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Abstract 

Immuno-gold labeling and electron microscopy was used to localize the cytochrome-c oxidase on thin-sectioned cyanobacte- 
rium Synechococcus PCC 7942 (Anacystis nidulans) which had been grown photoautotrophically to the linear (light-limited) 
growth phase. The overwhelming fraction of the gold particles was found associated with the plasma membrane. On 
immunoblots, however, both plasma and thylakoid membranes, freshly isolated and separated, gave the expected cross-reaction 
though the latter to a significantly lesser extent that the former. Spectrophotometric and polarographic measurements of 
cytochrome c oxidation by extensively purified plasma and thylakoid membranes gave 95 and 3 nmol cytochrome c oxidized per 
min and mg membrane protein for plasma and thylakoid membranes, respectively, thus conforming to the immunocytochemical 
data. The results will be discussed with respect to the difficulty of obtaining cyanobacterial thylakoid membrane preparations 
absolutely free of plasma membranes and the quantitatively variable localization of certain bioenergetic key enzymes and 
electron transport components in both plasma and thylakoid membranes of cyanobacteria. 
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Cyanobacteria (blue green algae) are the largest and 
most diversified, ecologically most successful and evo- 
lutionarily most important group of not only photo- 
synthetic prokaryotes, but prokaryotes in general. They 
are unified by the capability of oxygenic, plant-type 
photosynthesis which had arisen about 3.2 billion years 
ago as evidenced by geological and microfossil records 
[1]. Having been the first to introduce bulk amounts of 
molecular oxygen into a previously anoxic or near- 
anoxic terrestrial biosphere they naturally render 
themselves likely candidates for having been the first 
aerobic respirers as well [2,3]. A typical cyanobacte- 
rium comprises two types of bioenergetically compe- 
tent membrane systems, viz. the chlorophyll-containing 
intracytoplasmic or thylakoid membranes (ICM) and 
the cytoplasmic or plasma membrane (CM) which, apart 
from Gloeobacter violaceus [4], does not contain chloro- 
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phyll [5]. Initial attempts to separate CM from ICM [6], 
to localize respiratory electron transport (in particular: 
the cytochrome oxidase) in CM [7], or to detect a-type 
cytoehrome at all in a cyanobacterium [8] remained 
unsuccessful. Yet, when more refined and reliable 
methods for the preparation and separation of cyano- 
bacterial CM and ICM became available [9,10], it was 
clearly shown that (i) in all 25 cyanobacterial strains 
tested so far the CM does contain respiratory electron 
transport components (in particular: the cytochrome-c 
oxidase; Refs. [9,11-13]), (ii) ICM contain a dual-func- 
tional photosynthetic-respiratory electron transport 
chain [6,14-16], and (iii) the typical cyanobacterial 
cytochrome oxidase is of the Cu-containing cytochrome 
aa3-type [17-19] which recently was demonstrated also 
on a genetic level [20-22]. However, doubts about the 
intracellular localization of respiratory electron trans- 
port in cyanobacteria still remained [23], notably as it 
became obvious that this localization crucially depends 
on the growth conditions of the organisms [13,19]. By 
applying for the first time immuno-gold labeling tech- 
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niques to the problem of localizing the cytochrome-c 
oxidase in fully respiration-competent cyanobacterium 
Anacystis nidulans, this paper shows directly that, in 
accordance with activity measurements on highly puri- 
fied membranes [13,19], the CM houses by far the 
major share of this respiratory key enzyme. 

Synechococcus PCC7942 was obtained from the Pas- 
teur Culture Collection, Paris, France, grown photoau- 
totrophically i n axenic batch cultures (Kratz and Myers 
medium D, 1.5% (v/v) CO 2 in sterile air, 20-25 W m  -2 
warm white fluorescent light, pH between 7.8 and 8.8) 
and harvested by centrifugation at room temperature 
from linearly growing, light-limited cultures when the 
cell density had reached a packed cell mass of 3.2 
/zl/ml (equivalent to 0.97 mg dry weight, 0.54 mg 
protein and 24/xg chlorophyll). Membranes were iso- 
lated by French pressure cell extrusion of E D T A /  
lysozyme-pretreated cells [19], CM and ICM were sep- 
arated and purified by discontinuous sucrose density 

Table 1 
Specific activities of horse heart cytochrome c oxidation assayed at 
different stages of membrane purification (recentrifugation; cf Refs. 
[13,19]) 

Purification 
step 

Specific rate of cyt c oxidation a 

C membrane IC membrane 

(a) 40 12 
(b) 65 7 
(c) 83 4 
(d) 95 3 

For details see text. Steps a - c  are those shown in Fig. 1 (lanes 2a-c). 
(a) refers to membranes taken directly from the first (flotation) 
sucrose density gradient, (b), (c) and (d) refer to membranes purified 
by one, two and three recentrifugations on a fresh gradient [13,30]. 
a Data shown are expressed as nmol cytochrome c oxidized/min per 
mg membrane protein and are the  means of five determinations each 
performed on a separately isolated and purified batch of membranes, 
standard deviations ranging within 15% of the corresponding mean. 
The stoichiometry between O z reduced and cytochrome c oxidized 
was 4.17 + 0.22 as averaged over all respective measurements and the 
reaction was always fully blocked by 2 - 3 / z M  KCN. 

