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Summary 

A combined study of  emissions of  purple bacteria Rhodospirillum rubrum, 
Ectothiorhodospira shaposhnikovii and Thiocapsa roseopersicina was 
performed under conditions of  low potential. It has been shown that  a con- 
siderable part of  the emission represents a delayed luminescence with a lifetime 
of  about  5 ns and an activation energy AE = 0.05 + 0.03 eV. Intensity of  this 
delayed luminescence is approximately equal to that  of  prompt  fluorescence. 
It diminishes as temperature decreases and also as the intermediate acceptor I 
becomes reduced after prolonged illumination under low potential condi- 
tions. 

This luminescence represents a radiative decay of  the intermediate state, 
pF, and the luminescence activation energy, AE, reflects the energy barrier 
between P*-890 and pF. The value of  this barrier determined in the present 
work is much lower than those obtained previously [3,4,26] for the free-energy 
release during the primary act of  charge separation, basing on redox potential 
techniques. The reason for this discrepancy is discussed. Delayed luminescence 
in the picosecond time range is predicted to exist under conditions of  active 
photosynthesis as a result of  a small (approx. 0.05 eV) energy barrier between 
pF and the excited singlet state of  reaction center bacteriochlorophyll. 

A b b r e v i a t i o n s :  P - 8 9 0 ,  P + 8 9 0 ,  P * - 8 9 0 ,  a spec ia l  pa i r  o f  r e a c t i o n  c e n t r e  b a c t e r i o c h l o r o p h y l l s  in  a n o r m a l ,  
o x i d i z e d  a n d  s ingle t  e x c i t e d  s tates ,  r e s p e c t i v e l y ;  I, an  i n t e r m e d i a t e  a c c e p t o r ,  m o s t  p r o b a b l y  b a c t e r i o -  
p h e o p h y t i n  o r  a c o m p l e x  b e t w e e n  P - 8 0 0  a n d  b a c t e r i o p h e o p h y t i n ;  X,  a p r i m a r y  s t ab i l i zed  e l e c t r o n  
a c c e p t o r ,  w h i c h  is s h o w n  t o  b e  a n  u b i q u i n o n e - i r o n  c o m p l e x ;  A,  s u b s e q u e n t  d i f fus ib l e  a c c e p t o r s  o f  the  
p h o t o s y n t h e t i c  c h a i n ;  T M P D ,  t e t r a m e t h y l - p - p h e n y l e n e d i a m i n e ;  BChl ,  b a c t e r i o c h l o r o p h y l l ;  BPh ,  b a c t e r i o -  
p h e o p h y t i n .  
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Introduction 

It has not  been established as ye t  if any delayed luminescence accompanies 
charge separation in the porphyrine complex of  bacterial reaction centres under 
conditions, when all acceptors of  nonporphyrine nature, including X, are in a 
reduced state before illumination. This charge separation is known to produce 
a short-lived state P~ which represents a radical-ion pair P÷-890"I-" [1,3,4]. 
During active photosynthesis  pF decays with a half-time of  120--240 ps [2,3] 
to produce P÷-890 and reduced X. When X is prereduced, the lifetime of  pF 
increases up to 6--10 ns [1,5].  Fluorescence yield of  purple bacteria under 
these conditions is 2 or 3 times as high as that  under normal conditions [6,7].  
It is not  clear, however,  why this is so, as the primary charge separation was 
shown [5] to proceed in this case with approximately the same quantum yield 
as in active photosynthesis.  Parson et al. [1,5] suggested that the electrostatic 
field of  X- changes the rate constant  of  the primary process (Ke ¢) with the 
fluorescence yield increasing. Another  possibility is that  the increase in fluores- 
cence is due to delayed luminescence resulting from emissive recombination of  
the P÷-870 and I- radicals. Existence of  such delayed luminescence was sug- 
gested recently by Shuvalov et al. [9] and Grondelle et al. [13,28] on the basis 
of  the temperature-dependent  changes in fluorescence yield of  purple bacteria 
during illumination at low redox potentials. Clayton [29] has found,  however, 
the fluorescence yield of  the reaction centres to be independent  of  temperature 
between 40 and 180°K. 

In order to elucidate this question, a s tudy of  p rompt  and delayed emissions 
of  purple bacterium chromatophores  was performed under reducing conditions. 

