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Electron Flow. Respiratory and Photosynthetic Inhibitors, Cytochrom e b(,//-C om plex. Oxidative 
Phosphorylation. Photophosphorylation

A  cell-free system exhibiting both photophosphorylation (P /2e =  1) and oxidative phosphoryla­
tion (P/O  up to 0 .8 )  is described for the cyanobacterium Anabaena variabilis. NADH and 
N A D PH  were found to be equally effective as electron donors for oxidative phosphorylation. 
Low concentrations of U H D B T , an inhibitor of the cytochrome blc complex of mitochondria and 
chloroplasts. were found to inhibit photosystem-II electron transport reactions, but did not affect 
the cytochrom e b6//-com plex of Anabaena. The inhibition by mvxothiazol, antimycin and hep-
tylhydroxyquinoline corroborates the hypothesis that 
the cytochrom e ö6//-com plex.

Introduction

Cyanobacterial photosynthetic electron transport 
is similar to that of higher plants and proceeds with a 
rate 10 to 20 times as fast as respiratory electron  
transport [1—3]. This may explain the limited atten­
tion given to respiration studies in cell-free cya- 
nobacterial systems (for review see ref. [4]). Oxygen- 
dependent ATP synthesis with intact cyanobacterial 
cells has been demonstrated for several species with 
a P/O ratio of up to 3 in Anacystis (Synechococcus) 
and Mastigocladus [5 — 8] which is close to the figure 
expected from the established knowledge of 
mitochondrial bioenergetics. The few reports on ox­
idative phosphorylation of a cyanobacterial cell-free 
system document very low activities [9—12], R e­
spiratory electron transport in cyanobacteria seems 
to be localized predominantly on the thylakoid mem­
brane, although a transmembrane electron transport 
in the cytoplasmic membrane was reported for some 
species [4], The interaction of respiratory and photo-
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both respiration and photosynthesis share

synthetic electron transport has been investigated by 
several groups, resulting in the hypothesis that plas­
toquinone, the cytochrome 66//-complex and cyto­
chrome c-553 or plastocyanin are used for both elec­
tron transport systems (for review see ref. [13]).

In this paper a membrane preparation of A nabae­
na variabilis is described as being active in oxidative 
phosphorylation having both a comparatively high 
rate and P/O ratio. This preparation is used to exam ­
ine the activity of some inhibitors directed to the cyt 
b jf-  complex with respect to the interaction of photo­
synthetic and respiratory electron transport.

Materials and Methods

Anabaena variabilis A TCC 29413 was grown with 
air nitrogen enriched with 1.5%  C 0 2 (v/v) at 30 °C as 
reported [14] and harvested after 40 to 50 h of 
growth in the late logarithmic phase. Spheroplasts 
were prepared according to [15] with 5 —8 mg lyso- 
zyme per mg chlorophyll for 1 h at 34 °C. After 
washing the spheroplasts (centrifugation for 1 min at 
3000 x g ) ,  photosynthetic and respiratory electron 
transport were measured after an osmotic shock of 
the spheroplasts in the medium described below for 
phosphorylation, using a Clark-type oxygen elec­
trode. The protein: chlorophyll ratio of the sphero­
plasts was 31:1 (w/w). Electron-transport measure­
ments given in Fig. 1 were performed with mem­
branes prepared by a French-press treatment in a 
buffer system described by Stürzl et al. [16]. Phos­
phorylation was measured under continuous shaking 
of the reaction vessels either in white light (140 [aE/ 
m2 x  s) or in the dark at 25 °C. The 1-ml final re-



S. Scherer etal. • Cyanobacterial Bioenergetics 1281

action medium contained 2 m M  A D P; ,::P equivalent 
to approximately 0.1 M ß q ;  10 m M  MgCl2; 3 m M  

K H 2P 0 4- K 2H P 0 4/3 mM NaH2P 0 4-N a 2H P 0 4, pH 
7 .8 ; 10 mM tricine/KOH. pH 7.8 and 0 .1%  (w/v) 
B SA . The concentration of inorganic phosphate var­
ied between 8 —18 m M ;  this variation had no influ­
ence on the rates. Further additions are given in 
tables and legends. The reaction was started by add­
ing the spheroplasts yielding a final concentration of 
30 iag Chl/ml and stopped with 50 |al of 60%  (v/v) 
H C 104 after a 3-min reaction time.

