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Summary 

(1) A flash number dependency of flash-induced absorbance changes was 
observed with whole cells of Rhodospirillum rubrum and chromatophores of  
R. rubrum and Rhodopseudomonas sphaeroides wild type and the G1C 
mutant .  The oscillatory behavior was dependent  on the redox potential; it 
was observed under oxidizing conditions only. Absorbance difference spectra 
measured after each flash in the 275--500 nm wavelength region showed that  
a molecule of ubiquinone, R, is reduced to the semiquinone (R-) after odd- 
numbered flashes and reoxidized after even-numbered flashes. The amount  of 
R reduced was approximately one molecule per reaction center. 

(2) The flash number dependency of  the electrochromic shift of  the caro- 
tenoid spectrum was studied with chromatophores of  Rps. sphaeroides wild 
type and the G1C mutant .  At higher values of  the ambient redox potential a 
relatively slow phase with a rise time of  30 ms was observed after even- 
numbered flashes, in addition to the fast phase {completed within 0.2 ms) 
occurring after each flash. Evidence was obtained that  the slow phase repre- 
sents the formation of  an additional membrane potential during a dark reaction 
that  occurs after flashes with an even number. This reaction is inhibited by 
antimycin A, whereas the oscillations of  the R/R-  absorbance changes remain 
unaffected. At low potentials (E = 100 mV) no oscillations of the carotenoid 
shift were observed: a fast phase was followed by a slow phase (antimycin- 
sensitive) with a half-time of  3 ms after each flash. 

(3) The results are discussed in terms of  a model for the cyclic electron 
flow as described by Prince and Dutton (Prince, R.C. and Dutton,  P.L. (1976) 
Bacterial Photosynthesis Conference, Brussels, Belgium, September 6--9, 
Abstr. TB4) employing the so-called Q-cycle. 

Abbreviation: TMPD, N,N,N',N'-tetramethyl-p-phenylenediamine. 
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Introduct ion 

During the last years, much work has been done in order to establish the 
identity of  the reactants involved in the primary photochemical  processes 
in photosynthet ic  bacteria. It has become clear that the excited bacterio- 
chlorophyll dimer P-870 * transfers an electron to a bacter iopheophytin 
molecule within a few picoseconds [1--3].  In a subsequent  dark reaction 
of  about  200 ps, the charge separation is further stabilized by electron trans- 
fer from bacter iopheophyt in  to what is generally called the "primary acceptor"  
X, probably an iron • quinone complex. The quinone has been identified as 
a menaquinone in Chromatium vinosum [4--5] and as a ubiquinone in Rhodo- 
pseudomonas sphaeroides and Rhodospirillum rubrum [6--8].  X, in its turn, 
reduces under normal conditions a secondary acceptor  [ 9--11 ]. This secondary 
acceptor  probably belongs to a relatively large pool of  ubiquinone (UQ) mole- 
cules. Since it has been shown that X becomes reduced in a one-electron trans- 
fer reaction [9],  whereas the ubiquinones of  the pool act as two-electron accep- 
tors, the exact mechanism of electron transfer between X and the UQ pool 
needs further clarification. ~: 

Recently,  Vermeglio [12] and Wraight [13] studied flash-induced electron 
transfer from X to exogenous ubiquinone in reaction center preparations of 
the R-26 mutant  of  Rps. sphaeroidcs. They found that, after dark adaptation, 
a special molecule of  ubiquinone closely bound to the reaction center was 
reduced to ubisemiquinone by flashes with an odd number. After the even 
numbered flashes, the semiquinone was reoxidized and one molecule of the 
exogenous ubiquinone was fully reduced to ubihydroquinone.  These observa- 
tions were discussed in terms of  the following model, similar to one proposed 
earlier for spinach chloroplasts [ 14,15] : 

