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On the nature of the free radical formed during the primary process of 
bacterial photosynthesis 

In this note we wish to present new evidence suggesting that  tile photo-induced 
free radical:, ~ seen in photosynthetic bacterial preparations is associated with the 
pr imary photochemical process and that  the chemical species involved is oxidized 
bacteriochlorophyll. 

We used two independent experimental approaches. In the first, we measured 
the kinetics of the light-induced E P R  signal and optical absorbance changes at 
cryogenic temperatures and compared their several kinetic parameters. In the second 
approach, we compared the E P R  parameters of chemically oxidized bacteriochloro- 
phyll i~ vitro with those of the photo-induced signal. 

The low-temperature optical absorbance changes were measured with a kinetic 
spectrophotometer utilizing a Cary 14 monochromator equipped with an optical 
dewar. EPR measurenlents were made with a 9-GHz superheterodyne spectrometer ~ 
designed for low temperature work and modified for pulsed measurements of magnetic 
relaxation times ~. The sample was illuminated with rectangular pulses of actinic light 
obtained with a mechanical shutter. The light-induced signals were fed into a com- 
lnercial signal-averaging computer synchronized with the flashing actinic light. Tile 
light-induced optical and EPR changes remained reversible over many thousands of 
flashes. The same sample was used for both EPR and optical measurements. 
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Fig. i .  E P R  and opt ica l  k ine t ics  of the  reac t ion  centers  of R-26 m u t a n t  of R. spheroides a t  77°K. 
The  same sanlple  was used for bo th  sets of exper iments .  Changes  in opt ica l  t r ansmis s ion  were 
conver t ed  to absorbance  changes.  The rise and  decay  t imes  were ob ta ined  by  r ep lo t t i ng  the  d a t a  
on semilog paper  and  t a k i n g  the  I/e values.  The resul ts  for different  expe r imen ta l  condi t ions  
are  summar ized  in Tables  I and II .  
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Representative kinetic results using the reaction centers of the R-26 mutant  
oI Rhodopseudomonas spheroides 5 are shown in Fig. I. By expanding the time scale 
near the origin, we have determined that  within our t ime resolution of 0. 3 msec, 
there is no lag between the appearance of the signals and the light flash, in contrast 
to an earlier report 6 but in agreement with recent workL This finding, in conjunction 
with the low-temperature conditions which preclude ordinary chemistry, indicates 
that  the free radical is created at or near the active site. 

Table I smnmarizes the data of the optical and E P R  decay experiments over 
a range of temperatures, and Table I I  shows the results of the rise times at 77°K for 
different light intensities. At the lowest temperatures the spin life time enters into 
the E P R  kinetics, and a more complicated analysis is required to obtain the relevant 
kinetic parameters. I t  should be noted that  the rise and decay experiments represent 
two independent pieces of evidence for the identity of the free radical. 

The results presented in Tables I and I I  clearly indicate the identity of the 

T A B L E  I 

COMPARISON OF OPTICAL AND E P R  DECAY TIMES AS A FUNCTION OF TEMPERATURE 

E x p e r i m e n t a l  c o n d i t i o n s :  R. spheroides R - 2 6  r e a c t i o n  c e n t e r s  s u s p e n d e d  in  5 o %  (v/v)  g l y c e r i n ;  
s a m p l e  t h i c k n e s s  i r a m ;  A sg0 nm = 0.7  a t  1 . 7 ° K  ; A c t i n i c  l i g h t  s o u r c e ,  Imax = lO 5 e r g s .  c m  2. sec -1  ; 

= 9 0 0  n m  ( B a u s c h  a n d  L o m b  B -  3 ( N I R )  i n t e r f e r e n c e  f i l te r ) ;  m e a s u r i n g  b e a m  i n t e n s i t y ,  5 ° 
e r g s .  c m  -2 .  sec  -1.  R m s  e r r o r s  a r e  q u o t e d .  