Materials and Methods 

Purple sulfur bacteria Ectothiorhodospira shaposhnikovii and Thiocapsa 
roseopersicina were grown in a modified Larsen medium [10] and nonsulfur 
Rhodospirillum rubrum in the medium of  Cohen-Bazire et al. [11].  The 
chromatophores  were isolated by  ultrasonic t reatment  from washed bacterial 
cells as described in [12] and suspended in 50 mM Tris (pH 7.5). 

For  measurements to be carried out  under reducing conditions, the chro- 
matophore  suspensions were reduced with solid sodium dithionite in argon 
atmosphere. For low temperature measurements,  glycerol was added to the 
chromatophore  suspensions in a 4 : 1 ratio, v/v. Samples with absorbances of  
0.4--0.6 at 870 nm in a 1-cm cell were usually employed.  

The fluorescence spectra were measured in an Aminco-Bowman spectro- 
fluorimeter supplied with a 7102 photomultiplier.  

The photoinduced absorption changes were measured in a double-beam 
differential spect rophotometer  [14].  The measurements of  the fluorescence 
lifetimes r were mainly performed in a phase-type f luorometer  [15] with a 
time resolution of  about  50 ps. Fluorescence was excited by 404 and 436 nm 
lines from a high-pressure mercury lamp. The exciting light was modulated 
harmonically with a frequency of  12.3 MHz. Fluorescence was isolated with a 
combinat ion of  glass filters cutting off  the k ~< 760 nm wavelength range. Some 
lifetime measurements were performed with a commercial single-photon 
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counting pulse-fluorometer 'Ortec'  equipped with a spark gap lamp and RCA 
8852 photomultiplier.  Excitation pulse profile, measured with the use of  a 
latex suspension, had a half-life ranging from 1.2 to 1.6 ns. Fluorescence was 
excited and analyzed with the same combinat ion of  filters as in the phase- 
f luorometer  measurements.  Essential difference in the conditions of  the life- 
time measurements by the pulse- and phase-fluorometers consisted in exciting 
light intensities. In the pulse-fluorometer measurements it was approximately 
10:--103 times lower. 

During the phase-fluorometer measurements,  besides phase-shifts (~),  
another modulat ion characteristic of  the emission was recorded, i.e. modula- 
tion coefficient,  ~. Exponential ly decaying emission, excited by a harmonically 
modulated light may be characterized by two main parameters: ~ and ~ that 
are related to r by  a well-known formula (see, for example, Ref. 8): 

tg~ = a~r (1) 

= = cos ~ (2) 
x/1 + co:r: 

where co is cyclic frequency. 
Eqns. 1 and 2, applied simultaneously to the emissions investigated, make it 

possible to distinguish between mono- and mult i -component  character of  emis- 
sion decay. 

For luminescence consisting of  two (or more) independent  components,  the 
measured values of  ~m and am, produced by a phase-fluorometer,  have no 
clear-cut physical meaning. They can be expressed, however, by the values of  
phase-shifts ~1 and ~2 that would be observed, if the two components  were 
measured separately [ 15 ] : 

~'I 1 sin ffl + ~'2 sin if: (3) 
tg~m = cO1"m = FI cos ~I "{" ~'~2 COS ~2 

_ _~,. F~ cos2~Pl + F2 cos2~2 
OLm mFm - cos ~rn(F1 ÷ F2) (4) 

where Fro, P~, F2 are alternating components  of  the total emission and 
individual emissions, respectively; Fm, F~, F2 are the same for direct compo- 
nents; m, modulat ion coefficient for exciting light. 

If the values of  ~ m  and am are measured at two different modulation 
frequencies, then the values of  ~1, ~2, (and, hence, the lifetimes Tl and ~2) as 
well as the ratio of  intensities of  the two luminescing components ,  F~/F2, can 
be determined from Eqns. 3 and 4. Such determination is also possible at a 
single modulat ion frequency,  if one of  the two components  is analyzed 
independently (or the range of  its lifetime is specified). 

