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SUMMARY 

A green mutant  of Rhodopseudomonas spheroides was isolated in which spectro- 
scopic measurements of the ~-band region of cytochromes could be made. It  was 
grown either aerobically or photosynthetically, and the membrane fractions prepared 
from cells of each type. Anaerobic potentiometric titration at 560 nm minus 542 nm 
showed the same three redox components, tentatively identified as b-type cytochromes, 
in membrane fractions from either type of cell. The mid-point potentials were 
approximately + 185, +41 and - 104 mV. In membranes f rom photosynthetically 
grown cells the major cytochrome form absorbing at 560 nm had a mid-point po- 
tential of +42 mV; in aerobically grown cells the major form had a potential of  
+ 185 mV. In both types of  cell only one c-type cytochrome was found, with a 
mid-point potential of  + 295 mV. An a-type cytochrome was present only in aerobical- 
ly-grown cells. 

Substrate-reduced particles from these cells were mixed with air-saturated buffer 
in a stopped-flow spectrophotometer and the kinetics of  oxidation of b- and c-type 
cytochromes were measured. The same two b-type components, reacting with pseudo 
first order kinetics, were detected in particles from both aerobically and photo- 
synthetically grown cells (t~ for oxidation 1.3 s and 0.13 s). The e-type cytochrome of 
particles from aerobically grown cells was oxidised with t~ of  0.97 s; the c-type 
cytochrome of photosynthetic cells was oxidised faster, with t~ of 0.27 s. 

These observations have implications on the adaptive formation of electron 
transport systems that are discussed. 

INTRODUCTION 

The purple non-sulphur bacterium Rhodopseudomonas spheroides can grow 
aerobically if supplied with 02 and organic substrates or, in the absence of 02, can 
grow photosynthetically. For photosynthetic growth large structural changes take 
place in the organism, with the elaboration of many vesicles carrying the light- 
harvesting and photoreactive pigments. Some changes in the cytochrome content are 
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also found. Particles from R. spheroides grown in either way are capable of  respiration 
but only in aerobically grown forms is there evidence for an electron transport path- 
way with a terminal oxidase of the a-type; in the photosynthetically grown form the 
oxidase may be a cytochrome of the o-type 1'2,3. Kikuchi and Motokawa 4 have 
suggested that the a-type oxidase is accompanied by a c-type cytochrome with a 
mid-point potential of +246 mV, such as is found in mitochrondria; there is no 
evidence for such a c-type cytochrome in photosynthetically grown cells 5. 

In order to determine the changes in the nature and organisation of membrane- 
bound cytochromes following adaptation to heterotrophic growth we have determined 
the mid-point potentials of  the cytochromes absorbing at 552 and 560 nm and have 
also measured the kinetics of oxidation of these cytochromes when anaerobic suspen- 
sions of particles are mixed with air-saturated buffer. These measurements show that 
alteration of the relative abundance of the b-type cytochromes, and in the reaction 
of the bulk cytochrome c with the terminal oxidase, can be induced by changes in 
growth conditions. 

MATERIALS AND METHODS 

Preparation of  a green mutant o f  R. spheroides 
This mutant, containing carotenoids absorbing light at shorter wavelength than 

those of the wild type, was prepared by treatment of  cells of  strain 2.4.1 with N-methyl- 
N_nitroso_N_nitroguanidine 6, 7. Photosynthetically-competent green cells were selected 
from isolated colonies on agar plates incubated anaerobically in the light. The rate of 
photosynthetic growth of this mutant was the same as for strain 2.4.1 (4-6 h gener- 
ation time) and also the rates of aerobic growth were the same (3-3.5 h generation 
time). This mutant had the advantage of permitting spectroscopic observation of the 
cytochromes with little interference from carotenoids and was not liable to photo- 
degradation in the presence of air. 

Growth of  cells 
Cultures of the green mutant  were either grown aerobically, in a vigorously 

aerated continuous culture apparatus 3, or anaerobically in the light in the medium of 
Sistrom 8. Particles were prepared from cells disrupted in a French pressure cell, as 
described previously (ref. 3). 

