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ESR and ENDOR of  Pr imary  Reactants  in  P h o t o s y n t h e s i s  

A .J .  Hof f  

Department o f  B i o p h y s i c s ,  Huygens L a b o r a t o r y ,  U n i v e r s i t y  
of  Le iden ,  The N e t h e r l a n d s  

1.1 Basics of  p h o t o s y n t h e s i s  

P h o t o s y n t h e s i s  is  the energy c o n v e r s i o n  process on which u l t i -  
mate ly  a l l  l i f e  on ea r t h  depends. Because o f  t h i s  and because 
i t  may p rov i de  f u t u r e  ways o f  h a r n e s s i n g  the ~ u n ' s  energy ,  
p h o t o s y n t h e s i s  is  the most i m p o r t a n t  chemical  process on e a r t h .  
I t s  bas ic  mechanism is  now s l o w l y  u n r a v e l l i n g ,  to which ESR and 
ENDOR t e c h n i q u e s  have much c o n t r i b u t e d .  The whole o f  the photo"  
s y n t h e t i c  process is  summed up in  the r e a c t i o n  

2 H2X I + Co 2 hv> (CH20) + H20 + 2~, 

where X s tands f o r  0 in  the case of  p l a n t s ,  and maybe s u l f u r  or  
ano the r  reduced m a t e r i a l  in  the case o f  p h o t o s y n t h e t i c  b a c t e r i a ,  
and CH20 is  the u n i t  o f  c a r b o h y d r a t e .  The i n i t i a l  h o t o r e a c t i o n  
is represented by DIAl n~> D~A~ which stands for ~ (quasi) i r -  
reversible photolndOc~d charg& ~eparation: D is a donor molecu- 
le or complex and A is an acceptor. In real l i fe  the charges on 
D and A are rapidly replaced: 

O 01A;A2 
D2DTAiA2 ~ " " ~ D  + A; and so on. 

The e l e c t r o n  t h a t  is  l i b e r a t e d  by the l i g h t  quantum is  f i n a l l y  
t r a n s p o r t e d  to a b i o m o l e c u l e  o f  h igh  r e d u c t i v e  p o t e n t i a l  (NAD + 
and NADP + ( n i c o t i n a m i d e  aden ine  d i n u c l e o t i d e ( p h o s p h a t e ) )  in  
b a c t e r i a l  and p l a n t  p h o t o s y n t h e s i s ,  r e s p e c t i v e l y ) .  Th is  mole-  
cu le  is  then o x i d i z e d  in  the c a r b o h y d r a t e  p roduc ing  c y c l e  o f  
r e a c t i o n s  known as the C a l v i n  c y c l e ,  named a f t e r  i t s  d i s c o v e r e r  
M e l v i n  C a l v i n .  
The charge s e p a r a t i o n  D A h~> D+A - is  c a l l e d  the p r imary  p ro -  
cess o f  p h o t o s y n t h e s i s  and i t  i s  t h i s  r e a c t i o n  t h a t  w i l l  m a i n l y  
concern us in  my l e c t u r e .  

2 B a c t e r i a l  p h o t o s y n t h e s i s  

2.1 The p r imary  donor 

In b a c t e r i a l  p h o t o s y n t h e s i s  one l i g h t  r e a c t i o n  takes p l a c e ,  in  
c o n t r a s t  to p l a n t  p h o t o s y n t h e s i s  where two d i f f e r e n t  p h o t o r e -  
a c t i o n s  occu r .  Consequen t l y ,  b a c t e r i a l  p h o t o s y n t h e s i s  i s  s i m p l e r ,  
and lends i t s e l f  b e t t e r  to d e t a i l e d  i n v e s t i g a t i o n s  than i t s  
p l a n t  c o u n t e r p a r t .  
I t  has been p o s s i b l e  to i s o l a t e  t h a t  p a r t  o f  the p h o t o s y n t h e t i c  
mach inery  in  which the p r imary  p rocess ,  and n o t h i n g  or  l i t t l e  
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e l se  p roceeds .  Th is  p a r t  i s  c a l l e d  the r e a c t i o n  c e n t e r  (RC). 
I t  c o n s i s t s  o f  a p r o t e i n  mo lecu le  (MW about  70 kD),  which con- 
t a i n s  4 b a c t e r i o c h l o r o p h y l l  ( B c h l ) ,  two b a c t e r i o p h e o p h y t i n  
(Bph) ,  one or  two q u i n o n e s ,  and one i r o n  atom. The i l l u m i n a t i o n  
of  a RC p r e p a r a t i o n  g i ves  r i s e  to a Gaussian ESR s i g n a l ,  o f  
w id th  ~ 9.5 and g - v a l u e  g = 2 .0026,  w i t h  a r i s e t i m e  < I ~s. 
I t s  decay at  room tempera tu re  is  complex,  at  low t empe ra tu re  
(2 I00 K) i t  decays w i t h  30 ms. F i r s t  d i s cove red  by Commoner 
et  a l .  [ I )  and Sogo e t  a l .  [ 2 ] ,  t h i s  s i g n a l  has been the  sub- 
j e c t  o f  many i n v e s t i g a t i o n s  (see genera l  r e f e r e n c e ) .  I t  has 
been e s t a b l i s h e d  t h a t  i t  i s  due to the  o x i d i z e d  p r imary  donor ,  
D+. 