Results 

Quantum yield and lifetime o f  the emission o f  purple bacteria chromatophores 
under conditions o f  low potential 

Fig. 1 demonstrates the effect  of  dithionite addition on ~m and Tm of  the 
emission of  R. rubrum chromatophores.  The value of  ~m is stabilized under 
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Fig. I .  I - -  Measured  overal l  emiss ion  yie ld ,  ~rn,  of  R. r u b r u m  c h r o m a t o p h o r e s  as a f u n c t i o n  of  exci t ing  
l ight in tens i ty .  A,  n o r m a l  cond i t ions ;  B, r e d u c t i o n  wi th  5 • 10 -3 M N a 2 S 2 0 4 ;  C, add i t i on  of  5 • 10 -5 M 
TMPD and  5 • 10 -4 M K 4 F e ( C N ) 6  (wh ich  was  sugges ted  to p r o d u c e  the  r e a c t i o n  cen t r e s  in the c losed 
s ta te  P+X- a t  l ight  s a tu r a t i on  [ 1 9 ] .  n - -  T h e  l i f e t ime  of  the  emiss ion  of  R.  rubrurn c h r o m a t o p h o r e s  u n d e r  
cond i t i ons  s imilar  to A, B a nd  C o f  f luorescence  yield  m e a s u r e m e n t s .  Exc i t ing  l ight  was  sa tu ra t ing .  Absor -  
bance  a t  870  n m  was  0 .5 .  L igh t  pa th ,  1 c m .  A typ ica l  e x p e r i m e n t  on  f luorescence  l i fe t ime  m e a s u r e m e n t  
by  a phase-shi f t  m e t h o d  consis ts  in r eg i s t r a t ion  o f  a phase-shi f t ,  p r o d u c e d  b y  s o m e  sca t te r ing  sample ,  
( la tex  suspens ion  in ou r  case) ,  wh ic h  is a s s u m e d  to be  zero ,  t h e n  the  ob jec t  u n d e r  inves t iga t ion  is p laced  
in the  l ight  ( t )  and  a phase-shi f t  increase  ( u p w a r d  de f lec t ion)  is m e a s u r e d  b y  c o m p a r i s o n  wi th  ca l ib ra ted  
phase-shif ts  (0 .46  ns a nd  2 .75  ns in the  case given) .  Subs t i t u t i on  o f  la tex  suspens ion  for  l uminescence  
objec t ,  s h o w n  b y  ~, r es to res  the  phase-shi f t  to  its original  level. 

these conditions at an approximately constant level, that is independent of the 
light intensity. This level is approx. 2 times as high as the dark ~ ,  level for 
chromatophores under normal conditions. The ratio between the values of ~m, 
obtained on light saturation and that of dithionite-treated chromatophores, 
depends on the type Of closed reaction centres realized under light saturation 
conditions [19]. Fluorescence yield of chromatophores with closed reaction 
centres of P÷XA-* type (curve A) is 35--50% as high as that for the state 
P÷X-A (curve C) or PX-A-, (curve B) the latter being realized under reducing 
conditions. The first possibility of dithionite-induced increase in the dark fluo- 
rescence yield, caused by diminishing of the rate constant of the primary 
charge separation (see Introduction), implies that this increase should be 
accompanied by a proportional rise in fluorescence lifetime, rm. In fact, in the 
case of homogeneous fluorescence, the quantum yield and the lifetime should 
change in parallel according to the well-known equation: 

~Pm = Tin~to (5) 

where r0 is a constant. 
The results of ~ and rm measurements, represented in Fig. 1, and Tables I 

Th e  usual  t y p e  of  r e a c t i o n  cen t r e  s ta tes  f o r m e d  on  l ight  s a tu r a t i on  in the  c h r o m a t o p h o r e s  u n d e r  n o r m a l  
condi t ions .  
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T A B L E  I 

O V E R A L L  E M I S S I O N  Y I E L D  A N D  L I F E T I M E  O F  P U R P L E  B A C T E R I A  C H R O M A T O P H O R E S  A S  A 

F U N C T I O N  O F  T H E  T Y P E  O F  R E A C T I O N  C E N T R E  S T A T E  

A d e t a i l e d  d e s c r i p t i o n  o f  the  c o n d i t i o n s  that  are n e c e s s a r y  to  m a i n t a i n  e h r o m a t o p h o r e s  w i t h  reac t ion  c e n -  

t r e s  o f  a d e f i n i t e  t y p e  is g iven  in  R e f .  19 .  