X R  UQ hff-L X- R UQ ~ X R-  UQ "ff-~ X - R - U Q - ~  XR= UQ/,* X RUQH2 (1) 
2 H* 

where, in analogy with Photosystem II in spinach chloroplasts and algae, R 
is the quinone molecule functioning as the secondary electron acceptor  
[15,16].  In a recent communicat ion,  Barouch and Clayton [17] reported 
oscillations of  a quinone and of  proton uptake in agreement with this scheme 
in chromatophores  of  the carotenoidless mutant  R-26 of  Rps. sphaeroides 
but  not  in the green Ga mutant.  In contrast  to this model,  which was developed 
to explain the oscillating absorbance changes, several schemes have been pro- 
posed to explain the cytochrome c, cy tochrome b and ubiquinone redox 
reactions and correlate these to proton uptake and proton release [18--21].  
In some of these schemes ubiquinone becomes reduced to the protonated 
semiquinone only and then becomes reoxidized via a cy tochrome b chain 
[20,21].  

Recently,  Prince and Dut ton [22] proposed a model in which the secondary 
ubiquinone upon each flash might pass through a so-called Q-cycle in which 
ubiquinone becomes fully reduced and takes up two protons which are subse- 
quent ly released when the ubiquinone becomes reoxidized via reactions with 
cytochrome b and c. 

In the present study,  experiments with whole cells and chromatophores  
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of  different species of  bacteria will be shown and discussed in a model com- 
bining the linear scheme to explain the oscillating absorbance changes and 
the Q-cycle model  of  Prince and Dutton.  Part of  the results have been 
presented earlier in a preliminary form [ 23 ]. 

Materials and Methods 

R. rubrurn and Rps. sphaeroides (wild type and GIC mutant) were g~own 
anaerobically in the light on media described by Cohen-Bazire et al. [24] 
and Slooten [25], respectively. After 2--3 days the cells were harvested by 
centrifugation and resuspended in fresh medium. For the preparation of 
chromatophores the cells were resuspended in 50 mM potassium hydrogen 
phosphate buffer, pH 7.5, and sonicated for 3--10 rain with a Branson type 
$125 sonifier. After  centrifugation for 30 min at 20 000 X g, the supernatant 
was centrifuged for 90 rain at 110 000 × g. The pellet was suspended in buffer 
and stored for up to 4 days at 4°C until use. 

Flash-induced absorbance changes were measured with a single beam appa- 
ratus with a flow system (see ref. 28 for details) or on a similar apparatus 
[27],  provided with a cuvette  similar to that  described by Dut ton [28] in 
which the redox potential  could be measured. In this cuvette the sample was 
kept  anaerobic with nitrogen and, in the presence of  50/~M TMPD the ambient  
redox potential could be varied between 100 and 350 mV by adding small 
amounts  of  ferricyanide or ascorbate. Actinic light was provided by a Xenon 
flashlamp (t~/2 = 10 ~s). The samples were kept  in the dark (measuring beam 
off) for at least 5 rain. 

Results 

Binary oscillations of the redox state of R 
Figs. la and b show the absorbance changes at 450 nm induced by a series 

of short, saturating flashes given to dark adapted cells of R. rubrum. Under 
aerobic conditions, large binary oscillations are observed (recording a). If the 
sample was made anaerobic by bubbling with N2 for several minutes, the 
oscillations were absent (recording b). With whole cells of Rps. spha~roides 
we did not observe oscillations in either case, probably because of the fast 
oxygen consumption by this bacterium. With chromatophores of Rps. sphaero- 
ides, however, oscillations were observed at high redox potentials (Fig. lc), 
whereas they were absent at low potentials (recording d). In this case, the 
measurements were done at 452.8 nm, where the electrochromic carotenoid 
shift which is prominent in this bacterium has an isosbe~tic point [29]. The 
initial transient observed on each flash is probably due to the fast oxidation 
and rereduction of P-870. Essentially the same results were obtained with 
chromatophores of R. rubrum and those of the GIC mutant of Rps. sphacro- 
ides (see below). Apparently, oscillations of absorbance changes in the blue 
region only occur under oxidizing conditions. 

