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1. Introduction 

The similarity between the ubiquinone/cyto- 
chrome b/c oxido-reductase of mitochondria and 
the analogous enzyme in chromatophores from photo- 
synthetic bacteria has been discussed at length [ 1 ]. 
The ease with which electron equivalents may be 
delivered by pulsed light activation and counted has 
been exploited in the determination of accurate 
H÷/e ratios in chromatophores [2,3]. In this report 
we use the technique of single flash excitation to 
determine the stoichiometry of protons transported 
during ATP synthesis. It is pertinent to note that 
chromatophore ATPase is remarkably similar to its 
mitochondrial counterpart from the point of view 
ofsubunit composition [4],inhibitor sensitivity [5,6] 
and divalent cation requirement [7] so similar H+/ATP 
stoichiometries may be expected. 

We make use of the red shift of the carotenoid 
absorption spectrum of the chromatophores [8,9] 
and its decay to estimate how many charges are 
translocated during ATP synthesis. The ATP yield 
under similar conditions is determined by assay with 
luciferin/luciferase [10,11 ]. With chromatophores 
from 2 species and several strains of Rhodopseudo- 
monad we find: 

H+/ATP = 2.2 5 +- 0.16 

2. Methods 

Photosynthetic cells were grown and chromato- 
phores were prepared by standard procedures [7]. 
Rps. capsulata was the organism of choice since it 

may be disrupted under milder conditions than 
Rps. sphaeroides (150 W sonication for 45 s in the 
presence of 0.2 mm diam. glass beads) to yield 
chromatophores with a routinely higher rate of photo- 
phosphorylation and more extensive effect of ADP 
on the carotenoid shift decay after a flash. 

We have found that the phosphorylating activity 
ofRps, sphaeroMes chromatophores may be improved 
if the bacterial cells are exposed to lysozyme 
(20 rag/10 g cell wt) in the presence of 1.3 mM EDTA 
at pH 8.0 for 30 rain at 30°C (see [12]) before the 
sonication step (2 × 30 s) in the presence of 8 mM 
MgC12. Two such preparations were used in this 
report. 

Carotenoid shift experiments and determination of 
reaction centre bacteriochlorophyll concentrations 
were performed on a dual wavelength spectrophotom- 
eter as in [13,14]. Photosynthesis was initiated with 
20/~s half-peak width flashes spaced 50 s apart and 
events were averaged usually for 16 or 32 sweeps, for 
the single flash. Control experiments ensured that the 
dark time between flashes was sufficient to allow the 
electron transport reactions, the electrochemical 
proton gradient and the turnover of the ATPase to 
relax by >95%. 

Luciferase was purified according to the method 
in [10] with firefly lanterns either purchased from 
Sigma, or collected by J. B. J. in Philadelphia. 
Luciferin from Calbiochem, was used without further 
purification. Light emission was measured on the 
same spectrophotometer as above with the mono- 
chromator slits completely closed. In wild-type 
chromatophores (St Louis and KB 1) the photo- 
multiplier was screened with a Schott OG550 cut-off 
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filter in addition to the usual saturated copper 
sulphate solution [13] to prevent interference from 
the carotenoid absorption band shifts. In the green 
mutants N22 and Ga this precaution was unnecessary. 
The emission signal was calibrated by the addition of 
a standard ATP solution within the linear range of 
the luciferin/luciferase. 

The experiments were routinely performed in the 
presence of antimycin A to block electron flow 
through the ubiquinone/cytochrome b/c2 oxido- 
reductase and abolish carotenoid shift phase III [ 15]. 
This facilitates measurement of the extent of the 
carotenoid shift decay stimulated by ADP but, in 
single flash experiments, only slightly inhibits 
(between 20-40%) the ATP yield [8,9] (K. M. P., 
J. B. J. unpublished observations). 

We are grateful to Dr J. H. Klemme for a culture 
of  the KB1 strain and to Dr O. T. G. Jones for the 
N22 mutant. 

3. Results 
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Fig.1. [BChl] ~ oxidation following a train of 8 saturating xenon 
flashes at 25 ms intervals monitored at 605-540 rim. The 
Rps. sphaeroides Ga chromatophores ([ BChl] 2: 0.2 #M) were 
suspended in 100 mM glycylglycine, 100 tLM succinate, 0.1% 
BSA, 10 mM Mg ~÷, 2 mM Pi, 5 taM antimycin at pH 7.75. 
Ferri/ferrocyanide (~5 tsM) was used to adjust the ambient 
redox potential to the values shown. The traces represent the 
average of 8 scans spaced 50 s apart. 