State  o f  r e a c t i o n  ~rn  ± 0 . 1  1" m R e f e r e n c e  
c e n t r e  (rel. u n i t s )  (ps )  

P X A  (ac t ive  s t a t e )  0 . 5  6 0  ± 3 0  t h i s  w o r k  a n d  1 9 , 1 6  
- -  1 0 0  ± 5 0  17  
- -  2 0 0  18  

P X -  A -  1 . 0  2 5 0 0 - - 2 9 0 0  t h i s  w o r k  a n d  19  
P + X - A  o r  P + X - A  - 0 . 9 5  1 2 0  ± 5 0  t h i s  w o r k  a n d  19  
P + X A -  o r  P + X A  2 . 0  4 5 0  ± 1 0 0  t h i s  w o r k  a n d  19  

and II contradict this hypothesis. Although ~0m of chromatophores with 
reaction centres in the PX-A- state (reduction with dithionite) is about two 
times as high as that at active photosynthesis, fluorescence lifetimes differ by 
more than 30--40 times (Table I). Emission yields, ~m, of  chromatophores with 
reaction centres in the state P÷X-A and PX-A- are approximately the same 
(see curves B and C of  Fig. 1) but rm differ by more than 10--20 times. Finally, 
qm for the PX-A-  state is even 40--50% as low as that for the P+XA- state, 
while T,~ in the former case is approx. 6 times as high as that in the latter 
(Table I). This peculiar behaviour of  the measured values of  ~m and ~0m of the 
emissions investigated excludes the possibility of  trivial dithionite effect on 
bacteriochlorophyll fluorescence, and can even hardly be explained by the 
coexistence of  several fluorescence emissions, the descrepancies in ~,~/Tin ratios 
being tremendous. 

T A B L E  I I  

D I T H I O N I T E  E F F E C T  O N  L I F E T I M E ,  Tin,  Y I E L D ,  ~0rn, A N D  D E M O D U L A T I O N ,  ~ m .  O F  T H E  E M I S -  
S I O N S  O F  P U R P L E  B A C T E R I A  C H R O M A T O P H O R E S  I N  S A T U R A T I N G  L I G H T  A T  R O O M  T E M P E R -  

A T U R E  

C o n d i t i o n s  ~0 m + 0 .1  T m ~ rn 

( te l .  u n i t s )  ( n s )  (%)  

R .  rubrurn 

no additions 1.0 0.45 + 0.1 (4.0 + 1.0) 

5 - 10 -s M TMPD + 5 • 10 --4 M K4Fe(CN)6 0.50 0.12 ± 0.05 (4.5 ± 1.0) 

5- 10 -3 M Na2S204 0.55 2.6 ±0.1 * (5.0 ± 1.5) 

E .  shaposhnikovii 
n o  a d d i t i o n s  1 .0  0 . 5  ± 0 . 1  ( 4 . 5  ± 1 )  
5 "  1 0  -S  M T M P D +  5 -  1 0  -4  M K 4 F e ( C N )  6 0 . 5 8  0 . 2  ± 0 . 1  ( 4 . 0  ± 1 )  

5 .  1 0  -3  M N a 2 S 2 0 4  0 . 6 3  2 . 9  ± 0 . 1  ( 3 . 5  ± 1 . 0 )  

T h  iocapsa roseoperMcina 
n o  a d d i t i o n s  1 . 0  0.1  ± 0 . 0 5  ( 3 . 0  • 1)  
5 "  1 0  -3  M N a 2 S 2 0 4  0 . 6 0  2 . 5  ± 0 . 1  ( 4 . 0  ± 1 . 5 )  

* T h e  value  o f  l u m i n e s c e n c e  l i f e t i m e  o f  dithiom_'te-treated e h r o m a t o p h o r e s  w a s  the  s a m e  at  sa turat ing  (5  • 
1 0  4 e r g . c m  - 2  " s  -1  a n d  l o w  ( 1 0  2 e r g . c m  -2  . s  -1 e x c i t i n g  l ight .  
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The same conclusion is inferred from the observations of  the extremely long 
lifetimes, 2.5--3.0 ns (Tables I and II), observed for the chromatophores  under 
reducing conditions, while purple bacterium fluorescence lifetimes do not  
exceed 1.5 ns for any type  of  open or closed reaction centres [15--18] ,  and 
even for pigment-protein complexes of  light-harvesting antenna,  free of  the 
reaction centres [19],  or reaction centre-free mutant  of  Rhodopseudomonas 
sphaeroides PM-8 [ 17 ]. If, however,  the emission appearing under low potential 
conditions, is of  a delayed luminescence type,  the above ~ / T m  changes are 
readily explicable. Indeed, as for delayed emission, their lifetime, TDL , and 
yield, ~DL, never obey Eqn. 5; moreover,  the opposite situation is observed: the 
longer TDL is, the smaller ~DL is. As emissions with lifetimes, exceeding 100 ns, 
do not  contr ibute  to the value of  Tm measured by the phase-shift technique, the 
lifetime of  the delayed luminescence, appearing in the dithionite reduced 
chromatophores,  should lie in the nanosecond range. 