Spectrophotometry 
The split-beam spectrophotometer used in this work has been described else- 

where 9 and the dual-wavelength spectrophotometer was essentially based upon the 
design of Chance 1°. 

Determination of  mid-point potentials 
The anaerobic procedures for the assay of oxidation-reduction mid-point 

potentials were those of Dutton et al. it using a stirred anaerobic cuvette, fitted with 
platinum and calomel electrodes, through which was bubbled a gentle stream of 
purified N2. The wavelength pairs used in the dual wavelength spectrophotometer 
were: cytochrome c, 552 nm minus 542 nm; cytochrome b, 560 nm minus 542 nm. 
To obtain l eliable measurements it was necessary to add redox mediators (see ref. 11) 
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to facilitate electron equilibration between the platinum electrode and the membrane- 
bound electron transport carriers. 

Kinetic studies 
The stopped-flow spectrophotometer used in these studies was essentially that 

described by Gutfreund ~2' 13. This equipment had a dead time of 3 ms and an optical 
path length of 10 mm. The reciprocal dispersion of the monochromator was 2.6 nm 
per mm and the exit slits were fixed at 0.6 mm. Particles were allowed to become 
anaerobic in one syringe of the apparatus, due to respiratory activity following the 
addition of 2 mM sodium succinate. The time required for this anaerobic transition 
had been previously determined for each batch of particles by following the extent of 
reduction of cytochromes after substrate addition to particles contained in a cuvette of 
a split-beam spectrophotometer. The second syringe of the stopped-flow apparatus 
contained air-saturated buffer. 

R E S U L T S  

The spectroscopic properties of the cytochromes of the particulate fraction of 
the green mutant of R. spheroides when grown photosynthetically or aerobically are 
shown in Fig. 1. The very strong absorption of chlorophyll around 600 nm and of 
carotenoids at wavelengths below 520 nm limit spectroscopic studies of the photo- 
synthetic form to the region between these wavelengths. In the anaerobic spectra, 
obtained after 02 in the cuvette had been consumed, both the photosynthetic form and 
the aerobically grown form have relatively more reduced cytochrome c than reduced 
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Fig. 1. Effect o f  addi t ion  o f  succinate and di thioni te  to particles prepared  f rom (i) photosynthe t i -  
cally grown;  (ii) aerobically grown R. spheroides. Particles ((i) 2 mg/ml  prote in  or  (ii) 3.5 mg/ml  
protein)  were suspended  in 10 m M  T r i s - H C l  (pH 7.5); 2 m M  succinate was added  to test cuvette 
and  spectra  recorded at r o o m  tempera ture .  Trace A was recorded immediately after adding  
succinate;  Trace B (i) 15 min later;  (ii) 6 min  later. Trace C was recorded after addi t ion o f  di thioni te  
to test cuvette.  - . . . .  , baseline. 
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b. The addition of  dithionite causes further reduction,  most ly  o f  b-type cytochrome,  
and gives a ratio of  b/c approximately  equal to 1 : 1. In particles from the aerobically 
grown R. spheroides the absorption m a x i m u m  at 606 nm due to reduced cytochrome 
oxidase can be clearly seen in the anaerobic steady state. 
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Fig. 2. Potentiometric t i t rat ion of the cytochromes of particles from aerobically grown and photo- 
synthetically grown R. spheroides measured at 560 nm minus 542 nm. Particles (approx. 2 mg/ml 
protein) were suspended in 20 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid 
buffer, pH 7.0. 10 # M  phenazine methosulphate,  10 # M  phenazine ethosulphate, 7 ffM pyocyanine, 
10ffM diaminodurol  and 10ffM 2-hydroxy-l ,4-naphthoquinone were present as mediators. 
Oxidat ion-reduct ion potentials were made more negative by successive additions of succinate, 
NADI-[ and dithionite. Potentials were made more positive by adding K3Fe(CN)6. Q, t i t rat ion of 
particles from aerobically grown cells; o ,  t i t rat ion of particles from photosynthetically grown cells. 
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Fig. 3. Replot of the data from Fig. 2, showing the resolution of the curves into three components.  
The line drawn through the points is a theoretical n= 1 line derived from the Nernst equation. 
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A dark titration of the cytochromes of photosynthetically grown R. spheroides 
carried out by Dutton and Jackson 5 revealed three cytochromes considered to be of the 
b-type, with absorption maxima at 558-559, 560 and 564 nm; two b-type cytochromes 
were also resolved by Jones 14 using difference spectroscopy at 77 °K. A dark titration 
at 560 nm confirmed the presence of the three components described previously in 
photosynthetically grown ceils 5 and showed that much less of the cytochrome with a 
mid-point potential around + 42 mV was present in particles from aerobically grown 
cells (Fig. 2). Of the total cytochrome reduced when the potential fell from + 240 mV 
to - 160 mV in photosynthetic cells about 60% was the cytochrome with a mid-point 
potential near +40 mV and only about 34% in aerobic cells. The data from the 
titration curve of Fig. 2 were replotted after the curve had been resolved into three 
components and the experimental points flitted well to the theoretical n =  1 lines 
drawn (Fig. 3). The calculated midpoint potentials (pH 7.0) for the cytochromes, and 
ratio of concentrations are given in Table I. 