If the absorbence ch~ induced by the second fla~h are subtracted from 
those induced by the first flash, absorbance changes independent of the flash 
number should be eliminated. In Fig. 2, difference spectra obtained in this way 
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Fig .  1 .  K i n e t i c s  o f  t h e  f l a s h - i n d u c e d  a b s o r b a n c e  c h a n g e s  a t  t h e  i n d i c a t e d  w a v e l e n g t h s  o f  w h o l e  c e l l s  o f  

R. rubrum ( r e c o r d i n g s  a a n d  b ,  a b s o r b a n c e  in  t h e  c u v e t t e  a t  8 8 0  n m  is  0 . 9 )  a n d  c h r o m a t o p h o r e s  o f  

Rps. spha~roides ( r e c o r d i n g s  c a n d  d ,  a b s o r b a ~ c e  in  t h e  c u v e t t e  a t  8 5 0  a m  is  2 . 5 ) .  R e c o r d i n g  a wa~ 

m e a m r e d  u n d e r  a e r o b i c  c o n d i t i o n s ,  r e c o r d i n g  b u n d e r  a n a e r o b i c  c o n d i t i o n s ,  r e c o r d i n g s  c a n d  d w e r e  

o b t a i n e d  a t  t h e  i n d i c a t e d  a m b i e n t  r e d o x  p o t e n t i a l s  ( 5 0  NM T M P D  p r e s e n t ) .  A c t i n i c  f l a s h e s  w e r e  g i v e n  

a t  t h e  t i m e s  i n d i c a t e d  b y  t h e  a r r o w s .  O p t i c a l  p a t h l e n g t h :  0 . 9  c m .  

for the absorbance changes measured 1 s after the flashes are'shown for whole 
cells of R. rubrum and chromatophores of Rps. sphaeroides {Figs. 2a and b 
respectively). The latter spectrum was measured in the presence of gramicidin 
to prevent the generation of  electrochromic absorbance changes. In Fig. 2a, 
the difference spectrum is compared with the difference spectrum for the 
reduction of  ubiquinone to ubisemiquinone anion in vitro (dashed line, 
obtained from ref. 30). From this it seems likely that  the oscillations are 
mainly due to a reduction of  a molecule of  ubiquinone (R) to its ubisemi- 
quinone anion (R-) on the odd-numbered flashes, and its reoxidation on the 
even-numbered flashes. This is in agreement with Model I given in the intro- 
duction if we assume that  the UQH2 formed is reoxidized within 1 s. The 
spectrum obtained with chromatophores of  Rps. sphaeroides can be interpreted 
similarly, although the relatively small negative band around 280 nm may 
indicate that  in this case part of  the UQH2 formed on the second flash is still 
present after one second. By comparing the amplitude of the changes due to 
R with that  of P-870 (meast~red at 602 nm 1 ms after the flash), we calculated 
that  approximately 1 molecule of  R per active reaction center participates in the 
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Fig. 2. S p e c t r u m  o f  the  absorbance  changes  i n d u c e d  by  the  fh, st  f lash m i n u s  t h o s e  induced  by  the  s e c o n d  
flash m e a s u r e d  in aerobic  ce l l s  o f  R. rubrum (a, sol id l ine)  and in aerobic  c h r o m a t o p h o r e s  o f  Rps. 
aphaeroide~ Co). S p e c t r u m  b w a s  m e a s u r e d  in the p r e s e n c e  o f  5 0  /~M T M P D  and 5 0  /~M g ~ m l c i d i n .  The  
t i m e  b e t w e e n  t he  f lashes  w a s  I s. Th e  d o t t e d  l ine represents  the  d i f f e r e n c e  s p e c t r u m  o f  the  r e d u c t i o n  o f  
u b i q u i n o n e  to  u b i s e m i q u i n o n e  o b t a i n e d  f r o m  ref .  30 .  

oscillation, using an extinction of  5 mM -' • cm -I for R at 450 nm [30] and 
15 mM -~ • cm -i for P-870 at 602 nm [31].  

