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SUMMARY 

1. From electron micrographs of chromatophores from Rhodopseudomonas 
sphaeroides and from the estimated bacteriochlorophyll content of the sample a mean 
value of 4700 bacteriochlorophyll per chromatophore was estimated. The mean 
diameter of the chromatophore vesicles was 600 A. 

2. The decay of the flash-induced electric potential across the chromatophore 
membrane measured by the carotenoid band shift was 20 ~ accelerated by about one 
valinomycin molecule per 4700 bacteriochlorophyll, i.e. by one ionophore molecule 
per chromatophore. 

3. The inhibition of the flash-induced ATP formation by valinomycin followed 
a similar pattern to the accelerated decay of the electric potential. 

4. The single turnover flash yield of ATP synthesis gave a mean value of one 
ATP per 1470 bacteriochlorophyll or about 3 ATP per vesicle. 

5. With regard to the partitioning of the ionophore between the membrane 
(85 ~)  and aqueous phase (I 5 ~)  we conclude that one molecule of valinomycin per 
chromatophore is sufficient to begin to collapse the electrical potential and inhibit 
ATP synthesis. It is therefore suggested that the membrane potential is an essential 
component of the energized state which is used for phosphorylation. 

The results correspond to those obtained for the 100-fold larger vesicles in 
chloroplasts (thylakoids) where one molecule ofionophore is also sufficient to quench 
both events. 

INTRODUCTION 

Electrical events in chloroplasts can be followed by electrochromism (the shift 
of pigment absorption bands in an electric field). This has been established by 
different types of experiment [1-4]. The size of the chloroplast functional unit for 
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electrical events and also for photophosphorylation has been estimated by titrating 
the half-decay time of the flash-induced 515 nm absorbance changes and the ATP 
formation per flash with the ionophore gramicidin D [1, 5]. It was found that a dosed 
vesicle, the thylakoid, composed of 105 chlorophylls, but not an electron transport 
chain composed of about 500 chlorophylls, is the functional unit of the electrical event 
and phosphorylation, Some doubt remains, however, since the thylakoid volume is 
not homogeneous owing to the presence of grana stacks and stroma lamellae. 

In chromatophores from photosynthetic bacteria it has also been shown that 
electrical events are indicated by electrochromic bands shifts [6-8]. In this communi- 
cation we present evidence to show that in chromatophores from Rhodopseudomonas 
sphaeroides, the intact chromatophore membrane, a smaller structure than the green 
plant thylakoid by about two orders of magnitude, is also the functional unit of the 
electrical events and phosphorylation. We have estimated the mean bacteriochloro- 
phyll content of a single chromatophore by direct measurement from electron micro- 
graphs of a sample of known bacteriochlorophyll content. The electric potential was 
measured from the electrochromic shift of the carotenoid absorption bands of the 
chromatophores. The decay of this potential and also the single flash yield of ATP was 
titrated with the ionophorous antibiotic, valinomycin, whose K+-carrying properties 
are apparently similar in chromatophore membranes and artificial bilayers (see ref. 
7). In separate experiments the partition coefficient of the valinomycin between the 
chromatophores and the aqueous phase was estimated from a biological assay of the 
supernatant after centrifuging the suspension. 

The main purpose of these experiments was to determine whether the electrical 
effects associated with photo-electron transport in chromatophores are transmem- 
brane phenomena, as earlier observations have suggested [6, 7] and whether the 
electric fields could behave as an obligate intermediate in the synthesis of ATP [9]. 

Nishimura [10] has measured the size of the photosynthetic units of chromato- 
phores from Chromatium, R. rubrum and Rps. sphaeroides in titration experiments on 
the yield of H + uptake induced by a 200 #s flash, the steady-state light-induced H + 
uptake and the decay time of the carotenoid band shift, with a range of ionophores. 
The H + uptake data relates to the size of the electron transport unit of the chromato- 
phore. The analysis of the data from continuous illumination experiments is com- 
plicated by kinetic considerations, i.e, the competition between the rate of the reac- 
tions driven in the forward direction by light and the rate of the dissipative reactions 
catalysed by the ionophore. Nisbimura's observations on the valinomycin titre of the 
carotenoid shift compare favourably with our own - he found that one molecule of 
valinomycin per approximately 2000 bacteriochlorophyll was required to stimulate 
the decay of the flash-induced carotenoid shift by 50 ~. He did not relate this data to 
electrical events across the chromatophore membrane nor make comparable measure- 
ments on the functional unit of phosphorylation in flash-light. 