TABLE I 

MID-POINT POTENTIALS AND RATIOS OF CYTOCHROMES OF PARTICLES 
PREPARED FROM AEROBICALLY AND PHOTOSYNTHETICALLY GROWN R. SPHE- 
ROIDES 

Measurements were made at pH 7.0. 

Cytochromes Growth Measured Eo Proportion of 
conditions (m V) total cytochrome 

change 
(%) 

b-type (560 nm) Aerobic + 185 48 
+ 41 34 
- 1 0 4  1 8  

Photosynthethic + 189 29 
÷ 42 57 
-112 14 

c-type (552 nm) Aerobic +295 92 
Photosynthetic +295 93 

Titration at 552 nm from + 350 mV to - 50 mV gave for each type of particle 
only one component, with a mid-point potential of +295 mV, Small absorbance 
changes at low potential were found but were not further characterised. They may 
arise from minor cytochrome e components such as cytochrome c3, described by 
Meyer et al. is or from interference by cytochrome b changes. 

Analysis of  the kinetics at 560 nm when substrate-anaerobic particles were 
mixed with aerated buffer in the stopped-flow spectrophotometer suggested the 
presence of at least two components that were rapidly oxidised (Fig. 4a). These were 
resolved into two components on replotting, assuming that the oxidations were 
pseudo first order reactions (Fig. 4b). Apparently the same two components were 
present in cells grown aerobically or photosynthetically, with t+ for oxidation of 
approx. 130 ms and 1.3 s. 
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Fig. 4. (a) Kinetics of oxidation at 560 nm in particles prepared from photosynthetically grown 
R. spheroides. Particles (6 mg/ml protein) in l0 mM Tris-HCl (pH 7.5) were allowed to become 
anaerobic with 2 mM succinate and then mixed with an equal volume of air-saturated 10 mM 
Tris-HC1 (pI-I 7.5) in the stopped-flow spectrophotometer. The time constant was 8 ms. (b) Replot 
of the data obtained from the trace shown in (a). t{= (i) 1.0 s; (ii) 0.1 s; k= (i) 0.69 s -1 ; (ii) 6.9 s -1. 
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Fig. 5. (a) Kinetics of oxidation at 552 nm of particles prepared from photosynthetically grown 
R. spheroides. Experimental conditions were as described in Fig. 4a. (b) Replot of the reaction 
shown in (a). t½= 0.26 s. k= 2.65 s -1. 

