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Summary 

Microwave induced transitions in zero magnetic field have been observed 
in the photoinduced triplet of  chloroplasts treated with dithionite by monito- 
ring changes in the intensity of  the 735 nm fluorescence band at 2°K. Similar 
results were obtained with chloroplasts treated with hydroxylamine plus 
3-(3,4<lichlorophenyl)-l , l~iimethylurea and preillumination. The zero field 
parameters are D = 0.02794 -+ 0.00007 cm -1, E = 0.00382 _+ 0.00007 cm -1, i.e. 
equal to those of  monomeric chlorophyll a to within the experimental error. 
The photoinduced triplet appears to be linked to  Photosystem II. This 
indicates that  the low temperature 735 nm fluorescence band of  chloroplasts 
is at least partly due to Photosystem II. 

The discovery of  a photoinduced triplet state in photosynthet ic  bacteria 
and chloroplasts [1,2] under reducing conditions has generated much debate 
whether  this triplet state is a precursor of  the primary charge separation. The 
low temperature ESR spectra of  these triplets are spin polarized, i.e. some of 
the ESR lines are emissive rather than absorptive. 

Here we report  electron resonance experiments in zero field on chloro- 
plasts in the presence of  reductant  by the Microwave Induced Fluorescence 
method developed in this laboratory [3] .  Analogous experiments have been 
carried out  by R.H. Clarke (private communication) on photosynthet ic  
bacteria.The results of  his and our work concur in showing that the micro- 
wave induced fluorescence technique is not  restricted to in vitro molecular 
problems but  may be used with success on photosynthet ic  systems of  bacteria 
and plants. 

Abbreviation: DCMU, 3-(3,4-dichlorophenyl)-101-dimethylurea. 
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From the present experiments it follows that  the photoinduced triplet in 
reduced chloroplasts is linked to Photosystem II and our results provide an 
explanation for the spin polarization of the triplet signal observed by Uphaus 
et al. [2]. Our results imply that  an essential difference exists in the structure 
of the chlorophyll complex of the primary donor of Photosystem II and of 
photosynthet ic  bacteria. 

In our experiments the sample is continuously illuminated and a steady- 
state distribution is established over the ground state and lower excited states. 
Then, one of  the transitions between the spin components  of the triplet state 
is saturated with resonant microwaves; this equalizes the populations of two 
of the components  and, indirectly, causes a slight displacement in the entire 
steady-state distribution. In the microwave induced fluorescence technique 
this perturbation is detected via a small change in the fluorescence intensity 
[3]. 

Chloroplasts were prepared from spinach as described in [4].  Reduction 
of the chloroplasts was carried out by adding dithionite (10-' M for 30 min 
under N2 atmosphere) or by adding 10 -2 M hydroxylamine plus 10 pM 3-(3,4- 
dichlorophenyl)- l , l -dimethylurea,  and illumination prior to freezing. The 
microwave induced fluorescence apparatus has been described [3].  

Fluorescence was excited by broad banded blue light, centered at 400 
nm; detection took place via a cut-off filter and a monochromator  or narrow 
band interference filters. A fluorescence spectrum obtained at 2°K of  chloro- 
plasts treated with hydroxylamine and DCMU, is displayed in Fig. 1. Spectra 
of  chloroplasts with dithionite,  or wi thout  reductant  were similar in shape. 
Microwave induced fluorescence experiments were carried out  monitoring the 
fluorescence at the 682, 692 or 735 nm band positions. Only at the 735 nm 
fluorescence peak zero field transitions were observed. Fig. 2 shows the micro- 
wave induced fluorescence resonance for chloroplasts treated with dithionite 
or hydroxylamine and DCMU. In agreement with ESR data [1,2] we observed 
two transitions at 723.0 and 952.0 MHz (+ 2 MHz) having a width of 25 and 
20 MHz, respectively. The intensities of the resonances are about 0.02% of the 
735 nm fluorescence peak. When identifying the resonances with the D--E 
and D+E transitions within the triplet one obtains D = 0.02794 + 0.00007 
and E = 0.00382 -+ 0.00007 cm -1 for the zero field parameters. This compares 
to D = 0.0274 + 0.0005 and E = 0.0032 + 0.0005 cm -' for chlorophyll a in a 
glass [5].  The remarkable narrowness of the lines compared to ZFR lines in 
glassy solution suggests that  the triplet resides on molecules in identical 
surroundings, e.g. in reaction centers rather than on bulk chlorophyll. 

In principle one might expect a third resonance at a frequency of 2E/h. 
We have not  been able to find a signal at 229 MHz, even with a double reso- 
nance technique in which two microwave transitions are irradiated simulta- 
neously. 

Reduction with NH2OH plus DCMU and light only reduces Photosystem 
II, leaving Photosystem I unchanged [6].  Control microwave induced 
fluorescence experiments with chloroplasts without  reductant  gave a negative 
result. Since chloroplasts treated with dithionite gave the same signal as after 
t rea tment  with NH2OH plus DCMU and light we conclude that  the photo- 
induced triplet in reduced chloroplasts is due to Photosystem II reaction 
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F i ~  1. F luo re scence  emis s ion  s p e c t r u m  a t  2°K of  c h l o r o p l u t s  t r e a t ed  w i t h  10  mM NH2OH plus  10 #M 
DCMU and  p r e i n u m i n a t i o n  be fo re  freezing.  C h l o r o p h y l l  co~zcentzation 0.2 m g / m l ,  p a t h l e n g t h  2 m m .  
E x c i t a t / o n :  Phfl /ps  SP I 0 0 0  h igh  pressure  m e r c u r y  arc f i l te red  by  10  cm of  a s o l u t i o n  of  CuSO 4 ( I 0 0  
g/ l )  in  H~O, a n d  C o m i n g  CS 4 .76  and  S e h o t t k y  BG 25 fi l ters,  the l i gh t  fa]llng p e r p e n d i c u l a r  on  the  sample .  
De t ec t / on :  Scho t tkT  RG 6 3 0  cu t -o f f  f i l t e r  f o l l o w e d  b y  a ~4 m E b e r t  m o n o c h r o m a t o r  and  a EMI t y p e  
9658 A p h o t o m u l t l p l i e r .  No co r r ec t / ons  for  self  a b s o r p t i o n  and  p h o t o m u l t l p l i e r  scmdt lv i ty  have  b e e n  
app l ied .  