Labeled A T P was extracted according to Avron
[17] and Almon and Böhme [18], quantified by li- 
quid-scintillation counting (Rackbeta II 1215, L K B , 
Sweden) using Cerenkov radiation.

SF-6847 was purchased from Wako Chemicals, Ja ­
pan, others from Serva, Heidelberg, FRG  (N A D H , 
N A D PH , methylviologen); Sigma, Deisenhofen. 
FR G  (nigericin, CCCP) and Amersham Buchler. 
Braunschweig, FR G  (32P).

Results and Discussion

ATP-synthesis in the light was found linear over
3 min for the systems H20  —> M V /0 2 and PMS/ascor- 
bate. To characterize the preparation the effect of 
inhibitors on photophosphorylation are shown in 
Table I. The results are in accordance with those 
from cell-free higher plant photophosphorylation. 
Parallel measurements of linear electron transport

Table I. Influence of electron-transport inhibitors (lines 2 
and 6 ) and uncouplers (lines 3 — 5) on linear and cyclic 
photophosphorylation exhibited by shocked spheroplasts 
of Anabaena variabilis.

Photophosphorylation
|-------electron flow --------1

Additions linear cyclic
H: 0  —> M V /0 : PM S/ascorbate

1 Control 1 4 3 -1 7 0 3 8 0 -3 9 4
2 D C M U . 10 |im 11 371
3 C C C P . 50 hm 0 14
4 Nigericin, 10 (iM 14 47
5 S F-6847, 5 (am 24 8
6 U H D B T , 10 piM 50 342

D ata are from three different preparations, the variance is 
given as the range in the control values. Figures represent 
^mol A TP/m g Chi x  h. For uncoupling properties of 
SF 6847 see [31]. For concentrations of the components of 
the electron-flow reaction systems see Table IV. PMS was 
50 (xm .

(H : 0  —> M V /0 2) under the same conditions yielded 
P/2e ratios around 1 (data not shown). Thus the re­
sults are in good agreement with data reported previ­
ously for other cyanobacterial membrane prepara­
tions [2, 11, 15]. Evidently, the photophosphoryla- 
tive capacity of the membranes used has not been 
substantially affected by preparation of the reaction 
system.

Oxidative phosphorylation of this membrane prep­
aration was assayed with NAD H  and NADPH as 
(physiological) electron donors [9. 16, 19, 20], A cer­
tain rate of endogenous ATP-synthesis was found, 
which could be stimulated by N A D (P)H  by 50 to 
100% . Washing the membranes decreased the en­
dogenous rate considerably enhancing the stimula­
tory effect of the reduced pyridine nucleotides (data 
not shown). Washing decreased the overall activity 
by depleting the membranes of either cytochrome c
[21] or the NADPH-oxidizing enzyme, which is 
thought to be the ferredoxin-N AD P+ oxidoreductase
[22]. Therefore, no washing step was included after 
shocking the spheroplasts. In Table II, the influence 
of CCCP and KCN on oxidative phosphorylation is 
shown. CCCP inhibited both NAD H - and NADPH- 
dependent activity to approx. 60 to 70% . The inhibi­
tion by cyanide was found in the same range. The 
formation of labeled adenine nucleotides in the pres­
ence of CCCP presumably was due to an A D P/Pr  
exchange independent of electron transport, as has 
been shown with a membrane preparation of the cy­
anobacterium Mastigocladus [11]. Rates of oxidative 
phosphorylation obtained with N A D (P)H  using 
membranes of Anabaena  [9] or Plectonema [12] have 
been reported significantly lower than the figures in 
Table II. In our preparation, NADPH was not

Table II. Oxidative phosphorylation with N A D H  and 
N A D PH  as electron donors using a membrane preparation  
of Anabaena variabilis.