METHODS 

Preparation of chromatophores 
Cells of Rps. sphaeroides were grown anaerobically under constant illumination 

at 30 °C in the medium of Sistrom [11 ]. The harvested bacteria were used immedi- 
ately. They were washed in 50 mM KC1, 50 mM N-tris(hydroxymeth~l)-methyl- 
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glycine (or in some cases, glycylglycine), 8 mM MgCI2 in 10 jo sucrose, linal pH 7.4 
and broken in a Ribi Cell Fractionator at 12000 lb/inch 2. The chromatophores 
were sedimented at 140000×g (90 min) after removal of cell debris at 20000~  
g (15 min) and resuspended in a small volume of the above medium. In some experi- 
ments the bacteria were disrupted by grinding with alumina. Bacteriochlorophyll 
concentrations were estimated from the in vivo extinction coefficients given by 
Clayton [i 2]. 

Chromatophore countin9 
Chromatophore samples containing a small quantity of bacteriochlorophyll 

(3 • 1 0 - 1 6 - 2 0  • l 0  - 1 6  tool) were centrifuged directly on to a copper grid (diameter: 
2.4 ram) supported on a formvar film in a Beckmann SW 27 rotor at 25 000 rev./min 
for 20 h. We assume that this time was sufficient to sediment all the chromatophores, 
since centrifuging for a longer period gave similar results. The chromatophores were 
stained on the grid with 0.4 ~ phosphotungstic acid, pH 7.1, for I min [13]. The 
number of  vesicles on the grid was counted on a TEM Elmiskop I A electron micro- 
scope. 

Biochemical assays 
The incorporation of 32p~ into organic phosphate was measured according to 

the method of Avron [14]. The assay conditions were as follows: 50 mM KC1, 8 mM 
MgCI2, 50 mM N-tris(hydroxymethyl)-methyl-glycine (tricine) or glycylglycine, 0.66 
mM ADP, 0.5 mM Pi (containing 8.  105 counts per min 32p), chromatophores 
containing approximately 50 nmol bacteriochlorophyll in 2.0 ml of 10 o/ sucrose at 
final pH 7.9, 25 °C. In some experiments a glucose (20 mM), hexokinase (25 units) 
trap was used. The reaction was terminated after 60 or 80 saturating 20-/is flashes 
(wavelength > 700 nm)at  0.0625 Hz with 0.2 ml of 40 ~o trichloroacetic acid. The dark 
incorporation of P~ into organic phosphate under the same conditions as above, 
except in complete darkness, was subtracted to give the flash yield of ATP synthesis. 

Chemicals 
Valinomycin was purchased from Calbiochem, San Diego (LISA), antimycin 

A from Boehringer, Mannheim (Germany). 

Spectrophotometric measurements 
The single beam spectrophotometer and signal averaging system have been 

described in detail elsewhere [15]. The carotenoid shift was measured at 523 nm with 
appropriate interference filters. The measuring light intensity was ~ 17 ergs. cm-2. 
s-~. The photomultiplier was screened from the near infra-red (>  700 nm) flashes 
with Schott filter BG 38 and Balzers cut-off filter 585 nm. The electrical bandwidth 
was 6.2 ms-1 and the optical pathlength through the sample cuvette was 2 cm. 
Bacteriochlorophyll concentration was used in the range of 10 -5 M. The 10 ml 
reaction medium, if not specially indicated, contained 10 ~o sucrose, 50 mM KC1, 8 
mM MgCI/, 50 mM glycylglycine. 
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RESULTS 

The mean bacteriochlorophyll content of Rps. sphaeroides chromatophores 
We have estimated this directly by centrifuging a chromatophore sample of 

known bacteriochlorophyll concentration on to an electron microscope grid (see 
Methods section). The electron micrographs show a fairly homogeneous population of 
vesicles, mean diameter 600 A, similar to those described by other workers [16]. The 
chromatophore count, shown graphically in Fig. 1 gives a mean ratio of 4700-+-1300 
bacteriochlorophyll molecules per vesicle. This value compares favourably with a 
theoretical estimate of 3600-18 000 bacteriochlorophyll per vesicle based on spectro- 
scopic observations of the chromatophore carotenoid shift [7]. 