Modulation characteristics of the emissions of reduced chromatophores 
As in Methods, analysis of  the modulat ion characteristics of  heterogenous 

emission consisting of  two components ,  (in particular, p rompt  fluorescence 
and delayed luminescence} may be of  use in determining the decay parameters 
of  individual components .  With this purpose the simultaneous measurements 
of  rm and ~m were performed for reduced chromatophores  of  Rhodospirillum 
rubrum, Ectothiorhodospira shaposhnikovii and Thiocapsa roseopersicina 
(Table II). For all bacteria investigated, addition of  dithionite both at low and 
saturating light brought  about  a sharp rise in Tm up to 2.5--3 ns, with am 
changes being insignificant. 

Assuming that the emission of  chromatophores  under reducing conditions is 
of  a two-component  character (i.e. p rompt  fluorescence with lifetime varied in 
the range from 50 to 1200 ps [15---19] plus delayed luminescence), it may be 
inferred from Eqns. 3 and 4 of  the Methods and the data of  Table II that  the 
delayed luminescence intensity, for all bacteria investigated, is almost the same 
as that of  p rompt  fluorescence (delayed luminescence/prompt fluorescence = 
0.7--2), and TDL is equal to 4--6 ns. 

Unlike chromatophores,  reduction of  whole cell suspensions of  E. shaposh- 
nikovii was found to be accompanied by  a pronounced rise in the emission 
demodulat ion coefficient (~m = 1 - - ~ )  up to 25--30%, while rm was practi- 
cally unchanged. This means, according to Eqns. 3 and 4, that  delayed lumines- 
cence with a lifetime longer than 100 ns and 30--35% amplitude appeared (a 
detailed analysis of  the phenomenon will be presented elsewhere). 

The difference in the behaviour of  chromatophore  and whole cell suspen- 
sions in response to reduction with saturating concentrations of  dithionite is 
most  likely associated with different membrane permeability for Na2S204 of  
these objects. Redox potential,  achieved in chromatophores  by dithionite addi- 
tion is obviously lower than that in whole cells. In general, it may be expected 
that  the lower Em is of  a state and the closer it is to P*-890, the higher the 
probabili ty of  its radiative decay is, and the shorter the lifetime of  the 
appearing luminescence is. Further  lowering of  redox potential  by addition of  
10 -s M neutral red, besides dithionite, to cell suspensions, eliminated the dif- 
ference between cells and chromatophores,  i.e. they exhibited a sharp rise in 
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Tm with insignificant changes in 8m. The same was observed for  aged aerobic 
cell suspensions which behaved, on Na2S~O4 addition, like chromatophores.  

Kinetics o f  luminescence of  reduced chromatophores studied by a single- 
photon counting fluorometer 

Although it follows from the modulat ion characteristics of  the overall emis- 
sion that  delayed luminescence, appearing in reduced chromatophores,  
accounts for at least a half of  the total emission intensity, the spectra of  
luminescence and luminescence excitation were the same for chromatophores 
under normal and reducing conditions. This is indicative of  spectral identity of  
the delayed and p rompt  fluorescences. In this case a phase-fluorometer cannot  
ensure direct measurements of  individual components .  With this purpose, 
kinetics of  the emission decay of  dithionite-treated chromatophores was 
analyzed with a pulse-fluorometer Ortec. As the excitation pulse duration was 
1.2--1.6 ns, short-lived decay components  of  fluorescence with shorter life- 
times were hard to quantitatively analyze, especially in the case of  a great dif- 
ference between excitation (~400  nm) and fluorescence (~900  nm) wave- 
lengths [30].  The fluorescence decay of  R. rubrum chromatophores,  wi thout  
additions, represented in Fig. 2, practically reproduced the excitation profile. 
There was no evidence of  a contr ibution,  exceeding 2%, from the components  
with decay times longer than 1.5 ns. Addition of  TMPD with K4Fe(CN)6, which 
converted most  of  the reaction centres to the active PXA state in low light, 
produced no changes in the decay kinetics (in the aerobic suspensions of  
chromatophores  wi thout  additions about  80% of  the reaction centres were in 
the F X A  state [19].  In the presence of  dithionite the decay kinetics 
lengthened drastically (Fig. 2). The digitized response curves, handled by the 
approximate method of  moments  [8],  showed that  in the latter case a large 

t /  

10' 