The kinetics o f  changes induced at 552 nm by oxygenation were simpler 
(Fig. ha) and the replots, assuming pseudo first order reactions, gave only  one 
component  (Fig. 5b) in both aerobic and photosynthet ic  preparations, but the t~ for 
the oxidation was significantly slower in the aerobic preparation. For the changes 
at 552 nm, replots by the method o f  Guggenheim 16 verified the constants obtained 
from standard replots. A summary o f  the constants obtained from a series o f  deter- 
minat ions  is given in Table II. There was, in some runs, a suggestion that a very fast 
reacting component  was present but the kinetics of  this component  were such that 
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TABLE II 

SUMMARY OF KINETICS OF OXIDATION OF CYTOCHROMES IN PARTICLES FROM 
PHOTOSYNTHETICALLY GROWN AND AEROBICALLY GROWN R. S P H E R O I D E S  

Particles 2 (nm) o f  t~ (s) k (s-1) 
observation 

Photosynthetic 552 0.27 _+0.04 2.5 
560 1.3 +0.37 0.53 

0.123 +0.02 5.6 

Aerobic 552 0.97 +0.1 0.71 
560 1.32 +0.2 0.52 

0.13 +0.04 5.31 

it was difficult to resolve f rom a mixing artefact.  In  calculat ing the extent  o f  t rans-  
miss ion change,  conf i rmat ion  of  the measured  end of  react ion was ob ta ined  f rom a 
second scan at  slow speed. 

A n u m b e r  o f  cont ro l  exper iments  conf i rmed tha t  the s topped  flow measure-  
ments  were no t  ar tefactual .  N o  changes were observed at  570 nm, the isosbest ic  po in t  
for  the t rans i t ion  between the aerobic  s teady state and anaerob ic  s teady state (see 
Fig. 1), and  no  changes were detected when part icles  reduced with di th ioni te  were 
mixed with  buffer conta in ing  di thioni te .  When  ant imycin  A was added  to par t ic les  in 
the anaerob ic  s teady state, only the kinetics o f  ox ida t ion  of  the fast 560 nm c o m p o n e n t  
were unaffected;  the slow reac t ion  was a lmost  comple te ly  abol i shed  in bo th  types 
o f  par t ic le  (Fig. 6). N o  such effect o f  an t imycin  A was found  at  552 nm. A series o f  
oxygen e lec t rode  de te rmina t ions  showed tha t  ant imycin  A, at  the concent ra t ions  used, 
gave inhibi t ions  o f  succinate ox ida t ion  o f  abou t  65% for part icles  f rom bo th  aerobic  
and photosynthe t ic  cells. 
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Fig. 6. Effect of antimycin A on the kinetics of oxidation at 560 nm in particles prepared from 
(i) photosynthetically grown R. spheroides. Experimental conditions were as described in Figs 4a 
and 5a, respectively, except that 4/~M antimycin A was added after anaerobiosis had been attained. 
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DISCUSSION 

The titrations of the cytochromes absorbing at 560 nm in particles from 
photosynthetically-grown cells gave three components with mid-point potentials that 
are in reasonable agreement with those previously published by Dutton and Jack- 
son 5,17, although the relative amounts of  each component  differ from their values. 
This is because our titrations were made at 560-542 nm, and theirs at 566-540 nm. 
The absorption maximum of the low potential component is near 566 nm, that of  
middle potential carrier is at 560 nm and consequently the wavelength selected for 
titrations will very much influence the measured ratios. From measurement of  the 
b-cytochrome reactions, following a laser flash, Dutton and Jackson concluded that a 
b cytochrome with a mid-potential of  + 50 mV (bs0) ultimately accepts electrons from 
photoreduced X, the primary electron acceptor in photosynthesis, and so has a 
central role in energy conservation in a cyclic light driven electron flow, and that b155 
is involved in a non-cyclic mechanism for feeding electrons into the cyclic system, 
via cytochrome c29s. The role of the long wavelength, low potential b_9o was unclear. 
Our results provide support for the scheme outlined above. During aerobic growth 
the proport ion of the b42 decreased, suggesting that this component  is not important 
in aerobic growth but is necessary for photosynthesis. (Our conditions for aerobic 
growth did not completely abolish the synthesis of photosynthetically active pigments; 
the chlorophyll content was reduced to about 5% and actinic illumination induced a 
photo-oxidation of cytochrome c, and some reduction of a cytochrome b, see also 
ref. 3.) 

