
93 

Biochimica et Biophysica Acta, 546 (1979) 93--105 
© Elsevier /North-Hol land Biomedical  Press 

BBA 47648 

COMPARATIVE STUDY OF THE FLUORESCENCE YIELD AND OF THE 
C550 ABSORPTION CHANGE AT ROOM TEMPERATURE 

P I E R R E  J O L I O T  and ANNE J O L I O T  

Institut de Biologie Physico-Chimique, 13, rue Pierre et Marie Curie, 75005 Paris (France) 

(Received July  18th,  1978) 
(Revised manuscr ipt  received October  3rd, 1978) 

Key words: C550 absorption change; Photosystem H; Fluorescence; (Chloroplast) 

Summary 

The C550 absorption change and the fluorescence yield were studied at 
room temperature in chloroplasts in the presence of 3-(3,4<tichlorophenyl)-l,1- 
dimethylurea,  and under conditions in which contributions of P-700 and of the 
electrochromic effect  were negligible. 

1. The C550 difference spectrum is a typical band shift with an isobestic 
point  close to 550 nm. 

2. The maximum amplitude of C550 absorption change is reached upon the 
first flash of a series of saturating flashes, unlike the maximum fluorescence 
yield which is attained after several flashes. 

3. The comparison of the induction curves of the C550 change and the fluo- 
rescence yield in weak light shows that  the fluorescence yield is controlled by 
two quenchers: one of them (Q,), the redox state of which C550 is a probe, is 
responsible for the major part of the quenching; the other one (Q2), which is 
less concentrated and less efficient becomes predominant  at the end of the 
fluorescence induction. 

4. Quencher Q2 back-reacts faster than quencher Q~. 
5. Two alternative models are discussed in which Q~ and Q2 belong either to 

the same Photosystem II center or to two different photocenters.  

Introduction 

It is now generally admit ted that  the fluorescence yield of chlorophyll (Chl) 
a in vivo depends upon the redox states of both primary donor Chl and 

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea; PS I, Photosystem I; PS II, Photosystem 
II; Chl, chlorophyll. 
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acceptor Q of Photosystem II [1,2].  Among the possible forms of the photo- 
centers, only Chl-Q- has a low quenching efficiency. Excitation energy migrates 
freely within a domaine including at least four photocenters  and about  a 
thousand chlorophyll molecules [3--5].  The interpretation of the fluorescence 
induction curve is then complicated, since the fluorescence yield is a non-linear 
function of  the concentrat ion of  the quenchers. However,  the preceding 
hypotheses  do not  completely explain the complex fluorescence rise observed 
when the reoxidation of  the primary electron acceptor  Q is blocked either by 
the action of  inhibitor as 3-(3,4-dichlorophenyl)- l , l -dimethylurea (DCMU) or 
by low temperature.  

The fluorescence rise always shows at least two phases [4,6,7,9].  Their rela- 
tive amplitude depends upon several parameters, such as temperature,  the 
number  of oxidized equivalents stored on the donor side [6,10],  the pH [7,8].  
Different interpretations which are not  mutually exclusive have been proposed.  
(a) Two electron acceptors,  quenchers in their oxidized form, are associated to 
each photocenter  [6,11,12].  We have recently suggested [13] that  a fraction of 
the PS II centers can undergo a double photoreact ion during the course of  a 
few microseconds flash. (b) There exist two types of centers, each of which has 
a different quenching efficiency [8].  The results of  Diner [14] which are com- 
patible with hypotheses  (a) or (b) show that  only one of  the two electron 
acceptors is connected to the electron transfer chain. (c) The size of  the photo- 
synthetic unit, i.e. the ratio between the number  of photocenters ,  is not  con- 
stant [4].  This hypothesis  is supported by structural experiments of  Staehelin 
et al. [15] which showed that the size of the particles at tr ibuted to the System 
II antenna varies within the same photosynthet ic  membrane.  