The electric potential decay and its acceleration by valinomycin 
A short actinic flash induces a 3-phase rise of the chromatophore carotenoid 

shift [17]. The slowest phase ('~ 100 ms) due to electrogenic electron flow between the 
cytochromes b and c can be abolished by the electron transfer inhibitor antimycin A, 
while the other 2 phases due to charge separation between cytochrome e and P-870, 
and P-870 and the primary electron acceptor remain unaffected. In the present 
experiments we have chosen to carry out the titration experiments in the presence of 
antimycin A to avoid interference of the slow generation phase in the estimation of 
the real decay rate of the shift. Certainly, at high valinomycin concentrations, where 
the decay rate is much faster than the 100 ms rise phase, treatment with antimycin is 
without effect on the decay processes (Jackson, J.B., unpublished observations). Fig. 
2A shows the stimulation of the decay of the carotenoid shift with increasing valino- 
mycin concentration. The half-decay time of the signal is 20 % shorter at an ionophore/ 
bacteriochlorophyll ratio of 1/5000. Different chromatophore preparations show 
slight variation in the sensitivity to valinomycin. The ionophore/bacteriochlorophyll 
ratio which gives 50 % acceleration of the carotenoid shift decay has varied in our 
experiments between limits of 1/1500 and 1/2500. 

The question arises as to the effectiveness of the added valinomycin molecules. 
The distribution of valinomycin between the membrane and the water phase can be 
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Fig. I. Relationship between chromatophore number and bacteriochlorophyll content. For details, 
s e e  Methods. 
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Fig. 2. Dependence (A) of the half-decay time of the electrical potential measured by the carotenoid' 
shift and (B) ATP synthesis on valinomycin concentration. Both reactions were measured with single 
turnover flashes. The carotenoid shift in (A) was measured at 523 nm. The control sample had a half- 
decay time of 2.2 s. The different points (©, k], ~)  in (B) represent different chromatophore prepa- 
rations. The control values for the yield of ATP synthesis per bacteriochlorophyll per flash (in the 
absence of valinomycin) were 3.0. 10 -3, ] .0 - 10 -3 and 1.6 • 10 -3, respectively. 

es t imated  by centr i fuging the va l inomyc in -doped  c h r o m a t o p h o r e s  and by add ing  non-  
t rea ted  c h r o m a t o p h o r e s  to the superna tan t  (Table  I). The superna tan t  f rac t ion  
evident ly  still conta ins  va l inomycin  since the ca ro teno id  shift decay o f  the second 
sample  is accelerated.  We ca lcula ted  the pa r t i t ion ing  o f  the va l inomycin  between the 
membranes  of  the first c h r o m a t o p h o r e  sample  and the aqueous  superna tan t  as 
follows.  The re la t ionship  between the hal f -decay t ime of  the ca ro teno id  shift  o f  the 
first c h r o m a t o p h o r e  sample  and  the concen t ra t ion  of  added  va l inomycin  was first 
p lo t ted .  The va l inomycin  concen t ra t ion  in the superna tan t  o f  the first sample  (co lumn 
4) was es t imated  by read ing  the va l inomycin  concen t ra t ion  app rop r i a t e  to the half-  
decay t ime o f  the second sample  f rom the graph.  Table  I, shows tha t  under  our  
condi t ions  (10-5  M bac te r ioch lo rophy l l  in 10 ml)  only  15 ~ o f  the a d d e d  va l inomycin  
is in the water  phase.  Therefore ,  the effective concen t ra t ion  o f  the i o n o p h o r e  is equal  
to or  less than  85 ~ o f  the to ta l  a d d e d  amount .  This is an  upper  l imit  because we 
cannot  be sure o f  the effectiveness o f  the bound  va l inomycin .  
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T A B L E  I 

