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Summary 

Chromatophores of Rhodopseudomonas sphaeroides strain R-26 were 
subjected to a series of brief flashes of light in the presence of diamino- 
durene as an electron donor. Odd-numbered flashes induced the reduction 
of ubiquinone to the anionic semiquinone, as indicated by absorbance 
changes near 450 nm. This reaction was not attended by proton binding. 
Even-numbered flashes caused disappearance of the semiquinone, pre- 
sumably by conversion to the fully reduced form. This reaction was attended 
by proton uptake. 

It was reported recently that in purified reaction centers of Rhodo- 
pseudomonas sphaeroides supplemented with ubiquinone, odd-numbered 
flashes of light result in the formation of ubisemiquinone, whereas fully 
reduced ubiquinone is formed on even-numbered flashes [1, 2]. Similar 
conclusions have been drawn for Photosystem II of green plants [3, 4], 
where plastoquinone plays a role similar to that of ubiquinone in R. sphae- 
roides. Heretofore, the oscillatory pattern of ubiquinone reduction, as 
observed by absorbance changes at 450 nm, has not been reported in bacte- 
rial chromatophores or in whole cells. We now report such quinone oscilla- 
tions in chromatophores of the carotenoidless mutant  R-26 of R. sphae- 
roides. 

Proton uptake following single flashes was described in chromatophores 
of Chromatiurn vinosum by Chance et al. [5l.  Detailed studies by Cogdell 

Abbreviations: DAD, 2,3,5,6-tetramethyl-p-phenylenediamine; TMPD, N,N,N',N'-tetramethy]- 
p-phenylenediamine. 
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et al. [6, 7] and by Pet ty  and Dut ton  [8 ] ,  revealed the same pattern for  
chromatophores  of  the Ga (green) mutan t  of  R. sphaeroides; H ÷ binding 
after every flash. On the other  hand, isolated reaction centers of  strain R-26 
show H ÷ binding only after even-numbered flashes [2] .  Here we report  that  
in chromatophores  of  R. sphaeroides R-26, even-numbered flashes cause 
I-I ÷ uptake  (exhibited by  a net change in the pH of  the external medium) bu t  
odd-numbered flashes do not. 

Purified chromatophores  of  R. sphaeroides, strains R-26 and Ga, were 
prepared as described before [9] .  For  studies of  proton uptake the chroma- 
tophores  were resuspended in 75 mM KC1, pH 7.2. All light-induced absor- 
bance changes were measured with a split beam spect rophotometer  [ 10] .  
Saturating actinic flashes, spaced I to  5 s apart, were provided by a xenon 
lamp as described elsewhere [1] .  A Tracor-Northern TN-1500 Signal 
Averager was used to  average more  than one measurement.  The concentra- 
tion of  reaction centers was estimated from the maximum reversible light- 
induced absorbance change that  could be elicited at 870 nm [11] .  All 
measurements were made with chromatophores  that  had been dark-adapted 
at 3°C for  at least 6 h. 

Fig. 1 shows absorbance changes at 450 nm in the presence of  an elec- 
t ron donor  that  transfers electrons to the photo-produced oxidized bacterio- 
chlorophyll.  Note  the oscillating pat tern that  suggests formation and dis- 
appearance of  ubisemiquinone on consecutive flashes. Best results were ob- 
tained with 2,3,5,6-tetramethyl-p-phenylenediamine (DAD) as donor,  but  
similar observations were made with N,N,N',N'-tetramethyl-p-phenylene- 
diamine (TMPD) or ascorbate, provided the exciting flashes were no t  more 
than 1--2 s apart. If  these absorbance changes were due to oxidation of  the 
added electron donor,  we would expect  the largest signal at  480 nm when 
using DAD, and no signal in the visible range of  the spectrum when using 
ascorbate. In fact, absorbance changes at 438--475 nm were qualitatively 
similar to those at 450 rim, bu t  signals were maximal near 450 nm and 
declined almost to zero at 480 nm. This is in agreement with spectra of  
ubisemiquinone and fttlly reduced quinone measured in isolated reaction 
centers [1, 2, 12] .  
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Fig.  1. F l a s h - i n d u c e d  a b s o r b a n e e  c h a n g e s  a t  4 5 0  n m  i n  e h r o m a t o p h o r e s  o f / L  a p h ~ r o i d e s  s t r a i n  R-2 6 .  
T h e  e h r o m a t o p h o r a s  w e r e  s u s p e n d e d  in  0 . 0 1  M Tr i s .HC1,  p H  7.S,  t o  a n  a b s o r b a n e e  o f  0 . 8 5  a t  4 5 0  n m  
D i a m i n o d u r e n e  1 0 0  #M,  w a s  a d d e d  as  a n  e l e c t r o n  donor .  The  x e n o n  f lashes ,  0 .1  m s  d u r a t i o n ,  w e r e  
pre s en t ed  every  5 s a n d  p a s s e d  t h r o u g h  a C o m i n g  7 -69  ( b r o a d  b a n d  n e a r  i n f r a r e d )  f i l ter .  T h e  t r A n ~ e n t  
i n c r e a s e s  o f  a b s o r b a n e e ,  d u e  t o  o x i d a t i o n  an d  rapid re - reduc t ion  o f  r e a c t i o n  c e n t e r  b a e t e r i o e h l o r o -  
p h y n ,  serve  t o  s h o w  w h e n  the  f l a shes  w e r e  p r e s e n t e d .  
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Applying an approximate extinction coefficient of 2.5--3.5 mM -1. 
cm -1 at 450 nm for ubisemiquinone anion in reaction centers [12, 13] we 
found that approximately one ubiquinone per reaction center was reduced 
to ubisemiquinone following odd-numbered flashes. As in isolated reaction 
centers [1, 2] and Photosystem II of green plants [3, 4] ,  we conclude that 
in chromatophores of  R. sphaeroides R-26 an odd-numbered flash induces 
the reduction of ubiquinone to ubisemiquinone, and the next (even) flash 
causes full reduction of the quinone. We do not know whether the quinone 
which is reduced in this manner is a member of the quinone pool or a 
distinct "secondary" quinone (UQ2) which might serve as an intermediary 
between the primary quinone (UQ1) and the pool. 