In Fig. 3, the absorbance change in Rps. sphaeroides chromatophores at 
452.8 nm induced by the second flash, is plotted against the preceding dark 
time. From this we may estimate that the life time of  R- under these condi- 
tions is approx. 1 rain. 

Oscillations of carotenoid band shift 
It is generally accepted that the interaction between the (induced) dipole 

moment  of  carotenoid molecules and the delocalized electric field across the 
chromatophore membrane, leads to an electrochromic shift of  the absorption 
spectra of  part of  the carotenoid present [32--35] .  Since it has been shown 
that there is a linear relationship between these absorbance changes and the 
changes in the membrane potential [33] ,  a study of  the kinetics of  the caro- 
tenoid shift may provide valuable information about the movement of  charges 
inside the membrane, in a direction perpendicular to the surface of  the chro- 
matophore membrane [36] .  

With dark-adapted chromatophores of  Rps. sphaeroides, we observed at 
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Fig.  3 .  A b s o r b a n c e  c h a n g e s  m e a s u r e d  at  452 .8  n m  i n d u c e d  b y  t h e  s e c o n d  f lash as a f u n c t i o n  o f  the  
p r e c e d i n g  dark t h n e  m e a s u r e d  w i t h  aerob i c  c h r o m a t o p h o r e s  o f  Rps. sphaeroides in t h e  p r e s e n c e  o f  
50/~M T M P D .  Opt i ca l  p a t h l e n g t h :  1 ram;  a b s o r b a n c e  at  850  n m  is 0.7.  

redox potentials below 150 mV a biphasic behavior of  the carotenoid shift 
measured at 509 rim, after each flash (Fig. 4a). A fast phase, completed within 
the response time of  our apparatus (0.2 ms) was fol lowed by a phase of  about 
3 ms; these phases might be identical to the first and third phase reported 
by Jackson and Dutton [36] .  At high redox potentials, however, the first 
flash induced mainly a fast phase, whereas the second flash gave a fast 
absorbance decrease, fol lowed by a slow one with a half time of  about 30 ms 
(Fig. 4b). The amplitude of  the slow phase was again lower after the third 
flash, whereas at still higher numbered flashes the kinetics were obscured by 
absorbance changes due to the decay of  the membrane potential, built up by 
the preceding flashes. In order to investigate whether the fast and slow phases 
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Fig.  4 .  K i n e t i c s  o f  t h e  a b s o r b a n c e  c h a n g e s  m e a s u r e d  at  5 0 9  n m  in c h r o m a t o p h o r e s  o f  Rpl .  lphaeroide~ 
at t h e  i n d l c a t ~ d  r e d o x  p o t e n t i a l s  ( 5 0  ~ M  T M P D  p r e s e n t ) .  1: first f lash;  2: s e c o n d  flash.  T h e  t / m e  b e t w e e n  
the  f lashes  w a s  2 s. T h e  a b s o r b a n c e  at  8 5 0  n m  w a s  2 .5  in the  c u v e t t e  w i t h  an op t i ca l  p a t h l e n ~ t h  o f  0 . 9  c m .  
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represent the same phenomena we measured the difference spectra of both 
phases (Fig. 5}. It is clear from the spectra that both phases represent a caro- 
tenoid band shift, while the differences in the spectra may be described to 
absorbance changes due to P-870 [8]. This, together with the observation 
that both phases were inhibited by gramicidin, indicate that at high redox 
potentials after the second flash, a dark reaction with a half time of approx. 
30 ms occurs which creates an additional membrane potential. In the presence 
of 0.5 pM antimycine A, the slow phase of the carotenoid shift was inhibited 
whereas the fast phase and the oscillations at 452.8 nm due to R were not 
affected {see also below). Oscillations of the slow phase of the carotenoid 
shift at higher redox potentials, were also observed in chromatophores of the 
GIC mutant  of  Rps. sphaeroides. 