The  first sample  represents  the  original ch romatophores  (containing 10-5 M bacteriochlorophyll  in 
10 ml  med ium)  treated with val inomycin.  The  suspens ion  was centrifuged and  fresh ch roma tophores  
were added to the superna tan t  (second sample) .  The  half- t ime o f  the  carotenoid shift  decay was mea-  
sured as in Methods .  The  calculat ion o f  the da ta  in the  four th  co lumn is described in the text, f r o m  
the relat ionship between half-decay t imes o f  first and  second samples  (see first, second and  third 
columns) .  

To ta l  va l inomycin  Half-decay Half-decay t ime Val inomycin  Val inomycin  in 
concent ra t ion  o f  t ime of  carp- o f  carotenoid concentra t ion  in aqueous  phase/ to ta l  
first sample  tenoid shift  o f  shif t  o f  second the superna tan t  val inomycin 
(10 - s  M) first sample  (s) sample  (s) of  first sample  

(10 - s  M) 

- 2.94 2.92 - - 
2.0 0.88 2.70 0.3 0.15 
3.9 0.29 2.40 0.5 0.12 
9.4 0.17 1.20 1.5 0.16 

18.0 0.03 0.59 2.7 0.15 

Single turnover flash yield of ATP synthesis 
Nishimura [18-20] has measured the yield of ATP synthesis in R. rubrum 

chromatophores following repetitive and single but long (500/~s) flashes. We wanted 
similar data for the ATP yield after a "single turnover" flash (20 #s) but the pH 
method of Nishimura [19], proved to be too insensitive. We therefore measured the 
incorporation of 32P i into organic phosphate following a series of widely spaced (dark 
time 15-20 s) short flashes (see Methods section). The experiments were frustrated by 
the dark incorporation of Pi into organic phospbate by our chromatophores [21 ] and 
despite dark control samples the experimental error was unavoidably large. To avoid 
ATP hydrolysis a glucose and hexokinase trap has been used in some experiments. 
20-30 ~o Stimulation of organic phosphate yield was achieved but the inhibition 
pattern of valinomycin is similar in both cases. 

T A B L E  II 

S I N G L E  F L A S H  Y I E L D  O F  A T P  S YNT HE S IS  

Measured  by incorpora t ion  o f  32Pi into organic phosphate .  Average o f  60 or 80 flashes per prepa - 
ra t ion at 0.0675 Hz. Of  the  total  3zPl incorpora ted  into organic phospha te  in the flash-light experi - 
men t s  approximate ly  70 ~ was due to a dark  reaction,  no t  dependent  on the flashes. This  was su  b- 
tracted with suitable control  samples.  See Methods  section for details. 

C h r o m a t o p h o r e  Bacteriochlorophyll  C h r o m a t o p h o r e  Bacteriochlorophyll  
Prepara t ion  A T P  • flash Preparat ion A T P  • flash 

A 580 H 1740 
B 280 I 1000 
C 6800 J 2540 
D 670 K 380 
E 1050 L 630 
F 480 M 2600 
G 340 

Mean  = 1470 
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The single flash ATP yield for a number of Rps. sphaeroides chromatophore 
preparations is given in Table II. The mean value of I ATP per flash per 1470 bacterio- 
chlorophyll is uncorrected for the reported light-stimulated ATP/P i exchange [21 ]. 
Antimycin A at concentration suffÉcient to completely inhibit continuous light-induced 
photophosphorylation [22] lowered the flash yield of ATP by approximately 20 '!i;- 

The inhibition of the flash yield of ATP synthesis by valinomycin 
In parallel with the determination of the functional electrical unit of the 

chromatophore we have attempted to find the functional unit of  photophosphoryla- 
tion by titrating the single flash yield of  ATP synthesis with the ionophore valino- 
mycin. Fig. 2B shows that the yield of flash-induced ATP synthesis is lowered by 20 o~; 
at a valinomycin/bacteriochlorophyll ratio of 1/3100. it is well known that valino- 
mycin only fractionally inhibits photophosphorylation in steady-state illumination 
[22-24] and yet the present results show almost complete inhibition of the flash yield 
of  ATP. Junge eta | .  [25], have noted a similar observation in the spinach chloroplast 
system. It should be noted that the steady-state level of the chromatophore carotenoid 
shift in continuous illumination is not appreciably lowered by the presence of valino- 
mycin in this concentration range [7]. 