Oxidative phosphorylation 
Additions N A D H  N ADPH

Control 8 .5  ± 1 .3 8.1 ± 2.0
C C C P. 50 (xm 3 .2 ± 0 .2 2.7  ±  0 .9
KCN . 1 mM 3.1 ± 0 .7 3 .8 ± 0 .2
U H D B T . 10 |xm 8.5  ± 1 .8 7 .4 ± 2 .1

A verage values are given, the standard deviation based on 
4 to 6 different preparations. Figures represent (.imol A TP/ 
mg Chi x  h. N A D H  and N A D PH  concentration was ap­
proxim ately 0 .5  m M . controlled by absorbance at 340 nm.
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superior to NADH in contrast to several data on 
electron transport in the literature [18—21]. We 
assume that this is due to the membrane-bound 
NADPH-oxidizing enzyme [22], which is partially 
soluble and results in preparations of different 
NADPH-driven phosphorylation activity.

P/O ratios are important data to characterize 
the membrane preparation. For this purpose. 
NAD(P)H-dependent oxygen uptake was measured 
parallel to oxidative phosphorylation (Table III). 
The highest P/O ratios were about 0 .8  to 0 .9 , which is 
up to four-fold higher than the previously reported 
ratios [9. 11, 12]. These figures, however, are far 
below the P/O ratios of 1.5 to 3 determined in the 
cellular system [6 —8], although the /?/7ofophosphory- 
lative capacity of the membrane preparation is intact 
as being judged by the P/2e ratios of 1 obtained in the 
light. Higher instability of oxidative phosphoryla­
tion as compared to photophosphorylation has been 
reported for Plectonema [12] and Mastigocladus [11]. 
This different activity may be taken as evidence that 
both energy-conserving systems are localized on dif­
ferent membranes (the thylakoid membrane exhibit­
ing photosynthetic, the cytoplasmic membrane re­
spiratory electron transport). The data can also be 
explained by a small, but unavoidable proton leak­
age of the isolated membrane vesicles, which can be 
overcome by the high proton-pumping capacity of 
the photosynthetic electron transport but not by the 
small proton fluxes induced by the low rates of re­
spiratory electron transport. This situation would 
lead to a substantial decrease of P/O ratios in the 
dark but not in the light.

In our experiments no significant difference was 
found between the P/O ratios of N A D H - and

Table III. P/O ratios of N A D H - and N ADPH-supported  
respiration in Anabaena variabilis.

Electron donor
Activities NA D H N A D PH

Oxygen uptake 3.1 - 5 . 1 2 .6  - 5 . 2
Oxidative phosphorylation 2.5  - 5 . 6 3 .5  - 6 . 3
P/O ratio (means ±  o) 0 .52  ± 0 .1 9 0 .55 ± 0 .1 6

Only cyanide-sensitive activities are given. D ata are means 
from 8 preparations and 31 determinations. Oxygen uptake 
is expressed as (.tmol 0 : /mg Chi x  h. oxidative phosphoryla­
tion as nmol ATP/m g C h lx h . For concentrations of re­
duced pyridine nucleotides see legend of Table II. 
a  =  standard deviation.

NADPH-supported respiration of shocked sphero- 
plasts (Table III), which was also observed in control 
experiments using washed membranes (data not 
shown). Accordingly, no evidence emerges from 
these data that electron transport from NADPH and 
NADH to oxygen includes different energy-conserv­
ing sites, although different dehydrogenases are in­
volved (ref. 16. 22; I. Alpes, this laboratory, unpub­
lished results).

It has been suggested that photosynthetic and re­
spiratory electron transport share a common seg­
ment including the cytochrome b j f - complex (for re­
view see refs. [4, 13, 23]). Antimycin A, myxothiazol 
and heptylhydroxyquinoline, known as strong in­
hibitors of the cytochrome b/c  or cytochrome b j f -  
complex [24, 25], exhibited no differential influence 
on photosynthetic and respiratory electron transport 
(Fig. 1, A —C ), which is in accordance with a dual 
role of the ^ /-co m p lex . U H D B T . however, re­
ported to be active in both chloroplasts and 
mitochondria [24], revealed a strong impact on linear 
photosynthetic electron flow with little effect on 
NADH-dependent dark oxygen uptake (Fig. ID ). 
To check whether this tolerance of respiration is due 
to an autoxidation of U H D B T  in the dark (indeed, at 
higher concentrations oxygen uptake is stimulated), 
the inhibition of oxidative- and photophosphoryla­
tion by U H D B T  was determined (Tables I and II). 
Respiratory activities were practically not inhibited, 
no inhibition was found for cyclic PMS-mediated 
photophosphorylation either. Linear photophos­
phorylation was inhibited substantially (H 20  —> MV/
0 2) as was found for electron transport (com p. 
Fig. ID ). These results show that the cytochrome 
complex responsible for respiration in A n abaena  is 
not affected by U H D BT. This can be explained 
either by two different cytochrome complexes used 
for photosynthetic and respiratory electron trans­
port, or by the action of U H D B T  directed to another 
target than the cytochrome b6//-complex in linear 
photosynthetic electron transport.