A bsorbance changes due to TMPD 
In the presence of TMPD at low redox potentials dark adapted chromato- 

phores of  R. rubrum, Rps. sphaeroides and its G1C mutant  showed an 
absorbance increase around 580 nm after each flash, indicating a net oxidation 
of TMPD. This is shown in Fig. 6a for the G1C mutant .  At high redox poten- 
tials, however, oscillating absorbance changes were observed: the odd numbered 
flashes induced an absorbance increase whereas the even numbered flashes 
brought about an initial increase followed by a decrease {recording b). This 
decrease was slowed dowa substantially in the presence of 0.5 #M antimycin, 
whereas the oscillations of R were not ,affected (recording e and f). This might 
indicate that  the reduction of TMPD on the even-numbered f l~hes  is related 
to the slow phase of the carotenoid band shift. The exact amount  of TM'PD 
that  was oxidized was difficult to measure. The extent  of the absorbance 
changes varied largely with different preparations and the spectrum showed 
significant deviations from the in vitro spectrum. The three absorption bands 
with maxima at 525, 565 and 615 nm that  appear upon vx ida t ionof .TMPD 
were much sharper than those of the in vitro spectrum. The reason for this is 
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Fig .  5. A b s o r b a n c e  d i f f e r e n c e  s pec tra  i n d u c e d  by  ~ e  ~ c o n d  f l ~  ( ~ v e n  I s af t er  the  ~ t  f l ~ )  in 
aerob ic  c h r o m a t o p h o ~ s  of  Rps. sphaeroides in  t h e  p ~ n c e  o f  ~ ~ M  T M P D .  ~ ~. a b s o ~ c e  
c h a n g e s  2 m s  a f ter  the  f l ~ h :  o " ~ ,  a b s o r b a n c e  c h ~ e s  o c c u ~ g  ~ t w e e n  2 ~ d  1 8 0  m s  a f ter  the  
~ a ~ .  
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not clear. Depending on the preparation used and the estimation of the extinc- 
tion coefficient, the number of TMPD molecules per reaction center that 
could be oxidized by the first flash at high redox potentials varied from 0.2 
to 0.8. 

Discussion 

The results reported in this paper strongly indicate that under oxidizing 
conditions a scheme as given in Model ! applies to intact bacterial cells and 
chromatophores. However, a complete model will have to account for the 
observations that the oscillations of the redox state of R were not observed 
at reducing conditions. One might argue that at low redox potentials exactly 
50% of R is in the reduced state (R-) so that no net oscillations will be 
observed. This does not seem very likely, however, since on further lowering 
the redox potential, one would expect to reduce nearly all R and to see oscilla- 
tions again starting from R-, which were not observed. We therefore suggest 
that under reducing conditions an additional electron donor D is operational, 
which, together with R- can reduce UQ to UQH2: 

X R UQ D hZ X- R UQ D -~ X R- UQ D/~ X R UQH2 D* 
2 H* 
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At high redox potentials D becomes oxidized in the dark, leading to the oscilla- 
tions of R according to the scheme given in the introduction. One may consider 
the possibility that  D is a cytochrome b, operating as a component  of a second 
Mitchell loop as discussed by Prince and Dutton [22]. Such a scheme is given 
in Fig. 7 for intact bacteria. The reactions causing the three phases in the 
carotenoid shift [36] are indicated with I, II and III. In the scheme the reduc- 
tion of oxidized cytochrome c and an unknown component  of the second 
loop by UQH2 is inhibited by antimycin, which explains the retardation of the 
rereduction of cytochrome c ÷ [20,27] and the inhibition of  the third phase. 

Since after addition of antimycin to anaerobic cells of R. rubrutn flash- 
induced oscillations of R still were not observed (data not  shown), we must 
assume that  at low redox potentials cytochrome b can be reduced by a com- 
pound of the medium if reaction III is blocked. In the chromatophores that 
we used, the role of cytochrome c is probably taken over by TMPD. At high 
redox potentials reaction III occurs only after even-numbered flashes, whereas 
at low potentials it is induced by every flash, which explains the behavior of 
the carotenoid band shift in Fig. 4. 

