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Summary 

Studies of mutants  of  Chlamydomonas reinhardi deficient in the chloro- 
phyl l -  protein complex CP1 show that  energy transfer occurs between at 
least three Photosystem I units. 

Evidence for the connect ion of  the Photosystem I units is also obtained by 
studying their optical cross-section in wild-type cells in which a fraction of  the 
Photosystem I centers are inactivated. 

The site of  energy trapping in the Photosystem I unit  is shown to be the 
photochemical  center itself and not  the surrounding long-wavelength absorbing 
forms of  chlorophyll.  

Introduction 

The occurrence of  energy transfer between the photosynthet ic  units of  
Photosystem II was proposed by Jol iot  et al [ 1] in order to interpret the non- 
exponential  character of  the fluorescence induction in the presence of  3-{3,4- 
d ichlorophenyl) - l , l ,d imethylurea  (DCMU) or at low temperature and the non- 
linearity of  the relation be tween the oxygen rate and the fraction of  active 
Photosystem II centers. 

The properties of  several mutant  strains of  Chlamydomonas reinhardi 
possessing various amounts  of  Photosystem II reaction centers support  this con- 
cept. It was concluded that  three or more Photosystem II units are connected 
[2]. 

The problem of the interconnection of  the photosynthet ic  units of  Photo- 
system I has been studied by  several authors. 

Jol iot  et al. [3] failed to detec t  energy transfer among the Photosys tem I 
units of  isolated spinach chloroplasts whereas Borisov and II'ina [4] claimed 
that  energy transfer indeed occurs. 

A b b r e v i a t i o n :  DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea. 
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We have reinvestigated this question by using several mutants of  C. reinhardi 
possessing various amounts  of  the ch lo rophy l l .p ro te in  complex CP1. This 
complex contains both the reaction center chlorophyll P-700 and the surround- 
ing long-wavelength absorbing forms of  chlorophyll  a Ca 690 and Ca 700 
[5--7].  

We have measured the optical cross-section of  the Photosystem I centers in 
these strains to check whether the energy absorbed in a unit devoid of  CP1 
could be transferred to another Photosystem I unit. We also a t tempt  to localize 
the site of  energy trapping in the Photosystem I unit. With respect to this 
problem, two cases could be considered: (i) the trapping occurs at the level of  
the long-wavelength absorbing forms of  chlorophyll  surrounding P-700 (ii) the 
trapping occurs at the level of  the photochemical  center itself. 

Materials and Methods 

Chlamydomonas wild-type mutant  strains were grown at 25°C under 
continuous illumination (250 lux) in Tris/acetate/phosphate medium [8]. The 
cells were suspended in a phosphate buffer  0.1 M, pH 7, containing 7% Ficoll 
and were used at a concentrat ion of 25 pg chlorophyll/ml. The determination 
of  the optical cross-section was achieved according to Jol iot  and Delosme [9] 
by measuring the 515 nm absorption change 160 ps after a short actinic flash 
(4 ps duration at half-height} of  varying intensity. The contr ibution of  Photo- 
system II was eliminated by preilluminating the algae in the presence of  
hydroxylamine 5 • 10 -4 M and DCMU 2 • 10 -s M [10].  

Results and Discussion 

The saturation curve of  the 515 nm absorption change induced by Photo- 
system I reaction centers is shown in Fig. 1. 

The energy required in order to induce 50% of the maximum photochemical  
activity of  Photosystem I is inversely proportional to the optical cross-section 
of  the Photosystem I reaction centers. 

One observes that  in the mutant  C1 which possesses only 15% of the wild- 
type  complement  of  the CP1 complex [11] the optical cross-section of  the 
remaining Photosystem I centers is enlarged by a factor of  two. This increase 
can be interpreted by assuming that the energy absorbed in a Photosyst:em I 
unit devoid of  CP1 can be transferred to another Photosystem I unit. 

Such an increase has been observed in all the CP1 deficient strains that we 
have studied, the largest increases in the optical cross-section of  the Photo- 
system I centers being observed in the strains containing the smallest amounts  
of  CP1. 

