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Photophosphorylation activity under saturating continuous illumination was estimated in differently treated 
chromatophores of a B 8 0 0 - 8 5 0  less mutant of Rhodopseudomonas capsulata. The activity was decreased 
when the chromatophores were fused with liposomes or when inhibitors of the H + ATPase or electron 
transport were added. Estimation of the irradiance needed for half-maximal turnover (apparent K,, for light) 
revealed that fused membranes and inhibitor-treated chromatophores behaved oppositely, in fused mem- 
branes the K m value was increased 5-fold compared to the control chromatophores, from which we conclude 
that part of the input energy is dissipated and lost for photophosphorylation. 

Partial inhibition of H + ATPases or especially of electron transport resulted in a considerable decrease in 
the K m value. To explain this, we define a photosynthetic chain as the minimum functional unit being able to 
convert light energy into ATP. The decrease of the K m value indicates that photosynthetic chains are not 
separated from each other in the membrane and exchange at least one of the intermediates, ubiquinone, 
cytochrome c, or protons. 

Introduction 

ATP formation at energy-transducing mem- 
branes is driven by a linear or cyclic electron- 
transport chain [1]. It is generally believed that a 
close interaction between electron transport com- 
plexes must occur to ensure efficient electron flow 
[2]. Taking into account the lateral mobility of 
electron carriers, interaction could occur by a col- 
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lisional mechanism, by stable contact between re- 
dox components, or via diffusion of electron car- 
riers [3,4]. 

In photosynthetic bacteria the cyclic electron 
transport is driven by reaction centers which are 
surrounded by antennae-BChl complexes. Two 
different antennae complexes are present in 
Rhodopseudomonas capsulata and Rhodopseu- 
domonas sphaeroides. The light harvesting complex 
B870 which has a fixed ratio of 25 tool BChl per 
mol reaction center [5], and the B800-850 complex 
which is present at different concentrations de- 
pending on culture conditions. The B800-850 
complex probably connects different reaction 
center B870 units in fully pigmented cells [6-8], 

The hypothetical minimal functional unit which 
is able to convert light energy into ATP will be 
called in the following a 'photosynthetic chain' 
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(analogous to 'respiratory chain'). We are inter- 
ested in the interaction of the complexes building 
photosynthetic chains, their stoichiometry, and 
how the cell optimizes its photosynthetic system. 
The question will be raised whether the photosyn- 
tehtic chains act as being isolated or communicate 
via one or more 'substrates'. Interaction of differ- 
ent reaction center-B870-units via exciton transfer 
is severely reduced if the units are separated in the 
membrane in vivo, as under specific culture condi- 
tions, as in a certain membrane fraction, or as in 
some mutants [6 9]. Interaction on the level of 
electron-transport complexes has been studied in 
mitochondria [3,10,11] and photosynthetic bacteria 
[12,13] by phospholipid enrichment. Dilution of 
UQ in the plane of the membrane appeared to be 
only one factor responsible for lowered electron- 
transport rates because addition of UQ only par- 
tially restored photophosphorylation [13]. The 
chemiosmotic hypothesis [1,14,15] predicts that the 
electrochemical proton gradient is the free-energy 
intermediate between electron transport and ATP 
formation. According to this hypothesis the proton 
gradient is delocalized over the entire membrane, 
and can be used by each H + ATPase of the cell. 
But in recent years the existence of local interac- 
tions between electron-driven proton pumps and 
H + ATPases was discussed [4,16,17,18]. These lo- 
cal interactions would restrict the exchangeability 
of protons between different photosynthetic chains. 

Light-saturation curves of photophosphoryla- 
tion, which represent a tool to investigate maximal 
capacity and light requirement of the photosyn- 
thetic system [19], were applied in the following to 
investgate these interactions. Chromatophores were 
isolated from Rps. capsulata strain NK3, a mutant 
lacking B800-850 [20]. This mutant was chosen 
because photophosphorylation rates after lipid en- 
richment were more stable than in membranes 
derived from wild-type cells. 

Materials and Methods 

Rhodopseudomonas capsulata NK3 [20] was 
grown in the medium as previously described [21]. 
Chromatophores were prepared after breaking the 
cells by French pressuring in 50 mM Tricine buffer 
(pH 7.8), containing 2 mM magnesium acetate. 
Liposomes of phosphatidyl choline (Sigma, Type 
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IIs) were prepared in the same buffer by sonica- 
tion of the phospholipid suspension (100 mg/ml)  
for 10 min at 5°C. 

The fusion of chromatophores and liposomes 
was carried out by the freeze-thaw technique [22]. 
Membrane fractions were separated by centrifug- 
ing them on a sucrose density gradient (7.5-60% 
sucrose, w/w)  for 15 h at 36000 r.p.m, in a SW41 
rotor (Beckman Instruments, Munich). Control 
membranes were prepared by freezing and thaw- 
ing fresh chromatophores in the absence of lipo- 
somes. They were also separated by density gradi- 
ent centrifugation. Three vesicle fractions with dif- 
ferent buoyant densities were isolated and con- 
centrated by a second ultracentrifugation. 

