S 

a Lowest and highest of five separate measurements. 

apparently a soluble protein factor, required for 
dark energy conservation, but not for photo- 
phosphorylation, is released and diluted during 
lysozyme treatment and spheroplast lysis. 

Effects of soluble proteins and KCN on dark 
NADPH oxidation 

D a r k  r e s p i r a t o r y  e l e c t r o n  t r a n s f e r  in  d i f f e r e n t  

p r e p a r a t i o n s  o f  P. boryanum was  t e s t ed  fo r  i ts  

s ens i t iv i ty  to  i n h i b i t i o n  b y  K C N  (Tab l e  I). T h e  

p r e p a r a t i o n s  p r o b a b l y  d i f f e r  in  the  deg ree  o f  

s c r a m b l i n g  o f  t he  t h y l a k o i d  a n d  cell m e m b r a n e s  

[28]. 0 2 u p t a k e  by  i n t ac t  cells  was  h igh ly  sens i t ive  

to KCN. NADPH-induced 0 2 uptake in sphero- 
plasts was inhibited by KCN at variable degree, 
washing of these spheroplasts in hypotonic medium 
resulted in a strong decrease of inhibition. Interest- 
ingly, this decrease could largely be overcome by 
addition of concentrated soluble proteins. How- 
ever, not quite as expected, concentrated soluble 
proteins do not stimulate NADPH oxidation very 
much. Membrane vesicles prepared by sonication 
presumably consisting of scrambled fragments of 
both thylakoid and cell membranes were highly 
sensitive to KCN, regardless the absence or pres- 
ence of concentrated soluble proteins. 

TABLE II 

RATES OF ATP SYNTHESIS IN LEAKY CELL PREPARATIONS 

Inhibitors were added as indicated. Determinations with one preparation deviated no more than 20% of the corresponding average 
(n >~ 3), deviations are expressed as S.D. values. Further details in Materials and Methods. 

Preparation Inhibitors added Control rate Inhibited rate Inhibition 
number (nmol ATP/mg (nmol ATP/mg (%) 

Chl a per min) Chl a per min) 

1 DNP-INT (I #M) ~ 30:t: 4 19+ 3 35± 4 
2 DBM1B(I#M) 475:5  9+ 2 81+ 4 
3 DBMIB (10 #M) 203:£17 65+ 7 68+ 6 

DBMIB (10 #M)+ KCN (10 #M) 203 ± 17 65 + 7 68 + 6 
DBMIB (10 #M)+ KCN (10 mM) 203 ± 17 49 :t= 5 76 ± 6 

4 KCN (10 #M) 230 + 27 120 + 12 48 + 21 
KCN (10 raM) 230±27 90+ 8 61 :t= 19 

a DNP-INT was added prior to NADPH. 



42 

~ T  NADH NAD+ " 
p NADP* ~ rotenone m~_ ~, & 
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Fig. 3. Scheme of electron transfer pathways in t). boryanum. 0 0 indicates light-mediated, and • • dark respiratory 
electron transfer. CW, cell wall; CM, cell membrane; M, matrix; T, thylakoid membrane; ITS, inner thylakoid space. 

Effects of electron transfer inhibitors on dark oxida- 
tive phosphorylation 

Dark ATP synthesis has also been studied in 
the presence of electron transfer inhibitors acting 
at the Qbc redox complex (DNP-INT and DMBIB) 
and at the terminal oxidase (KCN). These inhibi- 
tors alone, or in combination, all lower the rate of 
dark ATP synthesis (Table II). The control rates 
usually vary to a large extent between preparations 
of different cultures. 

Discussion 

In the present work we have described a method 
to obtain preparations of P. boryanum that ac- 
tively phosphorylate exogenously-added ADP in 
the dark during NADPH oxidation. A lysozyme 
treatment of only 30 rain resulted in a preparation 
that remained osmotically stable but apparently 
became leaky to added ADP and NADPH, and 
showed appreciable rates of dark ATP synthesis. 
The A T P / 2 e  ratois in NADPH respiration of up 
to 2.3 demonstrate efficiencies that are compatible 
with the value of 3.0 detected in intact cells of 
Aphanocapsa 6714 by Pelroy and Bassham [8] and 
the value of 2.8 that was detected recently by 
Nitschman and Peschek [13] in intact cells of 