The relationship between the size of  the Photosystem I units and the number  
of  active Photosystem I centers is plot ted in Fig. 2. 

Each experimental point  corresponds to the data collected on one mutant  
strain deficient in CP1. For each strain we have measured the 515 nm absorp- 
tion change induced 160 ps after one flash of  saturating intensity and one ~flash 
of  low energy (4% of  the saturating flash). 

The number  of  active Photosystem I centers is given by the 515 nm change 
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Fig. 1.i D e p e n d e n c e  of  the 515 n m  a b s o r p t i o n  change  ge ne ra t ed  by  P h o t o s y s t e m  I on  the  ene rgy  of  the  
act in ic  flash in C. reinhardi wild- type  and m u t a n t  C1. The  algae are  p r e i l l umina t ed  in the  presence  of  
500  pM N H 2 O H  and  20 pM DCMU in o rde r  to  inhib i t  P h o t o s y s t e m  II.  Ch lo rophy l l  c o n c e n t r a t i o n  is 
25  pg)ml .  The  a b s o r p t i o n  level is s a mp le d  160 ps a f t e r  the  act inic  flash (du ra t ion  at  ha l f  he igh t  = 4 ps). 
One observes  t h a t  the  energy  r equ i red  to  deve lop  50% of  the  m a x i m u m  P h o t o s y s t e m  I p h o t o c h e m i c a l  
ac t iv i ty  is t w o  t imes  smal ler  in the  m u t a n t  t h a n  in the  wi ld- type .  This  m u t a n t  is s t rongly  def ic ien t  in 
the  CI~I c o m p l e x  and  displays  a m a x i m u m  P h o t o s y s t e m  I p h o t o c h e m i c a l  ac t iv i ty  15% of  t ha t  of  the  
wi ld- type .  

Fig. 2. Var ia t ion  of  the  opt ica l  cross-sect ion of  the  p h o t o c h e m i c a l  cen te r s  of  P h o t o s y s t e m  1 wi th  the  n u m -  
ber  of  P h o t o s y s t e m  I centers .  Each  e x p e r i m e n t a l  po in t  c o r r e s p o n d s  to  the da ta  col lec ted  on  one m u t a n t  
s train def ic ien t  in CP1 in an e x p e r i m e n t  s imilar  to t ha t  of  Fig. 1. The  ra t io  of  the  515 n m  change  induced  
by  a non - sa tu ra t i ng  flash (4% of the  sa tu ra t ing  flash) to the  515  n m  change  induced  by the  sa tu ra t ing  
flash is t aken  as a m e a s u r e m e n t  of  the  opt ica l  cross-sect ion of  the  P h o t o s y s t e m  1 r eac t ion  centers .  The  
u p p e r  curve  (A)  co r r e sponds  to a m o d e l  in wh ich  energy  t r ans fe r  occurs  b e t w e e n  th ree  c o n n e c t e d  Photo-  
system" 1 units .  The  l owe r  curve  (B) c o r r e s ponds  to a m o d e l  in which  energy  is dc local ized  over  all Photo-  
s y s t e m  I units .  

after one saturating flash and the size of  the Photosystem I unit  is determined 
by the ratio of the 515 nm change induced by the low flash over the 515 nm 
change induced by the saturating flash [9,14].  

We have studied in this way mutants  having from 5 to 80% of  the wild- 
type  complement  of  CP1. Extrapolat ion of  our data shows that  a maximum 
increase by a factor  of 2.5 of  the size of  the Photosystem I units is observed 
when the number  of  active Photosystem I centers approaches zero. 

We have ruled out  the possibility tha t  some contr ibut ion of  Photosystem II 
to  the 515 nm change could remain in our  measurements.  For  this purpose, 
we have isolated a strain carrying two mutations,  one which results in the total 
inactivity of  Photosystem II (F34, see ref. 12) and the other  in a deficiency 
in CPI:  we found essentially the same result as when the Photosystem II 
activity is inhibited by preilluminating with hydroxylamine  and DCMU. 

From these data, we conclude that  in the CP1 deficient  strains energy 
transfer occurs between at least three connected Photosystem I units. 