3.1. Method for the determination of  H+/A TP follow- 
ing a short flash 

Following single turnover flash activation of 
chromatophores in the presence of antimycin A 
electrons are transferred from reaction centre bacterio- 
chlorophyll, through an intermediate, I, to a ubi- 
quinone species, Q.Fe [16]. Subsequent electron 
transfer to a secondary ubiquinone results in proton 
binding (1 H+/e-) on the outside interface of the 
chromatophore vesicles [2]. The oxidised reaction 
centre bacteriochlorophyll is re-reduced by electron 
transport from cytochrome e2 which is located on 
the inside of the chromatophore lumen [ 17]. These 
rapid electron transfer processes (complete within 
1 ms) are seen to take place across the membrane. 
The number of  charges translocated may be estimated 
from the Zkdso6_s4o nm due to re~action centre 
bacteriochlorophyll [14]. Rapid re-reduction of 
reaction centre bacteriochlorophyll by cytochrome 
c2 would lead to an underestimate of this parameter 
but repetitive activation by closely spaced flashes in 
the presence of antimycin A to block cyclic electron 
flow circumvents this problem. Allowance for incom- 
plete flash saturation is made by comparison with 
data at high ambient redox potential where cyto- 

chrome c2 is chemically oxidised before the flash 
(see fig.l). The table shows the number of electrons 
transferred by a single flash (on a bulk bacterio- 
chlorophyll basis) in several chromatophore prepara- 
tions. These values fall within the same range as those 
measured in Rps. sphaeroides chromatophores [14]. 

The separation of charge across the chromatophore 
membrane results in a red shift of the endogenous 
carotenoid absorption spectrum. The shift is linear 
with respect to the applied voltage so at constant 
membrane capacitance, the extent of the shift, 
measured as an absorbance change at the peak and 
trough of the difference spectrum, is proportional to 
the number of  charges transferred (20) as calculated 
above. 

A fraction of the decay of the carotenoid shift is 
accelerated under phosphorylating conditions [8,9] 
(fig.2). Evidence suggests that this is a consequence 
of charge flux through the chromatophore ATPase 
during the phosphorylation of added ADP. The extent 
of  charge flux through the ATPase, expressed as a 
percentage of the total number of charges translocated 
through the reaction centre may be estimated from 
semilogarithmic plots of the decay of the carotenoid 
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Fig.2. The carotenoid bandshift and decay: Chromatophores from Rps. capsulata KB1 were suspended in the medium described 
in the legend to fig.1. In the lower left hand trace 30 tzM ADP was present. The measuring wavelengths were 528-512  nm. The 
traces were averaged as in fig.1. On the right hand side is shown a semi-logarithmic plot of the data on the left. The addition of 
ADP has resulted in a 22% stimulation of the decay. 

Table 1 
Determination of H+/ATP ratios in several preparations of Rhodopseudomonas capsulata and sphaeroMes 

Chromatophores 
prepared from 

Conditions [BChl]~/BChl % Acceleration of Charges moving ATP synthesis/ H ÷ 
on single carotenoid shift through flash/BChl ATP 
turnover decay by ADP ATPase/BChl 

Rps. capsulata 
strain KB1 

Rp~ capsulata 
strain KB1 

Rps. capsulata 
St Louis 

Rps. capsulata 
N22 

Rps. capsulata 
N22 

Rps. capsulata 
N22 

Rps. capsulata 
N22 

Rps. capsulata 
N22 

Rps. sphaeroides 
Ga 

Rps. sphaeroides 
Ga 

200 ~M ADP 1/54 17 1/323 1/698 2.16 
5 t~M antimycin 
200 tzM ADP 1/54 5 1/1080 1/2333 2.16 
5 #M antimycin 
120 ng/ml efrapeptin 
20 #M ADP 1/78 15 1/520 1[1071 2.06 

150 ~M ADP 1/125 19 1/658 1/1665 2.53 
5 ~tM antimycin 
30 ~M ADP 1/98 13 1/754 1/1734 2.30 
5 ~tM antimycin 
30 #M ADP 1/200 18 1/1111 1/2477 2.23 
5 ~tM antimycin 
30 tzM ADP 1/125 27 1/458 1/1058 2.31 

30 uM ADP 1/125 19 1/658 1/1316 2.00 

30 ~tM ADP 1/106 11 1/964 1/2155 2.24 
5 tzM antimycin 
30 #M ADP 1/82 8 1/1026 1/2564 2.50 

mean -- 2.25 
-+0.16 
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shift (fig.2) and is shown in table 1. In the adjacent 
column these values are converted into the absolute 
number of charges passing through the ATPase on a 
bulk bacteriochlorophyU basis using the figures in the 
first column. 

Immediately after each carotenoid experiment, 
the monochromator slits of the spectrometer were 
closed and a fresh chromatophore sample in the same 
medium, supplemented with luciferin and purified 
luciferase, was analysed for flash-induced ATP 
synthesis. Light emission in the absence of added 
ADP (about 10% of that in the presence of 30--200 ~tM 
added ADP), presumably due to endogenous 
nucleotide, was subtracted in the computation of 
the flash yields of  ATP synthesis given in table 1 
(see also fig.3). The flash-induced phosphorylation of 
'endogenous' nucleotide probably partly accounts for 
the initial fast decay phase of the carotenoid shift in 
the absence of ADP (see fig.2). 