Fig. 2 shows measurements of flash-induced proton uptake, using 
phenol red to indicate the pH of the external medium. Based on the imper- 
meability of the membrane to the indicator [6, 8] we assume that those 
flash-induced absorbance increases at 560 nm that depend on the presence 
of the indicator reflect increases in external pH. Such flash-induced pH 
changes are probably a consequence of H ÷ uptake by the chromatophore, 
but we cannot exclude other interactions of either DAD or the indicator 
with the chromatophores or with each other, which may affect the external 
pH. Fig. 2 shows that there were no net absorbance changes at 560 nm (no 
pH changes) following odd-numbered flashes, but even numbered flashes 
were followed by net increases in absorbance. These pairwise steps were ob- 
served whether or not antimycin A was present in the sample, provided the 
pH indicator was present and no additional buffer was added. The pattern 
persisted through at least ten flashes. Although we have not determined the 
stoichiometry accurately, we estimate that 1--2 protons disappeared from 
the external medium per reaction center following every even-numbered 
flash. In contrast to the observations described here, no similar data have 
been reported for the green mutant Ga, which has been studied in some 
detail [7, 8].  We confirmed the observation that in Ga, protons are removed 
from the external medium following single flashes. Cogdell et al. [6] im- 
plied that ubiquinone might be a proton binding entity, an idea that gained 
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Fig .  2. F l a s h - i n d u c e d  absorbance  changes  a t  5 6 0  n m  in  c h z o m a t o p h o r e s  o f  R. aphaeroides R - 2 6  in  
the  presence  o f  0 . 0 0 3  percent  p h e n o l  r e d  as  p H  i n d i c a t o r .  A c t i n i c  f l a shes  as  in  Fig.  1,  w i t h  transient  
sp ikes  due to  bac ter loeh lorophy l l  o x i d a t i o n  showing  w h e n  flashes were  presented.  This  trace is the 
ave rage  of  t w o  similar traces.  C h r o m & t o p h o r e s ,  a h s o r b a n e e  0 . 6 0  a t  5 6 0  n m ,  a t  p H  7 .2  w i t h  7 5  m M  
KC1, 1 0 0  ~M D A D ,  a n d  p h e n o l  r ed .  T h e  s t a b l e  a b s o r b a n c e  i n c r e a s e s  f o l l o w i n g  f l a shes  2 , 4 , 6  a n d  8 
ref lect  r e m o v a l  o f  p r o t o n s  f r o m  t h e  m e d i u m .  
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more support  from further studies of  Ga ment ioned above. If  UQ-" is the 
proton binding ent i ty  in strain Ga, absorbance changes near 450 nm due to 
ubiquinone reduct ion will be difficult to detect  because any changes due to 
formation and disappearance of  UQH" will be smaller than those due to 
UQ- ' .  Furthermore,  there are much larger changes near 450 nm due to 
carotenoid band shifts in strain Ga. Our data suggests that  in strain R-26, 
UQ- ' i s  a stable photo-product  of  a first flash, and no protons are taken up 
until a second flash induces the reaction UQ-" + e- -* UQ 2- (compare Figs. 1 
and 2). 

The difference in pro ton  uptake between chromatophores  of  strains 
Ga and R-26 could be related to the absence of  carotenoids in the latter, or 
to the absence of  the entire "B800-B850-carotenoid"  antenna pigment-pro- 
tein complex [9] .  We can speculate that  in strain R-26, UQ-" is not  proto- 
nated either because it is masked from the external medium or because the 
pK of  the reaction UQ-" + H ÷ -* UQH" has been altered (see ref. 8). In this 
view the fully reduced UQ 2- is accessible to protonat ion in strain R-26. 
Alternatively, we can suppose that  in strain Ga, the semiquinone (or its 
extra electron) formed at each reaction center is mobile, allowing a dismuta- 
tion reaction 2UQ-" -~ UQ 2- + UQ after each flash [14] ,  and in strain R-26 
the semiquinone formed at different reaction centers lacks sufficient mobi- 
lity for such interaction. The data are compatible  with this view if UQ 2-, 
but  not  UQ -°, can be protonated  in situ. 

It may be useful to s tudy ubiquinone reduction,  proton binding and 
quinone mobil i ty in phenotypes  of  R. sphaeroides intermediate between 
Ga, which contains chloroxanthin, and R-26, which contains no polyene 
precursors of  carotenoid pigments. 

This s tudy was supported by  contract  No. E(11-1)-3162 with the U.S. 
Energy Research and Development  Administration and Grant No. PCM76- 
01556 from the National Science Foundat ion.  
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Note  added in proof:  (Received October 31, 1977) 

B.G. deGrooth,  J.C. Romijn  and M.P.J. Pulles (Proc. 4th Int. Congr., on Photosynthesis ,  Reading, 
England, 1977) reported quinone oscillations in cbxomatophores of wild type  R. shpaeroides at redox 
potent ia ls  above 270 mV, bu t  not  below 200 inV. They suggest tha t  oxidat ion  of cy tochrome b permits  
oscil lations by preventing electron flow from reduced ey tochrome b to  quinone. Perhaps the redox po- 
tent ia l  in our  chromatoPhores  was higher in strain R-26 than in strain Ga. 