Model s t u d i e s  on c h e m i c a l l y  o x i d i z e d  monomeric b a c t e r i o c h l o r o -  
p h y l l  r evea led  t h a t  the s i g n a l  o f  D + resembled very  much the 
ESR spect rum of  Bchl +, except  f o r  i t s  l i n e w i d t h ,  which was 1.4 
t imes l e s s .  T h i s ,  and s i m i l a r  ev idence  f o r  p l a n t  m a t e r i a l ,  led  
N o r r i s  [3] to  the h y p o t h e s i s  t h a t  D i s  a b a c t e r i o c h l o r o p h y l l  
d imer ,  on which the unpa i r ed  21ec t ron  i s  f u l l y  d e l o c a l i z e d .  Sub- 
sequent  ENDOR ( e l e c t r o n - n u c l e a r  doub le  resonance)  expe r imen ts  
[ 4 , 5 , 6 )  demons t ra ted  t h a t  t h i s  was indeed the case.  A p p a r e n t l y ,  
o n l y  a d i m e r i c  s t r u c t u r e  is  ab le  to p h o t o e j e c t  an e l e c t r o n .  The 
decay o f  the  l i g h t - i n d u c e d  s i g n a l  at  low tempera tu re  was a t t r i -  
buted to a back r e a c t i o n  in  the dark :  D+A" § D A. 

2 .2  The " p r i m a r y '  I accep to r  

The f i r s t  o b s e r v a t i o n  by ESR o f  A - i s  due to Fehero[7~'e f ~ who re -  
po r ted  a ve ry  broad l i n e  w i t h  a p r i n c i p a l  g - v a l u  .83 ,  which 
cou ld  o n l y  be observed at  low t e m p e r a t u r e s .  L a t e r  work showed 
t h a t  t h i s  s i g n a l  was due to a spec ies  w i t h  s t r o n g l y  a n i s o t r o p i c  
g - v a l u e s :  gl = 1 .83 ,  g2 = 1 .68.  At the t ime i t  was a t t r i b u t e d  
to an i r o n - s u l f u r  p r o t e i n ,  p o s s i b l y  a t w o - i r o n  f e r r e d o x i n  t ype .  
However, in  i r o n - d e p l e t e d  RC the broad s i g n a l  i s  r ep laced  by 
a much na r rower  one (AH ~ 8.5 G) w i t h  g = 2 .0046.  Model s t u d i e s  
on c h e m i c a l l y  reduced u b i q u i n o n e ,  employ ing  both X and Q band 
ESR s p e c t r o s c o p y ,  demonst ra ted  t h a t  t h i s  s i g n a l  i s  due to a 
s e m i u b i q u i n o n e :  UQ-. For normal r e a c t i o n  cen te r s  M~Bbauer s t u -  
d ies  showed t h a t  the Fe r e t a i n e d  i t s  va lency  (Fe 2+) upon pho to -  
r e d u c t i o n  o f  the  a c c e p t o r .  Thus,  the unpa i red  sp in  i s  m a i n l y  
l o c a t e d  on the u b i q u i n o n e ,  but i t s  ESR spectrum i s  ve ry  much 
broadened by exchange i n t e r a c t i o n  w i t h  the e l e c t r o n  sp in  o f  the 
i r o n  atom, which i s  in  a ( f o r  Fe2+) r a t h e r  unusual  S = 2 s t a t e .  