J 

66 kD 

~5 kD 

29 kO 

20,1kO 

14,2kD 

l 20 2b 2c 3 
Fig. 1. Immunoblotted thylakoid membrane proteins from Syne- 
chococcus sp. PCC 7942 during progressive purification of the mem- 
branes (a-c)  utilizing antibody raised against Paracoccus denitrifi- 
cans cytochrome c oxidase subunit 1 (2a-c)  and II (3); a refers to 
membranes taken directly from flotation gradient without further 
purification (cf. Ref. [19]). 50 /zg protein was applied to each lane. 
Dilution of antisera was 1:500. Goat anti-rabbit-horseradish peroxi- 
dase conjugate served as the second anti.body [26]. Antibodies raised 
against subunits I and II of the enzymes from rat liver mitochondria 
and Anacystis nidulans gave the same immunological resl)onse as 
shown in  the ,figure. Lane 4 represents marker protein:; (Sigma 
MW-SDS-70L kit). Progressively less intensive immunological cross- 
reaction with increasing purification (lanes 2a-c)  reflects increasing 
removal from the ICM preparations of CM which therefore must 
contain intrinsically more of the enzyme than does ICM; this corre- 
sponds to the change in specific cytoehrome-c oxidase activities in 
the respective membrane fraction (Table 1). 

gradient centrifugation [9,19], and cytochrome-c oxi- 
dase activity was measured at 35°C in a dual wave- 
length spectrophotometer (Shimadzu UV-300) at 550- 
540 nm, or polarographically with a Clark-type oxygen 
electrode, using horse ferrocytochrome c as a substrate 
[23,24]. Immunoblotting of membrane proteins with 
monospecific antibodies raised against subunits I and 
II of the Paracoccus denitrificans enzyme [25] was 
performed as described [13,26]. Freeze substitution 
preparation of whole cells of Synechococcus and im- 
muno-gold labeling of the cytochrome oxidase were 
carried out according to published protocols [27,28]; 
the antibody used (at a dilution of 1:4000) had been 
raised in rabbits against subunit I of the cytochrome-c 
oxidase from Anacystis nidulans in the laboratory and 
with the help of Dr. M.H. Tadros, Freiburg, Germany 
[29]. Antibody against P. denitrificans cytochrome-c 
oxidase subunit I [25] basically gave the same result 
though against a less clean background (not shown). 

Fig. 1 shows immunoblotted cytochrome-c oxidase 
from thylakoid membranes of Synechococcus PCC 7942 
at different stages of purification (re-centrifugation of 
the membranes, cf. Ref. [13]). The purer the ICM 
preparation, the less intense the immunological cross- 
reaction, pointing to progressive removal of CM, in 
which the specific cytochrome-c oxidase content is in- 
herently higher. Clearly, contamination of (deeply 
green) ICM with (yellow) CM is much less easily de- 
tectable than the reciprocal contamination; the anti- 
body, however, does not care about colors. Similarly, 
and in accordance with increasing purification (dilut- 
ing-out the CM-bound cytochrome oxidase from CM- 
contaminated ICM; Fig. 1), also the specific cy- 
tochrome oxidase activity of ICM decreases with in- 
creasing purification while the reverse is true of CM 
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(Table 1; cf. Ref. [13]), Finally, when Synechococcus 
cells were harvested from light-limited cultures (linear 
growth phase, cf. Ref. [30]) and subjected to freeze 
substitution preparation and immuno-gold labeling of 
the cytochrome oxidase, electron micrographs such as 
shown in Fig. 2 were obtained, clearly showing the 
highest degree of labeling on the plasma membrane. 
This result is in marked contrast to earlier claims that 
no respiratory electron transport activity was catalysed 
by the CM [7] and that no cytochrome a occurred in 
Synechococcus [8]. By use of a similar cytochemical 

technique it was recently shown that both CM and 
ICM of the marine N2-fixing filamentous, yet hetero- 
cyst-free cyanobacterium Trichodesmiun thiebautii con- 
tain aaa-type cytochrome oxidase, and that the amount 
of oxidase per cell neatly correlated with the amount of 
nitrogenase per cell [31], thus implicating a crucial role 
of respiration for N2-fixing [32] or otherwise 'stress-ex- 
posed' [13,19,29] cyanobacteria. Association of bioener- 
getically significant enzymes and electron transport 
components with CM a n d / o r  ICM to different degrees 
depending on the energetic situation of the cell seems 

¢: 

e l  

Fig. 2. Immunocytochemistry of intact cells of Synechococcus PCC 7942 utilizing antibody raised against cytochrome-c oxidase subunit I. (A, B, 
C, E) The cells were prepared by freeze substitution using ethanol as the organic solvent [27]. Most of the gold particles (10 nm diameter) are 
localized on the cell envelope which includes the cytoplasmic membrane and the contiguous outermost thylakoid membrane. (D) Cells were 
prepared by conventional chemical fixation. This procedure often separates the cell wall from the plasma membrane as shown. The arrows 
identify areas of the plasma membrane that are covered with gold particles. Such distribution indicates that the cytochrome oxidase is mostly 
confined to the plasma membrane (see text). 
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to be a more general phenomenon in cyanobacteria, as 
was recently also shown for F-type and P-type ATPases 
in three different species [33]. 
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