The observation that  under reducing conditions net oxidation of some 
TMPD occurs after each flash indicates that  not  all the electron transport 
is cyclic in chromatophores.  The oscillatory behavior of the redox state of 
TMPD at high values of  the redox potentials is in qualitative agreement with 
the model: after the odd-numbered flashes one electron is stored on R, whereas 
a positive charge is present on other components,  among which is TMPD. 
After the even numbered flashes a second positive charge is formed as is 
reflected by the initial TMPD oxidation shown in Fig. 6. The two elec.tr.on.s 
formed on R 2- will be transported together with two protons across the  mem- 
brane by ubiquinone. One of the electrons of UQH2 reduces a component  of 
the medium (TMPD ÷) while the other electron will reduce cytochrome b 
causing the slow phase in the carotenoid shift (reaction III). This cy~o.ehrome b 
in turn is oxidized by the medium (TMPD). Assuming again tha t ' the  action of 

2 H ÷ 

~ c y t b - - - ~ U Q ~ - ~ R ~ X  ~ .. 

l ' 
, , 

h r  ] , 
, ~ - , ~ ,  ~ 

~ ~UQH2 ~Q ~ ~eTo ,, ~ , 
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(71 ~ cyt c ~ ,,,., 
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Fig.  7. M o d e l  for  e l e c ~ o n  t r ~ s p o r t  and l o c ~ i z a t i o n  o f  th~ ~lec.tron c ~ e r s  in the  m e m b r ~ e  for ~ c t  
b a c t e ~ a .  T h e  so l id  ~ o w s  i n d i c a ~  the  ~ e c t i o n  o f  e lec t~oh ~ o ~ .  The  r e ~ t i o n s  c a ~ n g  the  t h e e  
p h a ~ s  ~ the  c ~ o t e n o i d  shi f t  ~ e  labeled w i t h  I, II a ~  III. ~ e  ~ d u c t i o n  o f  c y t ~ h r o m e  b b y  U ~ H  2 
m i ~ t  o c c u r  v ~  an u n s o w n  c o m p o n e n t ,  indicated  here  w i ~  a q u e s t i o n  m ~ k .  A t  h i ~  r e d o x  p o t e n t i ~ s ,  
w h e n  c y t o c h r o m e  b is o x i d i z e d  in ~ e  d ~ k ,  R c ~  a c c u ~  ~ o  e l e c ~ o n s  ~ o m  X and t ~ f e r  t h e m  
t o g e t h e r  to  U Q  w h i c h  is i n d i c a t e d  b y  the  b r o k e n  a ~ o w .  ~ o r  ~ r t h e r  exp lanat ion ,  see t ex t .  
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antimycin is a strong decrease of  the rate of  reoxidation of  UQH2, the inhibi- 
tion by this substance of  both the slow carotenoid shift and the fast TMPD 
reoxidation after the second flash can be explained. 

The model  discussed here is a hypothetical  one, but it may serve as a useful 
starting point  for further experiments. Experimental results supporting at 
least part of  the model have been reported recently. At low redox potentials 
Petty et al. [37] found a ratio of  two between the number of  protons ~aken 
up and the number of  electrons transferred from P-870 to X upon flash 
illumination, whereas at high potentials (in the absence of  va l inomycin) th is  
value was one, in agreement with the model  of  Fig. 7. Although .Petty et al. 
did not  report oscillations in the proton uptake, possibly because they may 
not  have used dark adapted chromatophores,  Barouch and Clayton [17] 
observed the uptake of  approximately two protons on the even-numbered 
flashes only, under conditions where oscillations at 450 nm, presumably due 
to R, were also detected. However, measurements of  the exact relation between 
proton uptake and oscillations of  R at different redox potentials will be needed 
to test this part of  the model.  
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