2A..3......The intermediary acceptor 

Recently, i t  was found by Dutton and coworkers [8] and by Shu- 
valor  and Klimov [91 , that  under condi t ions of high l i g h t  in -  
t e n s i t y  in preparat ions of the photosynthet ic bacterium Chroma- 
tium vinosum in a reducing environment a new ESR signal appeared, 

g = 2.C035, AH = 8.5 G which was accompanied by a doublet 
with spacing of about 50 G. This signal was i d e n t i f i e d  to be due 
to an intermediary accepto~ I ,  which accumulated under the con- 
d i t i ons  used: cyt D I A- ~ cyt D+I-A - § cyt+D I-A- Electron 
donation from the cytochrome to D + prev.ents the back react ion 
between D and I .  By comparison with ESR and opt ica l  spectra of 
bacter iopheophyt in (Bph) I -  was suggested to be a Bph- molecule. 
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A p p a r e n t l y ,  in  normal p h o t o s y n t h e s i s  Bph (o f  which two mo lecu les  
are found in p u r i f i e d  RC's) serves as an i n t e r m e d i a r y  e l e c t r o n  
a c c e p t o r ,  which l i v e s  f o r  o n l y  about  250 ps,  as demonst ra ted  by 
p icosecond l a s e r  s p e c t r o s c o p y .  A paramagnet ic  exchange i n t e r -  
a c t i o n  of  I -  w i t h  A- is  p a r t  o f  the RC r e s u l t s  in  the s p l i t t i n g  
o f  the s i g n a l  o f  I - .  

2.4 The t r i p l e t  s t a t e  

When the p r ima ry  a c c e p t o r  is  c h e m i c a l l y  reduced,  fo rward  e l e c -  
t r o n  t r a n s p o r t  s tops at I - ,  so t h a t  e v e n t u a l l y  the e l e c t r o n  can 
f a l l  back i n t o  the ho le :  

~ D I A- 

D+I-A - D*I A- I ns>  D I A- 

I O ' 4 ~ D T I  A- 110 las> D I A- 

where the a s t e r i s k  denotes the f i r s t  e x c i t e d  s i n g l e t  s t a t e ,  and 
T i n d i c a t e s  the e x c i t e d  t r i p l e t  s t a t e .  The h a l f t i m e s  are de- 
r i v e d  from f a s t  o p t i c a l  s p e c t r o s c o p y .  The t r i p l e t  s t a t e  o f  the 
donor is  r e l a t i v e l y  l o n g - l i v e d .  I t  was f i r s t  observed by Dut ton 
and Le igh (10 ] ,and  e x h i b i t s  a most unusual  s p i n - p o l a r i z a t i o n  
w i t h  some o f  the l i n e s  i n v e r t e d ,  which cannot  be unob ta ined  by 
the s p i n - o r b i t  c o u p l i n g  mechanism f o r  t r i p l e t  g e n e r a t i o n .  I t  
p robab l y  r e s u l t s  from s p i n - d e p h a s i n g  in  the r a d i c a l  p a i r  D+I - 
be fo re  r e c o m b i n a t i o n  to DTI takes p l a c e . S u p p o r t  f o r  t h i s  mecha- 
nism has come from expe r imen ts  on the dependence o f  the y i e l d  
of  the t r i p l e t  s t a t e  as a f u n c t i o n  o f  the s t r e n g t h  o f  an ap- 
p l i e d  magnet ic  f i e l d  (11,12]  and from the o b s e r v a t i o n  o f  s p i n -  
p o l a r i z e d  d o u b l e t  ESR s i g n a l s  in  b a c t e r i a l  RC I 1 3 - 1 5 ) .  
R e c e n t l y ,  the t e c h n i q u e  o f  e l e c t r o n  sp in  resonance in  zero mag- 
n e t i c  f i e l d  has been a p p l i e d  to the b a c t e r i a l  t r i p l e t ,  y i e l d i n g  
accu ra te  va lues  of  the zero f i e l d  s p l i t t i n g  parameters  IDI and 

IEI and o f  the m o l e c u l a r  r a d i a t i o n l e s s  decay ra tes  k x ,  k ,  and k z 
116i171" An a p p l i c a t i o n  o f  e x c i t o n  t h e o r y  has been pub l~shed 

18 w ich  uses the measured va lues  o f  monomeric and RC t r i p l e t  
s t a t e  parameters  to dev i se  a geomet r i c  s t r u c t u r e  f o r  the d i -  T 
mer ic  b a c t e r i o c h l o r o p h y l l  mo lecu le .  Thus.  the t r i p l e t  s t a t e  D 
is  i m p o r t a n t  as a probe i n t o  the d e t a i l e d  geomet r i c  l a y o u t  o f  
the p r imary  r e a c t a n t s  w i t h i n  the r e a c t i o n  c e n t e r .  