, , , , , , i . . . . . . . .  , I 

5o too ~5o 2oo 25o 
chonnel number. ~Opsec per' channel 

Fig. 2. D e c a y  o f  luminescence  o f  R. r u b r u m  chromatophores .  Cont inuous  curve  is l a m p  exc i ta t ion  profile: 
I, c h r o m a t o p h o r e s  w i t h o u t  addit ions;  II,  c h r o m a t o p h o r e s  wi th  5 • 10 -3 M N a 2 S 2 0 4 .  Th e  initial non-  
m o n o t o n o u s  p a r t  o f  e x c i t a t i o n  pulse  prof i le  is omit ted  for the sake o f  s impl ic i ty  o f  graphic representa- 
t ion.  
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componen t  (38---40%) with the lifetime of  5.4 + 0.2 ns appeared together with 
a short-lived fluorescence component  (the lifetime shorter than excitation dura- 
tion). 

This data are in a good agreement with those obtained from a modulat ion 
study of  the emission. 

Temperature-dependence of  the nanosecond delayed luminescence 
If the ns emission component  is of  a delayed luminescence type,  then it 

should be temperature-sensitive with an activation energy AE, reflecting the 
difference in energy between P*-890 and the state the delayed luminescence is 
generated from. Temperature decrease resulted in disappearance of  this 
long-lived componen t  from the investigated emission. At 77 K rm of  the 
reduced samples measured by the phase-shift technique was found to be from 
200 to 600 ps for different chromatophore  preparations, and the luminescence 
yield, ~m, was approx. 2 times as low as that  at  room temperature (Table III). 
Subsequent  warming of  the samples up to room temperature restored com- 
pletely the intensity and the lifetime of  the emission. The whole cycle of  
freezing-warming may be repeated many times, still giving reproducible values 
of  Tm and ~m. In the case of  chromatophores  under normal conditions, the tem- 
perature decrease had no pronounced effect  on rrn or ~m (Table II), if the type  
of  closed reaction centres was the same at low and room temperatures.  

The relationship between the nanosecond delayed luminescence and the 
primary charge separation 

Hence, when the primary charge separation takes place mainly in the por- 
phyrine complex of  the reaction centre, the temperature-sensitive luminescence 
appears. It is likely that  it represents a delayed luminescence, resulting from 
emissive recombinat ion of  charges produced in the primary act of  photosyn- 
thesis. In this case, it should disappear under condit ions when the primary 
charge separation is prevented. In purple bacteria containing low-potential 'fast '  
cy tochrome c this can be attained by  prolonged illumination under reducing 
conditions. Such an illumination was shown [3,9,20] to trap an intermediate 
acceptor  (probably BPh) in the reduced state at the expense of  cy tochrome 
oxidation. Fig. 3 shows the kinetics of  BPh- accumulation under prolonged 
illumination, measured by  AA (bleaching) at 545 nm, and concomitant  disap- 

T A B L E  I n  

E M I S S I O N  L I F E T I M E  A N D  Y I E L D  O F  RH.  R U B R U M  C H R O M A T O P H O R E S  A T  R O O M  A N D  L O W  

( 7 7 K )  T E M P E R A T U R E  

Chromatophore  suspensions contained 5 0  m M  potassium phosphate  ( p H  7 . 0 ) ,  5 • 1 0  -5  M T M P D ,  5 • 1 0  - 4  

M K 4 F e ( C N )  6 ,  g l y c e r o l ,  1 : 4 ,  v / v .  Intensity of  exci t ing l i gh t °  I = 5 • 1 0 4  e r g  r c m  - 2  • s -1  . 

Addit ions T v.,n ~rn  ± 0 . 1  

( K )  ( n s )  ( t e l .  units)  

- -  2 9 3  0 . 2  ± 0 . 0 5  1 . 0  

- -  7 7  0 . 1 5  + 0 . 1  0 . 9 5  

5 • 1 0 - 3  M d i t h i o n i t e  2 9 3  2 . 9  ± 0 . 1  1 . 1  

5 • 1 0  -3  M d i t h i o n i t e  7 7  0 . 2 - - 0 . 6  0 . 5  
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Fig.  3.  K i n e t i c s  (A)  a b s o r b a n c e  c h a n g e s  (b l each ing )  a t  545  n m  o f  Thioccpsa ro#eopersicina e h r o m a t o -  
p h o r e s  i n d u c e d  by  s a t u r a t i n g  (5 • 104 e rg  • c m  -2 • s -1 ) l igh t  in  t h e  p r e s e n c e  o f  5 • 10 -3 M N a 2 S 2 0 4  and  

