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Summary 

Purified photochemical  reaction centers from Rhodopseudomonas  sphaeroi- 
des R-26 were reduced with Na2S204 so as to block their photochemical  elec- 
tron-transfer reactions. The magnetic field induced an increase in the emission 
yield. Our results support  the hypothesis  that  under these conditions, charge 
recombinat ion in the singlet radical pair composed of  the oxidized p r ~ a r y  
donor and reduced primary acceptor predominantly generates the excited 
singlet state of  the reaction center bacteriochlorophyll .  

The maximum relative fluorescence change and the value of  the magnetic 
field at which half-saturation of  the effect  is achieved (B1/2) at room temper- 
ature are 5.5% and 75 G, respectively. For the whole cells of  Rps. sphaeroides 
R-26 these parameters are 1.2% and 120 G. 

The relative fluorescence change at 600 G, AF/F(600) ,  and B1/2 are studied 
as functions of  temperature.  The temperature dependencies of  AF/F(600)  for 
reaction centers and whole cells of  Rps. sphaeroides R-26 are qualitatively the 
same, with the maximum effect  (8% for reaction centers) occurring at 230 K. 
However,  the B1/2 curves for the two preparations are different. 

I n t r o d u c t i o n  

The transformation of  light energy into chemical energy in the photosyn-  
thetic apparatus of  bacteria originates from photo-induced electron-transfer 
reactions in a membrane-bound complex of  pigments and proteins, the reac- 
tion center, to which the absorbed light energy is channeled. The reaction 
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centers contain four molecules of bacteriochlorophyll and two molecules of 
bacter iopheophytin [1,2]. The electron flow following the excitation of  ip, a 
bacteriochlorophyll dimer (P-870), is started by the formation of a radical ion 
pair [3,4] (called state PF) in less than 10 ps: 

(1p'1I)1 X- -> 1(2p+2I-)1 X- 

The electron acceptor, I, is generally assumed to be bacter iopheophytin [4--6]. 
Under normal conditions the electron is transferred within 100--250 ps [6,7] 
from I- to the second acceptor,  X, an iron-quinone complex [1]. i f  the photo- 
chemical electron-transfer reaction is blocked by chemical reduction of the 
iron-quinone complex, the life-time of the radical pair in isolated reaction 
centers increases to about 10 ns [8] at room temperature.  This t ime reflects the 
rate of  electron back transfer and it is sufficient for singlet-triplet interconver- 
sion in the radical pair to take place. 

In case the pair is in the singlet electron spin state, either the singlet ground 
state (*PII) or the singlet excited state (~P* 1I) is populated after recombination. 
Indication of an efficient back reaction to ~P* II has been obtained by the study 
of the fluorescence yield as a function of temperature in bacterial cells at low 
redox potentials [9,10].The various possible reaction pathways are schematic- 
ally represented in Refs. 10 and 11. From 3(2P+~I-) the charges will recombine 
to form the reaction center  triplet state, 3p. 

Recently,  it has been found that  a static magnetic field decreases the quan- 
tum yield of the photo-induced triplet state and increases the emission yield in 
photosynthet ic  bacteria in which X is pre-reduced [ 11--14]. 

The relative, magnetic field-induced changes of  the fluorescence yield of  
chemically reduced chromatophores  and whole cells of  different photosyn- 
thetic bacteria do not  exceed 1--3% [11,14].  It is expected that  larger effects 
will be characteristic of  reaction center  preparations devoid of  the light,harvest- 
ing pigments the fluorescence of  which is insensitive to the magnetic field. 

The fluorescence q u a n t u m y i e l d  of  intact reaction centers has been deter- 
mined to be 0.03--0.04% [15].  If the acceptor, X, is chemically reduced the 
fluorescence quantum yield increases up to 0.12--0.15% [15,16],  presumably 
due to delayed fluorescence as a result of  the recombination,  ~(2P÷~I-) -~ IP*~I. 
In this case, t h e  magnetic field can affect only delayed fluorescence o~f]D-870. 
Here we study the magnetic field effect  on the delayed fluorescence in reaction 
center  preparations from Rhodopseudomonas sphaeroides R-26 over the 
temperature range from +60 to --160 ° C. 