3. P l an t  p h o t o s y n t h e s i s  

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

As a l r e a d y  men t ioned ,  in  p l a n t s  na tu re  has dev ised  a t w o - s t e p  
mechanism of  p h o t o s y n t h e s i s :  

X NA~p t 

, ~ 1 7 6  

~ o 
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The two s teps are c a l l e d  photosystems 1 and 2 (PS 1 and PS 2 ) ,  
r e s p e c t i v e l y .  They both c o n s i s t  o f  a l i g h t - i n d u c e d  charge se- 
p a r a t i o n  f o l l o w e d  by secondary  r e a c t i o n s .  The r e s u l t  a f t e r  many 
s u c c e s s i v e  s teps is  the t r a n s p o r t  o f  an e l e c t r o n  from water  to 
NADP +, g e n e r a t i n g  the h igh  r e d u c t i v e  power c a t a l y s t  NADPH, where-  
as i n -be tween  a number o f  h i g h - e n e r g e t i c  ATP mo lecu les  are f o r -  
med.The two photosys tems can be s t r u c t u r a l l y  separa ted  by b i o -  
chemica l  t e c h n i q u e s ,  but  up to date no h i g h l y  p u r i f i e d  r e a c t i o n  
c e n t e r s  have been p repa red .  

3.2 Photosystem I 

3 .2 .1  The p r imary  donor 

When p l a n t  m a t e r i a l  ( l e a v e s ,  or c h l o r o p l a s t s ,  i . e .  i n t r a c e l l u -  
l a r  s t r u c t u r e s  c o n t a i n i n g  the whole p h o t o s y n t h e t i c  appa ra tus )  
is  exposed to l i g h t ,  a ESR s i g n a l  i s  genera ted ( s i g n a l  I )  t h a t  
much resembles t h a t  o f  the b a c t e r i a l  donor ,  v i z .  g = 2.0026 
and Gaussian l i n e s h a p e  [19 ) .  I t s  l i n e w i d t h  i s  about  7.5 G, I / 1 . 4  
t imes t h a t  of  monomeric o x i d i z e d  Chl a. Here a l s o ,  ENDOR ex-  
pe r imen ts  demonst ra ted  t h a t  the s ignaT  is  due to an o x i d i z e d  
d i m e r i c  c h l o r o p h y l l  a mo lecu le  3,4 I t  can be shown t h a t  s i g -  
nal I i s  due to the ~onor  of  photosys tem I ,  P700, by means o f  
s e l e c t i v e  i r r a d i a t i o n  ( f a r - r e d  l i g h t  (~ > 700 nm) o n l y  e x c i t e s  
PS I )  and by the use o f  v a r i o u s  i n h i b i t o r s o  Thus, i t  appears 
t h a t  the donor of  P S I  resembles much the p r imary  donor of  pho- 
t o s y n t h e t i c  b a c t e r i a ,  be i t  t h a t  Chl a i n s t e a d  o f  Bchl i s  used. 

3 .2 .2  The p r imary  accep to r  

Ha l f  a decade ago i t  was found [201 t h a t  c o n c u r r e n t l y  w i t h  s i g -  
nal I an ESR spect rum was induced by l i g h t ,  t h a t  showed cha rac -  
t e r i s t i c s  o f  a reduced f e r r e d o x i n  spec t rum,  v i z .  g = 2 .05 ,  1 .95 ,  
1 .86.  Th is  spect rum cou ld  a lso  be genera ted  by chemica l  reduc -  
t i o n  w i t h  d i t h i o n i t e  (Na2S204). The l i g h t  s a t u r a t i o n  curve and 
i t s  redox b e h a v i o u r  showed t h a t  i t  was an accep to r  which was 
reduced at  the  same t ime as P700 was o x i d i z e d .  I t  was t h e r e f o r e  
regarded to be the p r imary  accep to r  of  P S I  However, l a t e r  work 
[21) r evea led  t h a t  ano the r  f e r r e d o x i n  type o f  spect rum cou ld  
be induced by l i g h t , w i t h  g - v a l u e s  o f  2 . 05 ,  1.92 and 1.89.  At 
low tempera tu res  these s i g n a l s  are genera ted  i r r e v e r s i b l y , a s  i s  
P700 +. Recen t l y  i t  was found [22 ,23 ]  t h a t  when the two f e r r e d o x i n  
type cen te r s  ( c a l l e d  A and B) were p re - reduced  by long t r e a t -  
ment w i t h  d i t h i o n i t e ,  a r e v e r s i b l e  s i g n a l  appeared w i t h  g - v a l u e s  
o f  2 .05 ,  1.83 adn 1 .78 ,  t o g e t h e r  w i t h  an a lmost  c o m p l e t e l y  re -  
v e r s i b l e  i n d u c t i o n  of  P700 § From t h i s  f i n d i n g  i t  was conc luded 
t h a t  t h i s  s p e c i e s ,  X, r e p r e s e n t e d  the " t r u e "  p r ima ry  a c c e p t o r .  
In n o n - t r e a t e d  m a t e r i a l ,  p h o t o r e d u c t i o n  of  A a n d / o r  B is  i r r e -  
v e r s i b l e  at  low t e m p e r a t u r e s ,  and so is  P700 o x i d a t i o n ,  but  i f  
A and B are reduced p r i o r  to i l l u m i n a t i o n ,  the e l e c t r o n  remains 
on X and can f a l l  back to P700 v ia  a t u n n e l i n g  back r e a c t i o n .  
Thus, s c h e m a t i c a l l y :  