centers. That the ZFR peaks were only observed at the 735 nm fluorescence 
peak, but not at the 682 or the 692 bands is an unexpected result, since the 
735 band (which appears only at low temperatures) is considered to be due to 
Photosystem I [7,8]. Our results indicate that at least part of the 735 nm 
fluorescence is excited via Photosystem II. 

The kinetics of the population and depopulation of the triplet sublevels 
has not yet  been measured quantitatively, o ~ n g  to the weakness of the 
signals. From the change of the signal with modulation frequency and the fact 
that the signal corresponds to a decrease in fluorescence intensity, it was 
concluded that there are two fast and One slowly decaying level. This, 
coupled to the fact that only two resonances are observable, leads to a steady- 
state population roughly as in Fig. 3. Henc~ in a magnetic field, the popula- 
tions are expected to be distributed as shown in Fig. 3 for the three principal 
derictions of the magnetic field. The predicte d ESR spectrum shown at the 
bottom of Fig. 3 agrees remarkably well with the spectrum published by 
Uphaus et al. [2]. Schemes similar to t ha to f  Fig. 3 can account for the ESR 
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Fig. 2.  Z e r o  f ie ld  r e s o n a n c e  m i c r o w a v e  i n d u c e d  f l u o r e s c e n c e  s p e c t r a  o f  c h l o r o p l a s t s  a t  2aK (a)  t r e a t e d  
w i t h  I 0  - l  M d i t h i o n i t e  f o r  3 0  m i n  u n d e r  N 2 a t m o s p h e r e ,  (b )  t r e a t e d  w i t h  h y d r o x y l a m i n e  ( 1 0  -2 M) a n d  
D C M U  ( 1 0 / ~ M )  f o l l o w e d  b y  i l l u m i n a t i o n  p r i o r  t o  f reez ing .  E x c i t a t i o n  as in  F ig .  1. D e t e c t i o n :  R G  6 3 0  
c u t - o f f  a n d  Bs i ze r  B -40  7 3 8  n m  i n t e r f e r e n c e  f i l ter .  M i c r o w a v e s  we re  g e n e r a t e d  b y  a H e w l e t t  P a c k a r d  H P  
8 6 9 0  B s w e e p  o sc i l a t o r ,  p o w e r  level  2 0  roW, a ~ p l i t u d e  m o d u l a t i o n  2 3 7  H z ,  s c a n n i n g  r a t e  7 .5  M H z / m i n ,  
t i m e  c o n t a n t  3 0  s. All  spee t za  are  s ingle  s cans ;  m a x i m u m  p e a k h e i g h t  a b o u t  0 . 0 2 %  o f  t he  7 3 5  n m  f luores -  
c e n c e  i n t e n s i t y .  

spectra of  the triplets of  chlorophyll  a and b and bacteriochlorophyll  in glassy 
solution. However,  as noted by Norris [5] ,  the distribution of  emissive and 
absorptive character over the ESR spectrum of the photosynthet ic  bacterium 
Rhodospiril lum rubrum cannot  he explained in the same way. in fact the spin 
polarization of  this spectrum cannot be obtained by  any population mecha- 
nism along the usual spir-orbit  coupling scheme within a single molecule. 
This together with the fact that the zero field parameters of  the chloroplast 
triplet are, within the limits of  elTor, identical to those of  monomeric  chloro- 
phyll a in vitro as measured from the triplet ESR spectra by Norris et  al. [5] 
suggests that  the unpaired electrons giving rise to the triplet state in the 
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Fig.  8 .  S c h m a t i c  r e p r e s e n t a t i o n  o f  t h e  t r i p l e t  subleve ls  a n d  t h e i r  p o p u l a t i o n  in  z e r o  a n d  h igh  m a g n e t i c  
f ie ld a t  d i r e c t i o n  o f  t h e  f ie ld  pa ra l l e l  t o  t he  m o l e c u l a r  x ,  y o r  z axis .  E S R  t r a n s i t i o n s  are  i n d i c a t e d  b y  
a r r o w s .  T h e  c o r r e s p o n d i n g  E S R  s p e c t r u m  is s c h e m a t i c a l l y  d r a w n  a t  t h e  b o t t o m  o f  t h e  f igure .  A a n d  E 
s t a n d  f o r  a b s o r p t i v e  a n d  emissive l ines  r e spec t i ve ly .  The  size o f  t h e  c i rc les  r e p r e s e n t s  t he  s t e a d y - s t a t e  
p o p u l a t i o n .  

reaction center of  System II are no t  delocalized over two chlorophyll  mole- 
cules, as is the case with the unpaired spin of  the oxidized primary donor  in 
the bacterial and Sytem I reaction center [9,10,11] and possibly also in the 
System II reaction center [12] .  This would then rule out  a structure analo- 
gous to  the BChl-.BChl ÷ complex proposed by  Feher et  al. [10] and Norris et 
al. [5] .  

The authors wish to  thank Dr. L.N.M. Duysens for helpful discussions. 
This work was supported by the Netherlands Foundat ion for Chemical 
Research (SON) with financial aid from the Netherlands Organisation for the 
Advancement of  Pure Research (ZWO}. 
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