Two absorption changes respectively characterized in the ultraviolet region 
(X320) [16] and in the green region (C550) [17] of  the spectrum have been 
ascribed to the reduction of  the Photosystem II electron acceptor [18].  The 
C550 absorption change studied mainly at low temperature,  is an indirect 
indicator of  the presence of  a negative charge on the PS II acceptor side 
[19,20].  Nevertheless, in order to simplify our presentation, we will consider 
C550 as an electron acceptor.  

In this paper, we investigated at room temperature the relationship between 
the C550 absorption change and the fluorescence in isolated spinach chloro- 
plasts. These experiments were performed in the presence of DCMU which 
prevents the reoxidation of  the Photosystem II electron acceptor by the 
electron transfer chain. 

Materials and Methods 

Spectrophotometr ic  measurements were performed using an apparatus first 
described in [21] and improved by Joliot ,  B~al and Frilley. The sensitivity of 
the method is AI/I ~ 3 • 10 -s. The biological signals we measured are generally 
3--4 times higher than those reported in the literature. This is due to the large 
optical path of  the measuring cuvette  (18 mm) and to the efficient collection 
of  scattered light. The absorption of  the material is sampled by 2-tzs mono- 
chromatic (4 nm bandwidth)  flashes which induce a negligible actinic effect.  

Fluorescence measurements were performed using the same apparatus where 
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the photocell was replaced by a XP1002 Radiotechnique photomultiplier pro- 
tected by two red filters (Ulano Rubylith and Kodak Wratten No. 70). Fluores- 
cence yield was sampled by the same detecting flashes as the ones used in 
spectrophotometric measurements. Both sides of the 8 mm thick measuring 
cuvette are illuminated by two synchronized actinic Xenon flashes {General 
Radio Stroboslave 1539A) which permits a homogeneous illumination of the 
sample. Saturating actinic flashes were either red (Kodak Wratten No. 29) or 
blue (Coming 4-96); non-saturating actinic flashes were green (2 Kodak 
Wratten No. 57). In most experiments, the absorption or the fluorescence is 
sampled 5 ms after each actinic flash. 

Chloroplasts were isolated from market spinach according to the method of 
Avron [22] and stored at --70°C in the presence of 5% Me:SO. Prior to use, 
chloroplasts were suspended in 0.05 M phosphate buffer (pH 6.4) with 0.4 M 
sucrose, 0.1 mM methylviologen, 0.1 M KCI, 0.5 tzM gramicidin D and 7% 
ficoll. All the experiments were performed at 18°C, in the presence of 10 aM 
DCMU added to dark-adapted chloroplasts. Subsequent addition of 0.2 mM 
ferricyanide oxidized cytochrome f and partially P-700. It is essential to add 
ferricyanide after DCMU in order to avoid an Ikegami and Katoh effect [23]. 
We verified that  under our experimental conditions, the addition of ferri- 
cyanide does not  induce any increase in the concentration of the quenchers as 
defined by the ratio S/Fv, in which S is the area bound between the fluores- 
cence induction curve and its asymptote and Fv the variable fluorescence (see 
Ref. 23). 

Chloroplasts were dark adapted in a helic-shaped reservoir. The sample in the 
measuring cuvette can be automatically renewed and recycled. In order to 
maintain P-700 mainly oxidized, chloroplasts were exposed alternately to 
illumination (by one or several actinic flashes) and to a dark period (2.1--36 s). 
The same sample thus undergoes five to ten light plus dark cycles to improve 
the signal to noise ratio; no measurement is performed during the first cycle 
which differs from the other in that  the chloroplasts were not  preilluminated. 

Results 

Difference spectrum of  C550 component at room temperature 
The C550 difference spectrum has been measured using chloroplasts incu- 

bated for times longer than 15 rain in 0.2 mM ferricyanide and in the presence 
of gramicidin D. Chloroplasts were illuminated by a series of five flashes given 
300 ms apart and separated by 9 s of darkness. Each sample is exposed to ten 
successive light and dark cycles. Under these conditions, a large fraction of the 
PS II electron acceptors are in the oxidized form at the end of each 9 s dark 
period. 