P7OO+X A-B 
P700 X A B h~>P7OO+X-A B ~ 

P7OO+X A B- 

and P700 X A-B- hv>  P7OO+X A B § P700 X A-B- The g - v a l u e s  
o f  X- are s i m i l a r  to those  of  f e r r e d o x i n  type  m o i e c u l e s .  Qu i te  
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p o s s i b l y  i t  may be a reduced 2 Fe - 2 S c l u s t e r  having magnetic 
i n t e r a c t i o n s  w i t h  A-B- ,  but t h i s  has as ye t  to be proven.  

3 .2 .3  An i n t e r m e d i a r y  acceptor  

Very r e c e n t l y  evidence has become a v a i l a b l e  t h a t  between P700 
and X another  acceptor  is  s i t u a t e d  (24-26) .  The o p t i c a l  spec- 
trum is  i n t e r p r e t e d  as being due to the anion o f  a Chl a dimer 
(25) .  From the ESR spectrum, however, i t  appears t h a t  i t  is a 
monomeric c h l o r o p h y l l o u s  species (27 ] .  

3.3 Photosystem 2 

3.3.1 The pr imary  donor 

At room tempera tu re ,  the pr imary donor,  P680, o f  PS 2 is  so 
q u i c k l y  reduced a f t e r  charge sepa ra t i on  by a secondary donor 
( i n  less than I N s )  t h a t  no ESR s igna l  of  P680 + can be detec-  
ted .  However, at  low tempera tu res ,  r e - r e d u c t i o n  is  s u f f i c i e n t l y  
slow to permi t  o b s e r v a t i o n  o f  a t r a n s i e n t  on top o f  the l i g h t -  
sa tu ra ted  s igna l  I o f  PS I .  This t r a n s i e n t  i s  abo l i shed by t r e a t -  
ment w i t h  agents t h a t  reduce a l l  components o f  PS 2, i n d i c a t i n g  
t h a t  i t  indeed o r i g i n a t e s  from i t s  pr imary  donor.  I t s  spec t ra l  
shape and g-va lue  are i d e n t i c a l  to  P700 +, sugges t ing  t h a t  a lso 
P680 is  a c h l o r o p h y l l  d imer.  

3 .3 .2  The pr imary  acceptor  

So f a r  no repo r t s  have appeared c l a im ing  the obse rva t i on  o f  an 
ESR s igna l  o f  Q, the pr imary acceptor  of  PS 2. From o p t i c a l  work 
i t  can be i n f e r r e d  t h a t  i t  i s  a p las toqu inone  molecule (28 ] .  The 
reasons f o r  i t s  n o n - o b s e r v a b i l i t y  by ESR spec t roscopy  may be se- 
vere l i n e  broadening due to complexat ion w i t h  a t r a n s i t i o n  meta l ,  
analogous to the q u i n o n e , i r o n  complex in the b a c t e r i a l  photo-  
system. 

3 .3 .3  An i n t e r m e d i a r y  acceptor  

Evidence is  now accumulat ing t h a t  also in PS 2 a t r a n s i e n t  accep- 
t o r  i s  found (29 ,30) .  From o p t i c a l  and ESR spec t roscopy  i t  t r a n s -  
p i res  t h a t  i t  i s  a pheophyt in  monomer ( 2 9 , 3 ! ) .  
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