The final column shows the H*/ATP ratio for each 
preparation. The mean value is 2.25 ± 0.16 H+/ATP. 
In a chromatophore sample, 60% inhibited with efra- 
peptin, a similar value was obtained. In three experi- 
ments antimycin was omitted from the chromatophore 
suspension. In such cases the stimulation of the 
carotenoid shift was difficult to determine accurately 
from the log plots but an approximate value was 
estimated as the difference (± ADP) in the carotenoid 
shift level 500 ms after the flash. 

+ 30~N ADP 
._. ~ r n M  Pi  

flash I ~ ' '  Y ' 

I I sec I 

0dditions 

Fig.3. ATP synthesis following a single turnover flash in the 
presence of 5 t~M antimycin. The medium of fig.1 was 
supplemented with 0.2 mg purified luciferase, 150 t~M 
luciferin, and in the upper trace, 30 ~M ADP. Light emission 
(upwards) was calibrated by addition of 10 nM ATP. 

3.2. Possible sources of error in the determbzation of 
H+/A TP 

(i) Although these experiments were largely con- 
ducted with chromatophores prepared from 
Rps. capsulata (for the reason given in section 2) 
the extinction coefficient for the reaction centre 
change at 605-540 nm was derived for 
Rps. sphaeroides chromatophores [14]. In view 
of the similarities between the two organisms, we 
doubt that the error introduced by this assump- 
tion is significant. 

(ii) The kinetics and redox potential dependence of 
the generation and decay of the flash-induced 
carotenoid shift are entirely consistent with the 
thesis that the change is a response to charge 
translocation across the chromatophore mem- 
brane [8,9,13,20,21 ]. Detailed spectral analysis 
are generally supportive of an electrochromic 
mechanism [22,23]. Discrepancy does arise 
between membrane potential determinations by 
either carotenoid shift measurements or by ion 
uptake techniques [24-27] ,  the former giving 
larger values. This comparison however suffers 
from the fact that, to date, the ion-uptake experi- 
ments have apparently been carried out at less 
than saturating light intensities. In any case, in 
the present exPeriments, we do not rely on diffu- 
sion potential calibrations of the carotenoid shift 
but rather upon the equivalence between the 
extent of the band shift and the quantity of 
charge translocated by either electron transport 
or through the ATPase. 

(iii) On average only 60% of the reaction centres in 
our chromatophore preparations possess func- 
tionally intact cytochrome e2 [ 14,21 ]. The 
remainder appears to be lost during cell disrup- 
tion. This means that, in 40% of the reaction 
centres, electronic charge crosses only a part of 
the membrane [20,21,28]. Consequently we 
would be over-estimating the charge translocated 
through both the electron transport reactions 
and the ATPase complex by about 25%, giving an 
average H*/ATP ratio = 1.7. In fact the error 
introduced by this problem is < 25% owing to 
the remarkable observation that at high redox 
potentials, where all the cytochrome cz is 
chemically oxidised before the flash and electron 
transport only occurs across a part of the mere- 
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brane (viz. [BChl] z -+ Q.Fe.),  ATP synthesis still 
proceeds after the flash [21]. The implications of  
this finding will be discussed in a future commu- 
nication so suffice it to say that considerations 
do not  seriously affect the computed ratio. 

4. Discussion 

The yield of  ATP synthesis after a single turnover,  
nearly saturating flash is usually of  the order of  
1/700 molecules of  bacteriochlorophyll .  In [29] 
1/1000 was obtained in chromatophores o f  
Rhodospirillum rubrum. Our chromatophores  from 
Rps. capsulata possess a mean 1000 molecules of  
bulk bacteriochlorophyll  and 1 1 electron transport  
chains/vesicle [19]. Thus ATP synthesis, at least after 
single flash activation, would appear to be rather 
inefficient, a fact which was also deduced from 
studies on the carotenoid shift decay under phos- 
phorylat ing conditions [8,9]. Increased ATP synthesis 
on subsequent flashes has been reported in chloroplasts 
[30] and has also been discovered in chromatophores  
( [29] ,  K. M. P., J. B. J. unpublished observations). 

In the present experiments we arranged the dark time 
between flashes to be so long that  the apparent  
'activation'  processes completely decayed so that  
signal averaging was possible. 

Before the advent of  purified luciferase preparat ion 
the error in single flash yields o f  ATP synthesis deter- 
mined by  incorporat ion of  32P i was too large to be of  
value for measurement of  the H+/ATP ratio.  A less 
direct method gave a value of  H*/ATP = 1.7 with a 
rather large standard deviation [9]. The present work 
suggests with more confidence that  the ratio is 2. 

In the absence of  antimycin A, 2 H ÷ are bound to 
the outer interface of  the chromatophore membrane 
per e -  delivered to the ubiquinone/cytochrome b/c2 
oxidoreductase [3] and in the presence of  antimycin,  
1 H÷/e- [2]. Although,  for as ye t  unknown reasons, 
not  all electron transfer reactions couple to ATP 
synthesis after single flash activation, the effective 
coupling stoichiometry for phosphorylat ion in the 
absence of  antimycin is 1 e - /2  H+/1 ATP. 
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