Temp. Optical decay time, E P R  decay time, Electron spin life time, 
(OK) rDO (msec) ~im (msec) Ts*** (msec) 

(2 = 795 nm)* (low-field peak) 

1. 7 28 ~z 4 36 ± 5** 27 ± 3 
4 .2  - - -  31 ± 5 13 4- 5 

77 3 ° ~_ 2 3 ° :J2 4 - (  I 

* S i m i l a r  t i m e s  w e r e  o b t a i n e d  f o r  2 = 8o5,  88o,  a n d  1242 n m .  
** W h e n  t h e  m a g n e t i c  r e l a x a t i o n  r a t e  is c o m p a r a b l e  t o  t h e  c h e m i c a l  d e c a y  r a t e ,  t h e  E P R  

d e c a y  k i n e t i c s  a r e  s l o w e d  d o w n  a n d  b e c o m e  n o n - e x p o n e n t i a l .  T h i s  n u m b e r  is t h e  r e s u l t  of  a 
t h e o r e t i c a l  f i t  ( d e t a i l s  t o  b e  p u b l i s h e d  e l s e w h e r e ) .  

* * * T h e  s p i n  l i fe  t i m e  T s  w a s  o b t a i n e d  f r o m  t h e  r e c o v e r y  of  t h e  E P R  s i g n a l  a f t e r  t h e  a p p l i c a t i o n  
of  a s a t u r a t i n g  m i c r o w a v e  p u l s e .  N o t e  t h a t  t h e  v a l u e  of  T s  is  a f f e c t e d  b y  t h e  " c h e m i c a l  p r o c e s s "  
(i.e., t h e  l i fe  t i m e  of  t h e  f r ee  r a d i c a l )  a n d  is  t h e r e f o r e  n o t  i d e n t i c a l  t o  t h e  s p i n  l a t t i c e  r e l a x a t i o n  
t i m e  T 1. 

Note: I n  a d d i t i o n  t o  t h e  t a b u l a t e d  f a s t  t i m e s ,  w e  h a v e  o b s e r v e d  t h a t  a s m a l l  f r a c t i o n  o f  
b o t h  t h e  o p t i c a l  a n d  E P R  s i g n a l  d e c a y s  w i t h  a t i m e  c o n s t a n t  of  3.5 ± o .5  sec.  

T A B L E  I I  

COMPARISON OF OPTICAL AND E P R  RISE TIMES 

E x p e r i m e n t a l  c o n d i t i o n s :  t e m p . ,  7 7 ° K ;  o t h e r  c o n d i t i o n s  a r e  as  d e s c r i b e d  in  T a b l e  I. 

Light intensity (%) Optical rise time, 
( Ioo  % = lO 5 ergs. cm -2. sec -1) Zno (msec) 

E P R  rise time, 
TIts (msec) 

IOO 12 4- I 15 4- 2 
50  17 i 2 18 ~- 3 
21 23  4- 2 20  4- 5 

8 . I  28  - -  2 3 ° ± 5 
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T A B L E  I I I  

COMPARISON OF g VALUES AND LINE WIDTHS OF THE OXIDIZED BACTERIOCHLOROPHYLL E P R  
SIGNAL WITH THE LIGHT-INDUCED E P R  SIGNAL FROM WHOLE CELLS OF R .  rubrum 

E x p e r i m e n t a l  c o n d i t i o n s :  Ve = 9 G H z ;  t e m p . ,  7 7 ° K  ( the  s a m e  p a r a m e t e r s  a r e  f o u n d  f o r  R. rubrum 
a t  r o o m  t e m p e r a t u r e ) ;  b a c t e r i o c h l o r o p h y l l  i n  m e t h a n o l - g l y c e r i n  ( i : i ,  v /v )  w a s  o x i d i z e d  w i t h  
i o d i n e  in  a n  e v a c u a t e d  s y s t e m  a n d  t r a n s f e r r e d  t o  t h e  E P R  c u v e t t e  in  t h e  s a m e  c l o s e d  s y s t e m .  