Photophosphorylation was performed as previ- 
ously described [19] in a medium comprising 100 
mM glycylglycine buffer (pH 7.75)/10 mM mag- 
nesium acetate/0.1 mM dithioerythreitol/0.1% 
bovine serum albumin/2 mM K2HPO4/0.25 mM 
AMP/0.05 ADP/1.5  units per ml myokinase/3 
mM KCN. Membranes were used corresponding 
to less than 5/~M BChl to achieve uniform irradi- 
ance over the whole sample and to avoid scattering 
artifacts. 

Myokinase was allowed to establish equilibrium 
between all adenosine nucleotides. The sample was 
irradiated with continuous monochromatic light 
(~, = 846 rim, interference filter NAL 846, Schott, 
Mainz). The luminescence increase showed that 
photophosphorylation rates were constant during 
the time of irradiation. Depending on the irradi- 
ance and on the activity of the sample, irradiation 
times were chosen between 5 and 30 s to obtain 
comparable ATP levels. In the following dark 
period (2 min), the luminescence was observed to 
fall to (or below) the original level. Oligomycin- 
treated samples were preincubated for 60 min at 
room temperature, followed by a few light/dark 
cycles. No preincubation was needed when using 
venturicidin or antimycin A. The photophosphory- 
lation activity of the sample decreased between 
10% and 30% with a constant rate during the light 
titration. To compensate this loss, two consecutive 
light titrations were carried out. First, the activities 
were estimated with increasing and after this with 
decreasing irradiance values. Finally, the mean 
was taken. Before each inhibitor addition a fresh 
sample was prepared. A Woolf plot [23] was used 
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to derive maximum photophosphorylation (V,..~) 
and the irradiance needed for half-maximal 
turnover (apparent Kin). 

Protein was determined by the Lowry proce- 
dure [24]. H ÷ ATPase activity was measured in 50 
mM Tris-HC1 (pH 8.0) buffer containing 3 mM 
magnesium acetate and 2 mM ATP. Phosphate 
released was analyzed according to Taussky and 
Schorr [25]. 

Results 

Fusion of chromatophores with liposomes 
resulted in vesicles of lower density than the origi- 
nal chromatophores. The membrane material was 
resolved into three visible bands, having buoyant 
densities of 1.1513, 1.1059 and 1.0766 g . c m  -3. 
We used the material from the band with the 
lowest density to measure H + ATPase activity and 
photophosphorylation rates. This fraction, hence- 
forth called FM, showed the lowest photophos- 
phorylation activity. Its rate (2-5 t~mol A T P / m g  
protein per h) was substantially lower than the 
rate found in non-fused control chromatophores 
(30 ffmol A T P / m g  protein per h), henceforth 
called M. 

The loss in photophosphorylation activity could 
be partially restored by addition of UQt0 [13]. The 
specific H + ATPase activity found in fraction FM 
(5 ffmol Pi/mg protein per h) was less than half of 
that found in fraction M (13 ffmol Pi/mg protein 
per h). This decreased ATPase activity probably 
reflects loss of H + ATPases during the fusion 
process or a lower specific activity due to the 
changed lipid environment [26]. 

The maximum rate of photophosphorylation 
(Vm, x) decreased similarly in fractions M and FM 
with increasing amounts of antimycin A (Fig. la  
and b). Addition of oligomycin lowered Vma X by 
decreasing the number of active H + ATPase com- 
plexes (Fig. lc and d). Similar results were ob- 
tained using venturicidin (data not shown). In- 
creasing the concentration of antimycin A after 
addition of oligomycin further reduced Vma ~ (Fig. 
lc  and d). Partial inhibition of photophosphoryla- 
tion with antimycin A, oligomycin, or a combina- 
tion of both produced a photosynthetic system in 
fused membranes which showed different light 
saturation behavior, with K m values between 9.5 
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Fig. 1. Titration of photophosphorylation activity (Vm.x) with 
increasing concentrations of antimycin A. The samples were 
chromatophores fused with liposomes (fraction FM) or chro- 
matophores (fraction M). Protein concentrations 290 ~tg/ml 
(fraction FM) and 240 /Lg/ml (fraction M). (a) Fraction FM 
without oligomycin; (b) fraction M without oligomycin; (c) 
fraction FM with oligomycin (22 ng/ml); (d) fraction M with 
oligomycin (43 ng/ml). 

and 60 W / m  2 (Fig. 2). Similar results were ob- 
tained using control membranes (not shown). 

The K m as a function of antimycin A con- 
centration decreased steadily with increasing 
inhibitor concentration, finally reaching a value 
5-times lower than without inhibitor. Fused and 
non-fused membranes showed a similar behaviour 
except that the Ko, of fraction FM generally was 
4-times higher than the K m of fraction M (Fig. 3a 
and b). 

Addition of oligomycin also reduced the K m, 
and subsequent titration with antimycin A resulted 
in a further steady decrease with increasing inhibi- 
tor concentration (Fig. 3c and d). Similar results 
were obtained with venturicidin (data not shown). 