In the 540--560 nm range, several absorption changes can contribute to the 
signal in addition to the C550 absorption change. (a) The electrochromic effect 
[24]. As shown by Junge and Witt [24], the addition of  gramicidin and KC1 
drastically decreases the lifetime of the transmembrane potential. Under these 
conditions, we observed a biphasic decay of the 515 nm absorption change 
induced by a saturating actinic flash: a fast phase (85--90% of the total ampli- 
tude) terminated in 2 ms is followed by a slow phase which lasts several 
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seconds. The significance of this slow phase which is insensitive to gramicidin, is 
not  yet  understood. The eliminate the electrochromic effect, our measurements 
were performed in the presence of gramicidin D and KC1 for times equal to or 
longer than 5 ms after the actinic flash. As for all previous measurements of the 
C550 absorption change we cannot estimate the contribution of the gramicidin- 
resistent 515 nm change in the 540--560 nm range. Preliminary experiments 
suggest that  the difference spectrum of this absorption change is relatively flat. 
We therefore do not expect any contribution of this phenomenon to the 
differential signal AI/I (544 nm) -- ,~I/I (552 nm). (b) P-700 [25] : After pre- 
illumination in the presence of DCMU, P-700 reduction appears as a slow 
process even in the absence of  ferricyanide. In the 540--560 nm region, the dif- 
ference spectrum (P-700 ÷ --P-700) is relatively flat and shows a positive 
absorption band [2(~]. We estimate the rate of reduction of P-700 by measuring 
the light-induced absorption change at 550 nm (isobestic point in Fig. 1). We 
observed a slow reduction of P-700 (tl/2 ~ 60 s); after infinite dark adaptation 
we estimate that  the fraction of P-700 reduced does not  exceed 20--25%, by 
comparative measurements on chloroplasts in the absence of ferricyanide. 
After the 9 s dark period, the fraction of reduced po700 is not measurable and 
is certainly less than 2--3%. This estimation of the rate of P-700 reduction is 
confirmed by measurements of the rate of methylviologen reduction performed 
with a modulated electrode (unpublished results). We conclude that  the 
spectrum (Fig. 1) does not include any light-induced component  linked to 
System I activity. (c) Cytochrome f and cytochrome b-559: as shown by 
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Fig.  1. C 5 5 0  l i g h t  m i n u s  dark d i f f e r e n c e  s p e c t r u m  at r o o m  t e m p e r a t u r e .  Ch lorophy l l  c o n c e n t r a t i o n  
8 4  ~ g / m l .  M e a s u r e m e n t s  w e r e  p e r f o r m e d  5 m s  af ter  the  first act in ic  flash o f  a series  o f  f ive f lashes.  
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Horton and Cramer [27],  these two cytochromes are oxidized by  ferricyanide. 
Moreover, the fact that  P-700 is oxidized excludes any light-induced absorption 
change linked to cy tochrome f. (d) Cytochrome b6: the potential of  cyto- 
chrome b6 is close to 0 mV [29] and this component  is certainly oxidized by 
ferricyanide; this cy tochrome is generally associated with Photosystem I (see 
a review by Cramer and Whitmarsh [29]),  which excludes its contr ibution in 
our experimental conditions. 

Then we can assume that Fig. 1 gives the difference spectrum of C550. The 
same type of  measurement  was performed in the absence of  ferricyanide and 
for 36 s dark adaptation, i.e. when the concentration of reduced P-700 is 
relatively high. We measured the signal at 544 and 552 nm both  in the presence 
and in the absence of  Photosystem II active centers (Table I). When the Photo- 
system II reaction is blocked,  the C550 shift disappears and there remains only 
a signal due to P-700. This result confirms that the C550 shift is associated 
to Photosystem II reaction. 