We have plot ted two theoretical  curves on Fig. 2 corresponding to  a model 
in which three Photosystem I units are connected and a model  in which all the 
Photosys tem I units are connected.  For  this purpose, we used the computa t ion  
developed by Clayton [ 15]. 

We have assumed that  the Photosystem I units devoid of  CP1 are randomly 
distr ibuted in the thylakoid membrane and that  an exci tat ion visiting a corn- 
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plete Photosystem I unit  is trapped in this unit with a probabil i ty of  1. 
Taking into account  the experimental value 2.5 as a maximum increase of  

the size of  the Photosystem I unit, we compute  a parameter p of  energy trans- 
fer; p is the fraction of  the energy absorbed by a Photosystem I unit devoid of  
active center which is transferred to the neighbouring units. 

In the first model  (A), we assume that energy transfer occurs within a 
domain of  three units and that each domain is isolated: we deduce p = 0,85. 

In the second model  (B), we consider that  all the units are connected in a 
two-dimensional lattice, each unit having 6 neighbours: we deduce p = 0,63. 

As shown on the Fig. 2, the precision of  the experimental points does not  
allow an exact determination of  the number  of  Photosystem I units which are 
connected.  

As in the mutant  strains both P-700 and the long-wavelength absorbing 
forms of  chlorophyll  a are missing, these experiments do not  distinguish 
which of  the two is the site of  energy trapping in Photosystem I. 

To elucidate this problem, we measured the optical cross-section upon 
inactivating a fraction of  the Photosystem I centers {see Fig. 3). In the first 
case, a background illumination is given to maintain 80% of the centers I in 
the inactive state P*X. We observe that  in this case the optical cross-section 
of  the remaining active centers is not  changed, compared to the situation 
where all the Photosystem I centers are active. This result is in agreement with 
the data of  Jol iot  et  al. on spinach chloroplasts [3].  

In the second case, we have inactivated 80% of the Photosystem I centers 
by giving a background illumination under a nitrogen atmosphere in the 
presence of  dithionite. Under these strong reducing condit ions the Photo- 
system I centers are inactivated in the state PX-. We observe that, in this case, 
the optical cross-section of  the remaining active centers is enlarged by a 
factor of  2. 

s~ l o o  

ENERGY OF THE ACTINIC FLASH(A.U.) 

Fig. 3. Dependence  of  the  fast 515 nm absorption change generated by Photosystem I on the energy of  
the act inic flash in C. reinhardl wi ld- type.  1: same condi t ions as in Fig. 1 .2 :  same condit ions as in Fig. 1 
except  a strong background f l ]uminat ion is given which mainta ins 85% of  the Photosystem I centers in 
inactive state P÷X. 3: same condi t ions as in Fig. I except a strong background i | ]uminat ion is given under 
a ni t rogen atmosphere  in the  presence o f  25 mM di thioni te.  This t rea tment  places 8 2 %  of  the  Photo- 
system I centers Ln inact ive state PX-. 
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In these experiments, we changed the state of  the photochemical center, but 
not  the surrounding chlorophylls as was the case with the mutants.  Our data 
show that  the inactive center in state P*X is a quencher at least as efficient as 
the active center PX. A quantum absorbed in a unit  containing a center in 
state PX or P÷X is trapped in this unit.  On the other hand, the inactive center 
in state PX- has a lower quenching efficiency than an active center. A quantum 
absorbed in a Photosystem I unit  containing an inactive PX- can be transferred 
to another Photosystem I unit.  

These data are in agreement with the report of  Ikegami [13] of an increase 
in the fluorescence yield of  Photosystem I particles induced by an illumina- 
tion under reducing conditions. It is interesting to notice that  on a quantitative 
basis the same increase in optical cross-section is observed when 80% of the 
CP1 is missing or when 80% of the centers are in the inactive state PX-. 

It is therefore clear that  the long-wavelength absorbing forms of chloro- 
phyll a are not  acting as an energy trap: the actual trap of the Photosystem I 
unit  is the photochemical center itself. 
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