The K,, observed in the presence of inhibitors 
did not pass below a value of about 4 W / m  2 (Fig. 
3b and d). The same value was found in untreated 
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Fig. 2. Light saturation curves of photophosphorylation. Frac- 
tion FM under different inhibitor conditions. Protein con- 
centration, 290/.tg/ml. O, Fraction FM without additions; bar, 
1 /tmol AT P/m g  prot,=in per h with K m = 6 0  W/m2; E], 
fraction FM with 22 ng/ml  oligomycin; bar, 1 /tmol ATP/ mg  
protein per h with K m = 43 W/mE; O, FM with 60 ng/ml  
antimycin A; bar, 0.5 p.mol ATP/mg  protein per h with 
K m = 20 W/mE; zx, fraction FM with 24 ng /ml  oligomycin and 
with 150 ng/ml  antimycin A; bar, 0.2 p.mol ATP/mg  protein 
per h with K m = 9.5 W / m  2. 
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Fig. 3. Dependence of the apparent K.1 for light on antimycin 
A concentration. Samples and conditions as described in Fig. 1. 

membranes derived from wild-type cells which 
have become optimized to utilize extremely low 
irradiances [34]. 

Discussion 

The response of fused and control membranes 
to inhibitors of electron transport and of H + 
ATPases or a combination of both was similar 
(Fig. 1). 

Lipid enrichment increased the K m value for 
light, whereas inhibitor addition decreased it (Figs. 
2 and 3). The increased K m in fused membranes 
indicates that the system needs more light to syn- 
thesize ATP. We cannot exclude that part of the 
increase originates from higher light scattering in 
fraction FM compared to fraction M, but we do 
not regard this effect to be dominant because the 
protein and lipid concentrations were kept so low 
that a transparent sample was obtained. Further- 
more, the exciting light had a long wavelength, so 
scattering was lower than in visible light. 

Since it was shown that low detergent con- 
centrations applied to solubilize the membranes 
did not disrupt B870 reaction center units [27], it 
can be assumed that lipid introduction did not 
separate these complexes. Accordingly, exciton- 
trapping rates should not be different in fractions 
FM and M, and the increased need for light 
probably reflects a higher dissipation of input 
energy in fused that in non-fused membranes. This 
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Fig. 4. Scheme for possible substrate exchanges between two 
adjacent photosynthetic chains. 
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leak could be located ei ther  at the level of  free- 
e lectron carriers  or  at the level of  protons.  

How can the shift in K m after  the add i t ion  of  
i n h i b i t o r s  be  e x p l a i n e d ?  R e s p i r a t i o n  in 
mi tochondr ia  has been descr ibed  by a sequential  
mul t ienzyme react ion in which most of  the inter- 
mediates  are freely diffusible [28]. We want  to 
app ly  the same formal ism to the photosynthe t ic  
system. 

Two photosynthe t ic  chains (def ined in the 
in t roduct ion)  eventual ly  can exchange their  inter- 
mediates ,  excitons,  electron carr iers  and  pro tons  
(Fig.  4). 

If there would exist no exchange at all, the two 
chains  would behave as being funct ional ly  isolated 
from one another .  Inhibi t ion  of  one ubiquinol  Cyt  
c 2 ox idoreduc tase  with an t imycin  A would stop 
A T P  synthesis total ly  at this chain,  but  the other  
chain  would not  be influenced.  Therefore,  the V, .... 
of the whole system would become reduced,  but  
not  the K m for light. But if we assume that some 
in termedia tes  such as UQ, Cyt c 2, or exci tons are 
exchangeable,  the b locked ubiquinol  Cyt  c 2 
ox idoreduc tase  could  be ' bypassed ' .  In this case 
the number  of active an tennae  and react ion centers  
would be increased in relat ion to the ubiquinol  
Cyt  c 2 oxidoreductases  still active. If non of  the 
react ions located in the chain before  the ubiquinol  
Cyt  c 2 ox idoreduc tase  are rate l imiting, the K,, 1 
should be decreased.  Actual ly ,  the uncer ta in ty  
about  the posi t ion of the ra te- l imit ing step 
[16,29,30] increases the diff icul ty to de te rmine  the 
in termedia te(s)  responsible  for the shifted Km. It 
is still an unanswered  quest ion if there is one 
single ra te- l imit ing react ion in a mul t ienzyme chain 
[31,32]. Indeed,  the exchangeabi l i ty  of jus t  p ro tons  
between the chains likewise could  explain  the shift 
in K m (provided that  the H + ATPases  are not  rate 
limiting). 

Excitons p robab ly  are not  involved in this ex- 
change process because (i) no in terconnect ing  
B800-850 complexes are present  in the chromato-  
phores  used and (ii) the shift in K m also was 
observed in fused membranes  which p robab ly  have 
increased dis tances  between different  B870 reac- 
t ion center units. 

The exchangeabi l i ty  of  substrate(s)  demon-  
s t ra ted  here with inhibi tors  in vitro p r o b a b l y  is 
present  also in the bacter ia l  cell in vivo. A mult i -  

enzyme system could become opt imized  by alter- 
ing the rat io of  its enzymes [33]. The same opt imi-  
za t ion could take place with m e m b r a n e - b o u n d  
complexes  in the photosynthe t ic  system of  the 
growing cell. 
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