The difference spectrum we obtained for C550 is displaced about  5 nm 
towards longer wavelengths compared to the spectrum obtained by  Katoh [30] 
using digitonin particles and Van Gorkom [31] using deoxycholate  particles. 
This difference can be due to the fact that  the environment of  the System II 
centers is modified by  the methods of  preparation of  the particles. Also, the 
use of  a 4-nm bandwidth interference filter significantly widens the spectrum 
of Fig. 1. Nevertheless, this difference remains difficult to explain. We cannot 
definitely exclude the contr ibut ion of  an unknown component ,  directly linked 
to Photosystem II reaction centers. We must stress that  this component  cannot 
be due to photoreduct ion of cy tochrome b6. Such a reduction would induce a 
positive band at 563 nm, which would displace the negative peak of  the differ- 
ence spectrum in Fig. 1 towards shorter wavelengths. 

In the experiments reported below, the C550 component  is characterized by 
the difference AI/I (544 nm) -- AI/I (552 nm). All our experiments were per- 
formed in the presence of  ferricyanide on chloroplasts first preilluminated and 
then kept  in the dark from 2 to 36 s; under these conditions, the concentration 
of  P-700 is maintained at a very low level and its contr ibution to the signal 
( A I / / ( 5 4 4  n m ) - - A I / I ( 5 5 2  nm)) remains negligible (less than 2%). Our 
experimental process differs from the one followed by Ben-Hayyim and 
Malkin [32].  In their experiments,  the chloroplasts, in the absence of  ferri- 
cyanide, were preilluminated and then kept  in the dark for 90 s. Under these 

T A B L E  I 

A B S O R P T I O N  C H A N G E S  A T  5 4 4  n m  A N D  552 n m  IN T H E  P R E S E N C E  O R  IN T H E  A B S E N C E  O F  
P H O T O S Y S T E M  II  A C T I V E  C E N T E R S  

No  f e r r i c y a n i d e  is added .  Ch lor op h y l l  c o n c e n t r a t i o n :  57 # g / m l .  Ch lo rop la s t s  are e x p o s e d  to  a series o f  
f ive l ight  and dark cyc l e s ,  inc luding  10  saturat ing red act in ic  f lashes given 166 m s  apa r t  f o l l owed  b y  a 36 s 
dark per iod.  

AI/I ( 5 4 4  n m )  AI/I (552  r im) AI/I  (544  n m ) - -  

- -AI/I  (552  n m )  

Contro l  5 7 8  26 552  
+ 0.5 m M  h y d r o x y l a m i n e  267 226 41 
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conditions, cy tochrome f is maintained mainly oxidized but  a large fraction of 
P-700 is already reduced, and its contribution to the signal 550 nm versus 
540 nm is important.  This could explain the complex kinetics reported in 
Ref. 32 for the C550 absorption change, and their dependence upon far red 
illumination. 

C550 decay 
In experiment shown in Fig. 2, chloroplasts were exposed to six light and 

dark cycles, each of  which included a saturating flash followed by 32 s dark 
period. This procedure eliminates the tail of  the decay for times longer than 
32 s; we estimate that  82% of the C550 is reoxidized in 32 s. The total reoxida- 
tion of  C550 requires several minutes. We also observe this very slow phase in 
the fluorescence decay (Fig. 5, compare the initial fluorescence levels of  curves 
2 and 3). A possible interpretation of  this slow phase is the very long lifetime 
of  S1Q- (refering to Kok's S states [33] which results from illumination of  
centers in the S0Q state). The half-time of  the fast phase of  C550 reoxidation 
is about  3.2 s and is significantly longer than the half-time of  the fast phase in 
the reoxidation of  the quenchers. 