Anacystis nidulans. 
Oxidative phosphorylation in cell free prepara- 

tion of cyanobacteria has been studied by Leach 
and Carr [6]. They observed a phosphorylation 
associated with N A D P H  oxidation with an 
A T P / 2 e  ratio of about 0.4 in sonicated prepara- 
tions of Anabaena variabilis. Peschek [11] reported 
a slow dark ATP synthesis activity in sonicated 
preparations of Anacystis nidulans. We reported 
before [19] that treatment of P. boryanum with 
lysozyme for 2 h and subsequent osmotic shock 
gave membrane vesicles that showed appreciable 
photophosphorylation and dark NADPH oxida- 
tion but only poor oxidative phosphorylation ac- 
tivity. From the latter study it is concluded that 
neither inhibition of electron transfer nor uncou- 
pling may explain the loss of oxidative phosphory- 
lation activity. In the experiment of Fig. 2 we have 
shown that the decrease in the rate of dark oxida- 
tive ATP synthesis after prolonged treatment with 
lysozyme (60-90 min) could be reversed by addi- 
tion of a concentrate of soluble proteins. More- 
over, the addition of concentrated soluble proteins 
also restores the KCN inhibition of N A D P H  
oxidation in washed spheroplasts. From these re- 
suits it is concluded that a readily soluble protein 
factor required for dark respiratory ATP synthesis 
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also restores the sensitivity of respiration to KCN. 
Although we did not yet further identify this pro- 
tein, reports on the influence of c-type cytochro- 
rues in reconstitution of respiration activity of 
depleted membranes [26] suggests that this protein 
may be a c-type cytochrome, c-Type cytochromes 
have been shown to donate electrons to a cyto- 
chrome aa3-type of terminal oxidase in several 
cyanobacteria [27]. 

In the preceding paper [28] on the participation 
of the photosynthetic electron transfer chain in the 
dark respiration of NADPH and NADH in cell 
free preparations of P. boryanum, we concluded 
that O 2 reduction may take place at two different 
sites, one partly induced in vitro situated near to 
the NADPH dehydrogenase and another KCN- 
sensitive one, presumably cytochrome c : 0 2  
oxidoreductase, situated beyond the Qbc redox 
complex. The conclusions on dark NADPH oxida- 
tion pathways are further substantiated in the 
present work as it was shown in Table II that 
DNP-INT, DMBIB and KCN also inhibit dark 
ATP synthesis. The variation in the degree of 
inhibition (cf. lines 2 and 3) may be explained by 
the preparation-dependent variation of the use of 
either of these 02 reducing pathways. 

A tentative scheme of electron transfer path- 
ways is depicted in Fig. 3. This scheme of electron 
transfer pathways combines the conclusions of the 
reports that suggest the participation of membrane 
areas or molecular environments outside of the 
thylakoid membranes [12,29-31,38] and of those 
that demonstrate the participation of the thylakoid 
membranes in dark respiration [31-36]. The polar- 
ity of proton gradients is analogous to the scheme 
of Padan and Schuldiner [15] and corresponds 
with the proposed cytochrome c : O  2 oxidoreduc- 
tase imposed proton gradient [37] (acidic outside) 
across the cell membrane in dark respiring 
spheroplasts [38]. We assume that soluble proteins 
transfer electrons through the cytoplasm to the cell 
membrane where they are accepted at or near 
cytochrome c : 02 oxidoreductase. A similar (cyto- 
chrome-c-mediated) electron shuttle is known for 
the outer membrane electron transfer route in 
mitochondria [39]. The serious problem that the 
electron-carrying soluble protein has to penetrate 
through the thylakoid membrane as well as in the 
cell membrane in order to reach the electron- 

donating and -accepting sites (cf. Fig. 3) would be 
solved if the membrane containing cytochrome 
c : O  2 oxidoreductase has the same orientation as 
or is part of the thylakoids as suggested by Binder 
[36]. Results in literature [18,38,41] as well as 
unpublished results from our laboratory justify the 
localization of cytochrome c : O  2 in the cell mem- 
brane but do not definitely exclude its presence in 
the thylakoid membrane. However, further evi- 
dence for the scheme of Fig. 3 has been obtained 
from the determination of a membrane-bound 
copper containing compound (presumably cyto- 
chrome c : O  2 oxidoreductase) in the cell mem- 
brane fraction of separated thylakoid and cell 
membranes of P. boryanum [40] and from studies 
on 9-amino-6-chloro-2-methoxy-acridine fluores- 
cence quenching and enhancement in relation to 
energy transduction in spheroplasts and intact cells 
of P. boryanum (see Ref. 41 and Matthijs, H.C.P., 
Van Steenbergen, J.M. and Kraayenhof, R., 
unpublished data). Finally, the observations of 
Imafuku and Katoh [32] and Webster and Frenkel 
[42] that respiratory 02 uptake stops when photo- 
electron transfer is initiated may be explained by a 
regulation in the cytochrome c and plastocyanin 
area of the thylakoid membranes. This could result 
in electron transfer to Photosystem I on the inside 
of the thylakoid membrane, in the light, or to 
concentrated soluble proteins on the outside, in 
the dark (cf. Fig. 3). 
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