Materials and Methods 

Reaction center  preparations of Rps. sphaeroides R-26 were isolated as 
described elsewhere [17]. After  dialysis they were transferred to a medium 
containing 50 mM Tris-HC1 (pH 8.5). Experimental conditions are described in 
Ref. 11. The signal of  fluorescence from a cooled S-1 type  photomultiplier  was 
measured by a digital voltmeter operating on line with a desk-top calculator. 
A linear 0--600 G field sweep was obtained by means of a pair of  coils in a 
Helmholtz configuration. The sweep speed was 200 G/s. The whole system 
worked as a synchronous differential signal averager. The magnetic field was 
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calibrated by  a Hall probe gaussmeter. The maximal magnetic field effect on 
the photomult ipl ier  current  and the exciting light source was less than the 
accuracy of  measurement  (0.01%). 

Fluorescence measurements were carried ou t  in a 2 mm thick flat cell. The 
excitation light source was a high-pressure xenon arc filtered by  an 8 cm heat 
filter and a glass filter, transmitting the 450--610 nm band. The incident power  
was about  10 mW/cm 2. Fluorescence was detected via an interference filter 
with kmax = 910 nm. The temperature,  which was varied by blowing cool N2 
through a Dewar tube containing the sample, was moni tored with a copper-con- 
stantan thermocouple  and a second digital voltmeter.  The heat inactivation of  
samples was carried out  by  subjecting them to a temperature of  55°C for 10 
min. After this t reatment  the photo-induced changes at 870 nm were zero. 

Results 

Fig. 1 shows a typical measurement  of  relative fluorescence changes with 
respect to the magnetic field taken at different temperatures.  The maximum 
relative fluorescence change and the value of  the magnetic field at which half- 
saturation of  the effect  is achieved (Bin) at room temperature are 5.5% and 75 
G, respectively. For  whole cells of  Rps. sphaeroides R-26 these parameters are 
1.2% and 120 G, respectively [11].  In reaction center preparations with an 
oxidised acceptor,  X, or  in heat-inactivated samples the magnetic field effect  
is absent. 

The relative fluorescence changes at 600 G and B1~2 are plot ted in Figs. 2 and 
3 as functions of  temperature.  The temperature dependencies of  AF/F(600)  
for reaction centers and whole cells of  Rps. sphaeroides R-26 are qualitatively 
the same, with the maximum change being 8% for reaction centers occurring at 
230 K (Fig. 2). Alternatively, the B1/2 curves for the two preparations demon- 
strate different behavior (Fig. 3). 
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Fig. 1. Rela t ive  f luoreseenee  ehanges ,  ~ F / F ( B )  = ( F ( B )  - -  F ( O ) ) / F ( B ) ,  o f  the  c h e m i c a l l y  r e d u c e d  reac t ion  
center  Preparat ion f r o m  RI~ .  ephm,.roidas R-26  m e a s u r e d  a t  9 1 0  n m ,  as a f u n c t i o n  o f  the  ex terna l  m a g n e -  
t ic f ield,  a t  several  t e m p e r a t u r e s .  The  samples  c o n t a i n e d  80% glycerol  an d  2 m M  s o d i u m  d i th iord te  (E m = 
- - 2 5 0  m V ) .  T h e  n u m b e r  o f  ave raged  scans is 100 .  