Correlation between C550 and the 515 nm absorption change 
According to Junge and Witt [24],  the 515 nm absorption increase induced 

by a flash is linearly related to the number  of  charges which crossed the thyl- 

0.4------ 

I G tO T i m e .  $. 20 30 

Fig. 2. Decay  o f  t h e  C 5 5 0  a b s o r p t i o n  c h a n g e  i n d u c e d  by  a single sa tura t ing  red  ac t in ic  f lash.  C h l o r o p h y l l  
c o n c e n t r a t i o n  78 ~g /ml .  T h e  arrow i n d i c a t e s  t h e  to ta l  a m o u n t  o f  C 5 5 0  in fully d a r k - a d a p t e d  ch lorop las t s .  
This  value w a s  c o m p u t e d  a f t er  c o r r e c t i o n  for t h e  c o n t r i b u t i o n  of  P-700.  
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akoid membrane.  In the experiment (Fig. 3) , .performed in the absence of  KC1 
and gramicidin, we measured the number  of  charges transferred only by Photo- 
system II reaction. The contr ibut ion of  PS I was eliminated as follows: dark- 
adapted chloroplasts were preilluminated for 15 s by  far red continuous light 
(h > 705 nm) which fully oxidized P-700 and reduced about  20% of the 
Photosystem II electron acceptors. In a subsequent  15 s dark period, the major 
part of Photosystem II centers hit during the preillumination are reactivated 
while practically no P-700 ÷ is reduced. The 515 nm absorption increased was 
then measured 80 us after a single actinic flash of  variable energy. In a similar 
experiment,  the C550 absorption change was measured either in the presence 
or in the absence of  gramicidin and KC1. We concluded that the 515 nm absorp- 
tion increase is linearly related to the C550 absorption change within the 
experimental error. 

Correlation between C550 and the fluorescence yield 
Fig. 4 shows the fluorescence (Fig. 4A) and the C550 absorption change 

(Fig. 4B) measured 5 ms after each flash of  a series of  saturating flashes given 
166 ms apart. As first shown by  Doschek and Kok [11] a single saturating 
flash is not  sufficient to destroy all the quenchers. For curves 1, chloroplasts 
were submit ted to five cycles including 35 saturating flashes followed by a 36 s 
dark period. Curve 2 was obtained with dark-adapted chloroplasts. One can 
observe that  C550 reaches its maximum value after the first flash while the 
fluorescence yield increases slowly during the sequence. This slow increase is 
not  associated with the C550 reduction.  We checked using a control  that  in the 
condit ions of  the experiment of  Fig. 4, there is no significant drift in the 
absence of  actinic flashes. 

In the experiments shown in Fig. 5, chloroplasts were illuminated by a series 
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Fig. 3. Co r r e l a t i on  b e t w e e n  C 5 5 0  and  515  n m  absorpt ion  changes .  M a x i m u m  values  of  b o t h  changes  
o b t a i n e d  100  ms  (C550)  or  80  /~s (515  n m )  a f t e r  a s a tu r a t i ng  f lash were  n o r m a l i z e d  to  100.  Fo r  C550,  
100  c o r r e s p o n d s  to  ( A I / I  (544  rim) - - A I / I  (522  r im))  ~ 1.49 • 10 -3 and  for  515  nrn, 100 co r r e sponds  to  
A I / I  ~ 7.02 • 10 -3.  C h l o r o p h y l l  c o n c e n t r a t i o n :  42/~g/ml.  +, C 5 5 0  and  515  n m  changes  m e a s u r e d  w i t h o u t  
KC1 n o r  g r a m i c i d i n ;  e ,  C 5 5 0  m e a s u r e d  in  th e  presence  of  0 .1 M KC1 and  0.5 ~M gramicidin .  The  n u m b e r s  
re fer  to  the  energy  o f  the  act in ic  f lash.  1 , 1 0 0 % ;  2, 44%;  3, 17.5%; 4, 7.8%. 
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Fig .  4 .  F l u o r e s c e n c e  y ie ld  (A)  a n d  C 5 5 0  a b s o r p t i o n  change  (B)  in ch loroplas t s  e x p o s e d  to  a series  o f  
saturat ing act inic  f lashes.  Chlorophyl l  c o n c e n t r a t i o n  6 8  p g / m l .  C u r v e s  1 : 3 6  s d a r k  a d a p t a t i o n .  - . . . . .  , 

initial  l eve l  o f  f l u o r e s c e n c e  af ter  3 6  s d a r k  a d a p t a t i o n .  Curve 2: Chloroplas ts  d a r k  a d a p t e d  for m o r e  than 
6 rain. 