(B)  lu rn ineseence  l i f e t i m e  c h a n g e s  u n d e r  t he  s a m e  c o n d i t i o n s .  A b s o r b a n c e  at  890  n m  was  0 .6 .  L i g h t  
pa th ,  I c m ;  t l i gh t  o n .  

pearance of  the nanosecond luminescence component  for reduced chromato- 
phores of  Thiocapsa roseopersicina measured by  luminescence lifetime 
decrease. It can be seen that  the more reaction centres are converted to the 
PBPh- state, the less is the value of  emission lifetime, so that  the lifetime, 
recorded for  the maximal level of  BPh- accumulation, is equal to 350--400 ps, 
which is close to the life-time of  p rompt  fluorescence [15--19].  The identity of  
these kinetics strongly indicates that  the appearance of  the 5 ns componen t  in 
the emission of  reduced chromatophores  is a result of  emissive recombination 
of  P÷-890 and BPh- which are produced in the primary act of  charge separa- 
tion. 

Determination o f  activation energy (AE) for the nanosecond luminescence 
component 

Accurate determination of  AE from temperature dependence of  lumines- 
cence quantum yield is hard to make because of  the heterogeneous nature of  
the total emission investigated. Sufficiently accurate separation of  a single 
emission componen t  in a wide temperature range is hardly possible at  present. 
A much better  way of  determination of  AE is a kinetic s tudy of  delayed 
luminescence decay.  

The sequence of  events in the bacterial reaction centers under reducing con- 
ditions (see Fig. 3) can be described by  the following linear differential 
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equations 

dP* 

dt 

dp F 

dt 

. . . .  (K~ + Ke¢)P* + KetP F 

..... (KPT + K~T + Ket)P F + KeeP* 

(6) 

(6a) 

Designations are explained in the legend to Fig. 4. Eqns. 6 and 6a are quite 
similar to those used in the theory of luminescence decay of organic 
compounds [27], except that pF should be replaced by T, where T is the 
molecular triplet state. 

It can be derived from Eqns. 6 and 6a that the rate constant of the delayed 
luminescence (KDL) that should appear as a result of reversibility of the 
primary charge separation 

P*I -g-~ P+I- 

in the reaction centres is equal to: 

_ 1 
KDL -- K P + K~T + Ke¢ KP 

TDL Ke ¢ 

Ket = Ke~ e -AE/kT ( 7 )  

where AE is difference in energy between the P* and pF states. In the case of 
energy migration between the reaction centres and antenna bacteriochloro- 
phyll, Eqn. 7 takes the following form: 

KDL ~-- K~ + KPST + K~tKh Kz (8a) 
Ke; + K ~  K M 

for the case 

KM ~ Ke~ , 

or 

KetKh Kz (8b) KDL ~ K~ +K~T +k'e¢ 
+ Kh'Ke,  

for a rapid energy transfer K M > Ke , .  
The rate constants of Eqns. 7 and 8 are either known or their range is speci- 

fied. Application of Eqn. 8 to chromatophore emission under reducing condi- 
tions with rate constants varying in the ranges of 

Ke~ 1011--1013 s -l [I,2,3,25] 

KM 1010--1011 S -I [16--18] 

K~ (2--5) • 101°--(2--5) - 1011 s -I [21] 

Kz 5 • 108--109 s -I [19] 

K~T 5" 101--108 s -I [ 1 , 5 ]  

K~ ~< l 0  s s -1 [1 ,5 ]  
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Fig. 4. Energy scheme of the pr imary processes at  bacterial  photosynthesis .  BChI~, light harvesting bac- 
ter iochlorophyl l  in normal  and exc i ted  singlet states respectively; P-890, P*-890, is the same for the reac- 
t ion centre bacter iochlorophyl l :  KM, K~¢ I are the rate constants  foI reversible energy transfer from BChl 0 
to P*-890 and in the opposi te  direct ion,  respectively: K~  = Kfl + K T is the rate constant  of the overall 
trivial energy losses in the antenna  pigment  complex  equal to the sum of radiative (Kfl) and nonradiative 
(K T) losses; K P, the same for react ion centre bacter iochlorophylls ;  K~T, K~, are the rate constants  o f  pF 
decay via t ransi t ion to the t r iplet  state,  p R  and direct nonradiat ive transi t ion to the ground state, respec- 
t ively; Ke~ is the rate constant  of primary charge separation; Kei. that  of the reverse process. 

gives AE values that  do not  exceed 0.05 + 0.03 eV. It was assumed that out  of  
all rate constants, only Ke, is temperature-dependent.  