To obtain some insight photosynthetic electron 
transport was measured with different donor —> ac­
ceptor systems (Table IV ), which represent several 
partial redox reactions. Photosystem I activity, with 
the cytochrome b j f - complex either excluded (D A D / 
ascorbate —» M V /0 2), or included (DHQ —» M V /0 2; 
compare ref. [26]) was only slightly inhibited by 10 |̂ m 
U H D B T , while linear electron transport (H 20  —> 
M V /0 2) was inhibited to 58%  of the control, and the
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Fig. 1. Effect of four inhibitors of the 
membrane-bound cytochrom e complex 
assaying linear photosynthetic and re­
spiratory electron transport of mem­
branes from Anabaena variabilis, pre­
pared by French-press treatment. 100%  
corresponds to a rate of 4 0 —60 ( H ,0  —* 
M V /0 2, O— O ). 6 - 1 3  (N A D H  —* MV/ 
O ,, in the light with 10 DCM U pres­
ent. O— O ). and 2 - 3  (N A D H  ->  O ,. in 
the dark, corrected for cyanide-insensi- 
tive oxygen uptake. • — • ) ,  expressed as 
(.imol O , uptake/mg chlorophyll x  hour. 
M V, 0.1 mM,  for other components see 
Table IV . concentrations of reduced py­
ridine nucleotides as in Table II. The 
light-induced N A D H  oxidation in the 
presence of D CM U  (Fig. 1 A ) was in 
som e, but not all. preparations stimulated 
by methylviologen, which was. therefore, 
added routinely. The antimycin insen­
sitivity was found with and without 
methylviologen.

photosystem II reaction (H ,0  —» DM BQ/FeCy) was 
blocked completely by this inhibitor concentration. 
By uncoupling (with 5 mM NH4C1 present), the elec­
tron transport from either H20  —> M V /0 2 or DHQ

MV/Oi was stimulated two-fold; the action of 
U H D B T  in the uncoupled system was similar to the 
coupled system. Conclusively, U H D B T  inhibits 
photosystem II, as has been suggested previously for

Table IV . Shocked spheroplasts from Anabaena variabilis: Inhibition by 
U H D B T  of light-induced electron transport and partial reactions.

Rates in |ieq/mg Chi x  h 
D onor —> acceptor. Control ( +  ) U H D B T  ( +  ) U H D B T ,
redox system rate in

%  of control

H .O  ^  MV/O-. 323 136 42
H .O  ^  M V /O ,; NH4C1 665 102 31
H ,0  ->  M V /O ,; D CM U 11 n.d. n.d.
H ,0  D M BQ /FeC y 1004 12 1
D H Q  ^  M V /O ,; D CM U 298 278 93
D H Q  M V /O ,; D C M U , NH4C1 647 634 98
D A D /asc ^  M V /O ,; DCM U 2732 2518 92

Concentrations used: U H D B T , 10 |am;  D A D , 0 .5  m M ;  ascorbate. 5 m M ;  

M V , 0.1 m M ;  D H Q , 0 .25  m M ;  D M BQ , 0.5 m M ;  FeC y, 0 .5  m M ;  D C M U . 
10 ^ i m;  N H4C1, 5 m M ;  n .d ., not determined.
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spinach [21]. In contrast to the findings with spinach 
[23. 27], the cytochrome b j f -complex of Anabaena  is 
not inhibited (see also ref. [28]).

The mode of action of inhibitors, as assayed in this 
study with respect to electron transport as well as to 
oxidative- and photophosphorylation, is in accord­
ance with the hypothesis that photosynthetic and re­
spiratory electron transport share a common seg­
ment, which includes the cytochrome ^ /-co m p lex  
(comp. ref. [13, 29, 30]).
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