of weak green actinic flashes given 20 ms apart; green light was choosen to 
obtain an homogeneous illumination of  the sample. In Fig. 5A, the fluores- 
cence yield is plotted for different periods of  dark adaptation. The same experi- 
ments were performed for the C550 absorption change {Fig. 5B) for 36 s or 
2.1 s dark adaptation. Due to the low energy of  the actinic flashes, the fluores- 
cence induction curves are identical to the ones which would be observed in 
continuous weak light. It has been shown [34,35] that fluorescence yield is 
linearly related to the rate of  Photosystem II reaction. This linear relation is 
not perfectly satisfied during the final part of  the fluorescence induction, when 
the efficiency of  charge stabilization is significantly lower than 1. If one admits 
the validity of  this linear relation, one can compute the concentration of  the 
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Fig .  5. F l u o r e s c e n c e  i n d u c t i o n  curves  (A)  a n d  C 5 5 0  a b s o r p t i o n  change  (B)  induced  by  a ser ies  o f  w e a k  
green  act in ic  f lashes,  Ch lor op h y l l  c o n c e n t r a t i o n  6 8  /~glml .  C u r v e s  1: ch lorop las t s  e x p o s e d  to  six c y c l e s  
inc luding  5 5  w e a k  act in ic  f lashes  g iven 2 0  m s  a p a r t  f o l l o w e d  by  a 2 .1  s d a r k  p e r i o d .  C u r v e s  2:  as c u r v e s  1,  

e x c e p t  that  the  d a r k  p e r i o d  is  36  s. Curve 3: dark-adapted  ch loroplas t s .  
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Fig. 6. C o n c e n t r a t i o n  o f  the  q u e n c h e r s  as a f u n c t i o n  o f  t ime .  Curves  1, 2, 3 were  c o m p u t e d  r e spec t ive ly  

f r o m  curves  1, 2, 3 (Fig .  5A),  

quenchers from the area bound by the induction curve and its asymptote .  
Fig. 6 shows the concentra t ion of  the quenchers as a funct ion of  time for 
different  durations of dark adaptation.  

Discussion 

In Fig. 7 are plot ted the variable fluorescence as a funct ion of  the concentra- 
tion of  the reduced quenchers (curves 1) or as a funct ion of  the concentra t ion 
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Fig.  7. (A)  C o n c e n t r a t i o n  o f  t he  r e d u c e d  q u e n c h e r s  ( curve  1, o) and  c o n c e n t r a t i o n  o f  C 5 5 0  in the  r e d u c e d  
f o r m  (curve  2, X) as a f u n c t i o n  o f  t he  var iab le  f luorescence .  These  cu rves  were  c o m p u t e d  f r o m  curve  2 
(F ig .  5A),  cu rve  2 (Fig .  5B),  and  curve  2 (F ig .  6) .  36 s d a r k  a d a p t a t i o n .  T h e  c o n c e n t r a t i o n  o f  the  
q u e n c h e r s ,  t he  c o n c e n t r a t i o n  o f  C 5 5 0  and  the  var iab le  f l uo re scence  were  n o r m a l i z e d  to  100.  (B) S a m e  as 
(A) ,  b u t  fo r  2.1 s d a r k  a d a p t a t i o n .  T h e  s a m e  n o r m a l i z a t i o n  as in (A)  was  used.  
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of reduced C550 (curves 2). The more likely hypothesis for the interpretation 
of these curves is that  the fluorescence yield is controlled by two types of elec- 
tron acceptors, Q, and Q2, each of which has different quenching properties. 
One of them, Q,, the redox state of which C550 absorption change is a probe, 
is responsible for the major part of the quenching. The other one, Q2, which is 
less efficient, becomes predominant  at the end of the fluorescence induction 
and its reduction does not  induce a significant absorption change in the 540-- 
560 nm range. We observed that  the reduction of  C550 attains its maximum 
level after the first saturating actinic flash of a series, unlike the fluorescence 
yield (Fig. 4). This result shows that  after the charge separation which led to 
the C550 reduction, there is a very efficient charge stabilization, i.e. a very fast 
reduction of Chl ÷. On the contrary, several flashes are required to reach the 
maximum level of fluorescence; therefore, the charge stabilization is less effi- 
cient after the photoreduct ion of  Q2. 