DISCUSSION 

The influence of valinomycin on the decay of the carotenoid shift in chromato- 
phores from Rps. sphaeroides is similar to its effect on the electric potential measured 
across artificial bilayers ('see ref. 7). This observation supports the hypothesis that the 
carotenoid signal is an indicator of a delocalised electric field across the chromato- 
phore membrane. The possibility remained however, that the carotenoids respond in 
part to charges separated between adjacent electron transport carriers not necessarily 
anisotropically arranged in the membrane [17]. Fig. 2A shows that the carotenoid 
shift decay is 20 ~o stimulated at one molecule of added ionophore per 5000 bacterio- 
chlorophyll and 50 ~ stimulated at 1 per 1500. The data given in Fig. 1 give a mean 
value of 4700 molecules of bacteriochlorophyll per chromatophore vesicle. It is clear 
that a little more than one molecule of  valinomycin per vesicle is sufficient to collapse 
the electric potential. If we consider that 84 ~o of the added ionophore binds to the 
membrane (Table II) we find 25 ~o acceleration of the decay of the carotenoid shift at 
one bound molecule of valinomycin per chromatophore (or 4700 bacteriochloro- 
phyil). This value may still be an upper limit because we have no indication as to the 
effectiveness of the bound valinomycin in collapsing the electric field decay. Never- 
theless, it is clear that the electric potential (indicated by the carotenoid shift measured 
a few ms after the flash) is associated with the entire chromatophore membrane and is 
not localised at the level of the electron transport carriers - in Rps. sphaeroides one 
molecule of cytochrome e is associated with ~ 200 bacteriochlorophylls (Jackson, 
J. B. and Dutton, P. L., unpublished observations and Dutton, P. L.. manuscript in 
preparation). Valinomycin inhibits the flash yield of ATP synthesis at a similar 
concentration to that required for the acceleration of the decay of the carotenoid shift 
(Fig. 2B). With due regard to the partitioning of  the valinomycin between the chro- 
matophore membranes and the aqueous phase (see below) we may conclude that only 
one molecule of ionophore per chromatophore is sufficient to inhibit ATP synthesis. 
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Since each chromatophore possesses ~ 20 electron transport chains and since the 
flash intensity in our experiments is saturating, it follows that the high energy state 
leading to the ATP formation must be delocalised across the entire chromatophore 
membrane and cannot be a localised intermediate associated with the electron trans- 
port chain. In view of the well known action of  valinomycin in collapsing membrane 
potentials through electrophoretic K + translocation, it is likely that the chromato- 
phore membrane potential is a component  of, or is in equilibrium with, the high 
energy state. The rapid risetime of  the fast phase of  the carotenoid shift ( < 50 ns) [6] 
argues for an obligate role of the membrane potential in the high energy state leading 
to ATP synthesis [7]. 

Following flash illumination, the decay of the chloroplast 515 nm shift is 
stimulated and ATP synthesis is inhibited by a concentration of gramicidin equivalent 
to one molecule of ionophore per thylakoid [1, 5]. In chromatophores,  treatment 
with gramicidin does not lead to an accelerated carotenoid shift decay (unpublished 
observations). Valinomycin, however, is effective. The reason for the gramicidin 
failure is not clear. It may be that the "pore"  mechanism of gramicidin [26], compared 
with the carrier mechanism of valinomycin [27] cannot operate on the very small 
vesicles of  the chromatophore system. Despite these differences in the ionophore 
specificity, we have now illustrated the equivalence of the electrical unit and the 
phosphorylation unit on the one hand in the large vesicular structure of  the chloro- 
plast (105 chlorophyll molecules) and on the other in the small vesicular structure of 
the chromatophore (5- 103 bacteriochlorophyll molecules). 
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