Fig. 2. M a x i m u m  rela t ive  f l u o r e s c e n c e  c h an ge ,  ~FIF(B), i n d u c e d  b y  a m a g n e t i c  f ie ld  o f  6 0 0  G in  the  
w h o l e  ce l l s  o f  Rp#. sphaeroides  R-26  (1)  a nd  i so la ted  reac t ion  cen ter s  (2) ,  w l t h  r e d u c e d  a c c e p t o r  (X),  as 
a f u n c t i o n  o f  t e m p e r a t u r e .  Th e  e x p e r i m e n t a l  c o n d i t i o n s  are the  s a m e  as in  Fig.  1. 
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Fig. 3. Magnet ic  field va lue  (BI/2)  a t  wh ic h  ha l f  of  the  m a x i m u m  e f fec t  is r e a c h e d  as a func t i on  of  temper-  
ature: (1)  w h o l e  cells; (2)  i so la ted  r e a c t i o n  cen te r s .  Th e  e x p e r i m e n t a l  cond i t i ons  are the  s a m e  as in Fig. 1. 

Discussion 

The experimental results are indicative of  the back electron transfer reac- 
tion: 

1(2p÷2I- ) ..~ (1p*lI) 

In an external magnetic field the triplet level of  the radical pair splits into three 
sublevels, T+I, To, T_I, corresponding to  the values of  the spin quantum number  
ms. The sublevels are separated by the Zeeman energy, g{JB. If the exchange 
interaction in the radical pair 1,3(2p+2I-) is absent, in a strong magnetic field 
only the T0*level is sufficiently close to the singlet level for the interconversion, 
1(2p*2I-) # 3(2p+2I-), to take place [18].  This means that,  while in the absence 
of  a magnetic field all three sublevels of  the 3(2p+2I-) state are effective, the 
application of a field reduces the number  of  functioning levels to one.. It 
decreases the fraction of  the 3(2p+2I-) state and increases the fraction of  the 
1(2p÷2I-) state. This in turn leads to an increase in the emission yield. 

Both the value of B i n  and its temperature dependence differ for the whole 
cells and the reaction center preparations of  Rps. sphaeroides R-26. Earlier it 
was pointed out  [19] that  the B1/2 value is determined predominantly by the 
values of the rate constants for recombinat ion of  the ~(2p+2I-) state to the fluo- 
rescent state (Kr) and the same process for 3(2p÷2I-} leading to the triplet state 
of P-870 (KT). According to Ref. 19 changes of  the Kr and K w values are paral- 
leled by the corresponding changes of  the B~/2 values. 

Recombinat ion of  the singlet radical pair is thermally activated (Ea = 0.12 
eV for whole cells) [10] .  This means that  the  values of  Kr, together with the 
B in  values, will decrease when the temperature is decreased. This case is experi- 
mentally observed in the 230--295 K temperature range for the whole cells 
(Fig. 3) [14].  The lack of such temperature dependence for the reaction 
centers leads us to an assumption that  the energy gap between the excited and 
charge-transfer states is smaller in the reaction centers. The Bl/2 increase for the 
whole cells and reaction center preparations may be caused by  an increase in the 
KT value. The change of  K w could be related to  a conformational  change of the 
reaction center with decreasing temperature  [ 20]. 
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Our conclusion concerning this possibility is further supported by the data 
on the gradual change of  the curve of field dependence with temperature 
observed for the whole cells and chromatophores of Rps. sphaeroides [21]. The 
results presented in Ref. 21 indicate the decrease in distance between the 
partners in a radical pair and an increase in the exchange interaction in the 
same temperature range. 

For the explanation of the complex temperature dependence of the maximal 
magnetic field effect (Fig. 2) in the frame-work or Ref. 19 one should assume 
corresponding temperature dependencies of the rate constants, Kr, KT and Kg 
(the latter stands for the process of a direct recombination of i(2p+2I-) to the 
ground state). However, theoretical and experimental information on such 
temperature dependencies is lacking. Attempts to rationalize the observed 
temperature dependence of the magntic field effects are so far speculative. 

The large magnetic field effect observed in the reaction center preparations 
confirms the assumption that the field effects observed for chromatophores 
and whole cells arise from the same mechanism, i.e., the magnetic field-induced 
changes of the fraction of fluorescence resulting from recombination of the 
radical pair. 
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