Two models can take into account these results, depending on whether the 
two electron acceptors belong either to the same photocenter  {model 1) or to 
two independent photocenters (model 2). 

(1) Model 1: This model has been discussed in detail in Ref. 13 where we 
assumed that each photoactive chlorophyll was associated to two electron 
acceptors (Q1 and Q2) and to two electron donors (Y and D). Upon illumina- 
tion by a 2 ~s saturating flash, the folllowing sequence of reactions occurs 
starting form state S, [33] and where Z is the final donor involved in the 
water-splitting reaction: 

D D D D D ÷ 

+ +Q~- <1~s Z+Y+ChlQQ~ ~ ioo ps Z+YChl~ ~ Z YChlo2 nv Z÷Y÷Chl~} 1 ~ Z÷÷YChloQ~ - 

The first hit reduces Q1 which is the more efficient quencher: the efficiency 
of charge stabilization is equal to 1 due to the very fast reduction of Chl ÷ by the 
secondary donor Y. The properties of Q1 coincide with the properties we 
observed here for C550. The second hit reduces Q2; the efficiency of charge 
stabilization is significantly lower than 1, due to the slower reduction of Chl ÷ 
by the auxiliary donor D. This explains Why the maximum fluorescence yield 
cannot be obtained after a single short saturating flash illumination. In this 
model, we assume that  there are two types of centers, those including Q~ and 
Q2 in the oxidized form, and others containing only Q,. It is possible that  all 
centers include Q2, either in the oxidized or in the reduced form. 

(2) Model 2: In this model, C550 and Q2 belong to independent photo- 
centers. This type of model has been discussed by Melis and Homann [8] and 
more recently by Diner [14] and Pulles [36]. To make this model consistent 
with our data we must  assume that  for the centers including Q1, the electron 
transfer between the secondary donor and Chl ÷ is extremely fast. For the 
centers including Q2, the electron transfer between the secondary donor and 
Chl ÷ would be slower. In addition, one must also assume that  Q, and Q2 are 
included in the same antenna and compete for the capture of  excitation energy. 

Relative concentrations of  C550 and Q2 
In model 1, and if no centers including a reduced C550 and an oxidized Q2 

are present, only C550 is reduced at the onset of a weak actinic illumination; 
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one can then normalize curves 2 in Figs. 5B and 6 to the same initial slope 
(Fig. 8). The difference between curves 1 and 2 of  Fig. 8 (curve 3) gives the 
kinetics of  reduct ion of  Q2. The time course of  curve 3 compared to that  of 
curve I indicates tha t  Q2 is a relatively inefficient quencher.  The maximum 
amplitude of  curve 3 is proport ional  to the concentra t ion of  oxidized Q2 at 
time t = 0: at this time, 28% of  the centers included both acceptors in the 
oxidized form. In previous experiments [13] we were also led to conclude that  
all of  Q2 is not  in the oxidized form in dark-adapted chloroplasts. This value is 
close to the one obtained by Diner [14] using Tris-washed chloroplasts. 