Species Electronic g value AH* zJHnormat** 
(gauss) AHcleuteratea 

O x i d i z e d  b a c t e r i o c h l o r o p h y l l  
n o r m a l  2 . 0 0 2 5  4- o . o o o i  12.8 4- 0. 5 
d e u t e r a t e d  2 . 0 0 2 6  ~ o . o o o i  5 .4  ± o .3  

2. 4 ± o .2  

R. rubrum 
n o r m a l  2 . 0 0 2 6  4- o . o o o i  9.5 ± 0.5 

2.3 ± 0 .2  
d e u t e r a t e d  2 . 0 0 2 6  ± o . o o o i  4 .2  ~ 0. 3 

* T o t a l  w i d t h  b e t w e e n  i n f l e c t i o n  p o i n t s  of  dz" /dH.  All  l i ne  s h a p e s  w e r e  g a u s s i a n .  
* * F o r  b r o a d e n i n g  d u e  t o  p r o t o n s  o n l y ,  t h e  t h e o r e t i c a l l y  p r e d i c t e d  r a t i o  is 4. F o r  b r o a d e n i n g  

d u e  t o  p r o t o n s  a n d  t o  f o u r  n i t r o g e n  n u c l e i  h a v i n g  a h y p e r f i n e  i n t e r a c t i o n  o f  t h e  f o r m  A I . S  t h e  
a b o v e  d a t a  a r e  c o n s i s t e n t  w i t h  A a p p r o x i m a t e l y  e q u a l  t o  i g a u s s .  

free radical with the species undergoing the light-induced optical changesS, *. These 
optical changes have been associated with the oxidation of the specialized bacterio- 
chlorophyll P870 by  several authorsa,% 1°-13 and implicated in the pr imary process14, la. 

The constancy of the decay times over the large temperature range sets an 
upper limit on the apparent activation energy of approx, o.2 wave number (o.6 
cal/mole), and is consistent with a tunneling process of the unpaired electron**. 

We have obtained similar kinetic results with whole cells and chromatophores 
of Rhodospirillum rubrum and its G- 9 mutant ,  R. spheroides, and Chromatium. We 
feel therefore that  the results reported here are general for the purple photosynthetic 
bacteria. 

In Table I I I ,  we compare g values and line widths of the light-induced EPR 
signal from whole cells of R. rubrum with those of chemically oxidized bacteriochloro- 
phyll in vitro. Both normal and fully deuterated species were used. The identity of 
the g values, similarity of the line shapes, and the narrowing upon deuteration 
suggests that  the light-induced free radical arises from bacteriochlorophyll. The line 
width differences can be ascribed to different environments of the bacteriochlorophyll 
in vitro and in the photosynthetic tissue. 

The present results show that  the photoactive species giving rise to the low- 
temperature E P R  and optical changes are identical, and we conclude that  this species 
is oxidized Psv0. We infer from the nature of the kinetics at low temperatures that  
it is associated with the pr imary step of bacterial photosynthesis. 

The question of the pr imary acceptor remains unanswered. Although we have 
seen other E P R  signals in bacterial preparations, we have yet to establish their 
kinetic behavior before attr ibuting them to the pr imary acceptor. 

* J .  R .  BOLTON, D.  ~V. REED a n d  R .  K .  CLAYTON ( p e r s o n a l  c o m m u n i c a t i o n )  h a v e  a r r i v e d  
a t  t h e  s a m e  c o n c l u s i o n  f r o m  d i f f e r e n t ,  r o o m - t e m p e r a t u r e  e x p e r i m e n t s .  

** T h i s  m e c h a n i s m  w a s  f i r s t  p r o p o s e d  i n  t h e  c o n t e x t  of  p h o t o s y n t h e s i s  b y  DEVAULT AND 
CHANCE 16 w h o  se t  a n  u p p e r  l i m i t  of  80 c a l / m o l e  o n  t h e  a c t i v a t i o n  e n e r g y .  L a t e r  DEVAULT,  PARKES 
AND CHANCE 17 l o w e r e d  t h i s  l i m i t  t o  4 c a l / m o l e .  
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