Hence the energy barrier between P* and pF corresponds to 1--3 k T  at room 
temperature.  

Discussion " 

Application of  several different approaches to the case of  the emission of  
purple bacteria chromatophores,  made it possible to show that the process of  
charge separation in bacterial reaction centres under condit ions when X is in a 
chemically reduced state, results in the appearance of  a delayed luminescence, 
whose intensity is comparable with that  of  fluorescence. This fact naturally 
explains the 2--3-fold increases in the fluorescence yield, observed earlier on 
addition of  Na2S204. The contr ibut ion from the nonradiative channel of  direct 
recombination of  P÷-870 and I-, producing the ground state P-870 (correspond- 
ing rate constant  K~), is hardly significant since the energy to be dissipated in 
this process exceeds 1.35 eV. Hence at room temperature and low redox poten- 
tials, pF dissipation by  two main channels: a radiative one (it includes P* gene- 
ration, subsequent  partial excitation transfer to antenna bacteriochlorophyll  
accompanied by the decay of  the excitations via trivial mechanisms) and a non- 
radiative channel, producing the triplet state of  reaction centre (pa) (see also 
Ref. 28). 

Activation energy, AE, of  the nanosecond delayed luminescence reflects a 
difference in energy between P*-890 and pf, since no activation barrier exists in 
the primary charge separation, according to the data of  Clayton and Yamamoto  
[22].  These authors demonstrated that  the charge separation yield is tempera- 
ture-independent from 300 to 4 K. The value of  AE = 0.05 + 0.03 eV, deter- 
mined in this work, is significantly lower than those determined previously 
[3,4,26] for the free-energy release (AW = 0.4--0.36 eV) during the primary 
act of  photosynthet ic  energy conversion, basing on redox titration of  I. But our 
data agree well with determination of  AE from the temperature dependence of  
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the luminescence yield for Rhodopseudomonas viridis chromatophores  where 
this value was found to be 65 meV [23].  

The discrepancy in the AW values obtained by the two different methods  
may arise from the fact that  the interaction energy of  charge pair P+ ... I- is 
taken into account  only in AW determinations, based on delayed luminescence 
data. Redox  potential  technique gives an Em of  I only in the absence of/ '+-890, 
and also Em of  P-890 in the absence of  I-, which is quite different from the real 
situation, taking place during the course of  the primary photosynthesis  events 
(see also Refs. 1, 28). Besides, low potential  titration in the range of  Em < --0.4 
V entails a number  of  technical difficulties, greatly reducing the reliability of  
the results obtained [26].  

According to our data, the pF state, being only 1--3 kT  lower than P*-890, is 
not  properly stabilized at the expense of  the reverse process, P+I Ke* p . ,  but  it 
serves as a bridge in the electron transfer from P* to X. Only the last process 
renders the photosynthet ic  charge separation practically irreversible. 

Rather  a slight energy difference between P* and I- ~ 50 meV is bound to 
entail delayed luminescence in the picosecond range, even under conditions of  
active (not  saturated) photosynthesis.  Actually, LIE ~- 50 meV gives for Ke* = 
Kete -AE/kT a value approx. 10 times as low as K,~, the latter being 1011 s -1 or 
higher [25].  Hence Ket is approximately equal to 10 l° s -1 at room temperature,  
wbile the rate constant  of  pF photosynthet ic  decay is equal to approx. 5 • 109 
s -1 [2,3].  This means that  a considerable part  of  electrons would be oscillating 
between P* and I- before reaching the 'primary'  acceptor  X. This oscillation 
should produce delayed luminescence with a lifetime of  about  200 ps {deter- 
mined almost exclusively by the rate constant  of  pF decay through the photo-  
synthetic channel). Actually, fluorescence lifetimes in the 100--300 ps range 
were registered for chromatophores  [17,18] and even a reaction centre prep- 
aration [18].  

Existence of  an intermediate energy step(s) of  50 .1  eV between P*-890 and 
a primary stabilized electron acceptor  was suggested by  us previously (see e.g. 
Refs. 16, 24) as a necessary requirement  for ensuring high quantum and energy 
yields of  photosynthesis.  
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