If there are centers including reduced C550 and oxidized Q2, the rate of 
reduct ion of Q2 at the onset of  illumination is not  negligible. The value of  28% 
becomes a minimum estimation of  the fraction of  the centers which included 
an oxidized Q2 at t ime t = 0. 

In model  2, the rate of  reduct ion of Q2 at the onset  of  illumination is never 
negligible and depends upon the relative quenching efficiency of  C550 and Q2. 
A simplified theoretical  analysis shows that  the centers including Q1 are 2--3 
times more concentra ted that  the centers including Q2. 

Back reactions of  C550 and Q2 
Curves I and 2 (Fig. 5B) show that  the concentra t ion of  C550 reoxidized in 

2.1 s dark period is 30% of  that  reoxidized in 36 s. On the other  hand, under  
these same conditions,  40% of  the total  concentra t ion of  the quenchers (C550 
and Q~) are reoxidized (curves 1 and 2, Fig. 6). In the case of  model  1, one can 

,Concentration of reduced quenchers 

100-  

5 0 -  

J 3  
J 

Time , s .  

F i g .  8.  C o n c e n t r a t i o n  o f  r e d u c e d  C 5 5 0  and  to ta l  c o n c e n t r a t i o n  o f  t h e  r e d u c e d  q u e n c h e r s  as a f u n c t i o n  o f  
t i m e  o f  i l l u m i n a t i o n .  T h e s e  data  w e r e  c o m p u t e d  f r o m  Figs.  5B ( C 5 5 0 )  a n d  6 ( t o t a l  q u e n c h e r s ) .  C u r v e s  1 
a n d  1 ' :  r e d u c t i o n  o f  C 5 5 0  a f t e r  36  s a n d  2 .1  s d a r k  a d a p t a t i o n ,  r e s p e c t i v e l y .  C u r v e s  2 and  2': r e d u c t i o n  o f  
t h e  q u e n c h e r s  a f t e r  36  s a n d  2 .1  s d a r k  a d a p t a t i o n ,  r e s p e c t i v e l y .  C u r v e s  1 a n d  2 w e r e  n o r m a l i z e d  a s s u m i n g  
e q u a l  i n i t i a l  s l o p e s .  T h e  s a m e  n o r m a l i z a t i o n  was  u s e d  for  c u r v e s  1 '  a n d  2 '  ( see  t e x t ) .  C u r v e s  3 a n d  3 ' :  
r e d u c t i o n  o f  t h e  q u e n c h e r  Q2 ( d i f f e r e n c e  ( c u r v e  2 - -  c u r v e  1)  a n d  ( c u r v e  2 '  - -  c u r v e  1 ' ) .  
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compute that  75% of Q2 and only 30% of C550 are reoxidized in 2.1 s (Fig, 8, 
curve 3'). The reoxidation of Q2 is thus much faster than that  of  C550. 

A final conclusion can be drawn from the experiment in Fig. 3, which shows 
that  C550 and 515 nm absorption changes are linearly related. As pointed out 
in Ref. 12, both quenchers must be reduced upon illumination by a ~s flash. 
Therefore, the linear relation we observed between C550 and 515 nm absorp- 
tion changes suggests that  there is no charge transfer across the thylakoid mem- 
brane associated to the photoreduction of Q2. Renger and Wolff [37] and 
Malkin [38] have proposed that  Photosystem II includes two types of centers 
on the basis of 515 nm measurements. Our results suggest either that  we ob- 
served a different type of heterogeneity in the Photosystem II centers or that  
the precision of the experiment of Fig. 3 is not sufficient to distinguish 
between the two quenchers. 

The qualitative analysis of the results presented here does not  permit a 
choice between the models discussed above. On the other hand, the existence 
of two electron acceptors of different quenching efficiency is not  sufficient to 
quantitatively explain the 'taft' of the fluorescence induction curves; other types 
of heterogeneity might be involved as, for instance, a variable size of the 
antenna [4]. A theoretical analysis of the fluorescence and the C550 induction 
curves is then required and will be developed in a forthcoming paper. 
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