Although it is possible to detect a minor cytochrome c component  in membrane 
fractions by spectroscopy at 77 °K (ref. 14) this was not resolved by redox titration. 
It appears that cytochrome c295 plays an important role in both cyclic electron flow 
and in dark, respiration-linked electron flow in these membrane preparations. Other 
soluble cytochromes of the c-type, that are present in whole cells of  aerobically grown 
R. spheroides 3'18, are lost in the supernatant fraction. Similarly, kinetic studies of  
cytochrome c oxidation in the particles revealed only one component  in cells grown 
either aerobically or photosynthetically, although, again, the presence of minor 
components cannot be excluded. It appears that when adapting from photosynthetic 
to aerobic conditions the same cytochromes b and c are used in synthesising new 
membrane-bound electron transport systems. 

In kinetic studies with whole cells of  photosynthetically grown R. spheroides, 
Chance and his co-workers 19 found that a pigment absorbing maximally at 428 nm 
had many properties expected of an oxidase. The pseudo first order rate constant was 
about  0.5 s -1, with no evidence for biphasic kinetics. In particles from cells of both 
types we find that, at 560 nm, there is a component  that reacts with a value for k 
of  about 0.5 s -1 but, in addition, a significantly faster component  reacts, with k =  
5.3 s-  ~. This fast component, which represents about 30-40% of the oxidisable material 
at 560 nm, is unlikely to be an oxidase of the o-type since much more CO-reactive 
pigment would then be expected in difference spectra and also the midpoint potentials 
of  the major components at 560 nm are well below that of  the cytochrome c. We 
tentatively suggest that a minor component is present that acts as an oxidase. The 
rates of  oxidation are such that this oxidase could not be cytochrome cc' (see ref. 19). 
The kinetics of  b-cytochrome oxidation in particles from aerobically-grown cells and 
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photo synthetically-grown cells did not differ significantly; the major difference 
between the particles was that the oxidation of cytochrome c was slower in aerobic 
particles. This suggests that the orientation of cytochrome c to its original oxidase has 
changed, probably as a result of  the development of  the new a-type oxidase and 
modification of  the photosynthetic electron flow system, and it is no longer in a 
position to react directly with the fast oxidase. A number of  schemes could be invoked 
to explain these kinetics but we limit these to the bare outline given below in Scheme I. 
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Scheme 1. (A) Oxidase system of photosynthetically-grown organisms. (B) Oxidase system of 
aerobically-grown organisms. The times given on the arrows refer to the t½ of oxidation. 

The b and c components with similar rate constants found in the aerobic form need 
not give complex kinetics, since the c is present in a large excess compared with the b. 
The fast b component  may be responsible for the antimycin-resistant component  of  
respiration and its oxidase could be some autoxidisable component normally present 
between the fast b and cytochrome c, if these were both components of  the cyclic 
electron transport system, i.e. if the fast b is b42. It  is unlikely that the low potential b 
would be detected in the stopped-flow experiments since conditions in the syringes 
would be insufficiently reducing to achieve the Eh needed for its reduction. 

In summary, our results indicate that when R. spheroides undergoes the major 
structural and functional changes associated with adaptation to the heterotrophic 
existence it incorporates at least one existing b cytochrome and one existing c cyto- 
chrome into a respiratory electron pathway and that these two cytochromes retain 
a similar orientation to each other, although a new terminal oxidase has been devel- 
oped. A b cytochrome with a mid-point potential of ÷ 42 mV is synthesised in smaller 
amounts when the cells are grown aerobically. 
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