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SUMMARY 

1. By varying the redox potential of a chloroplast suspension, we obtained 
new evidence for an equilibrium between states So and $1 in the model of Kok, B., 
Forbush, B. and McGloin, N. (1970, Photochem. Photobiol. 11,457-475). The mid- 
point potential of the So to $1 couple is close to that for the pool of the electron 
acceptor of System II, A to A- .  

2. The limiting steps between two consecutive photoreactions of System II in 
Chlorella and spinach chloroplasts, have been studied. 

(a) The limiting step from $1 to $2 (noted y~ (At)) is not exponential. Its tem- 
perature coefficient becomes greater as the reaction proceeds. The shape of the 
kinetics is an intrinsic property of each center. Chloroplasts fixed with 2% glutar- 
aldehyde, show simple first order kinetics. 

(b) The limiting step from So to S1 (yo(At))  exhibits the same characteristics 
as Yl (At). 

(c) The limiting step from $2 to $3 (~'2(At)) shows sigmoidal kinetics; two re- 
actions are involved. One of the reactions exhibits the same properties as ~o (At)  
and Yl (At). 

(d) The limiting step from $3 to So (Y3 (At)) is a first order reaction, two times 
slower than the other transitions. This reaction is interpretated in terms of oxygen 
release. 

3. We also studied the limiting steps in the presence of low concentrations 
(50 #M) of hydroxylamine. The results favor the binding of two molecules of hydro- 
xylamine to every photochemical center. 

INTRODUCTION 

During the last few years, we have learned much about water decomposition 
and oxygen evolution performed by Photosystem II in green plants. Kok et al. 1 have 
shown that four consecutive photochemical reactions per center are necessary for 

Abbreviation: DCIP, dichlorophenolindophenol. 
* Equipe de Recherche No. 16, Centre National de la Recherche Scientifique. 
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the production of an oxygen molecule. This theory can be summarized by the fol- 
lowing linear scheme; 

hv hv hal hv 
s o ,- s G ~ s, --- s~ " s 2 '- s ~  s 3 ~  s~ 2 2 

States S refer to the general state of  a center, which comprises its oxidizing and 
reducing sides, and differ according to the number of charges stored on the oxidizing 
side of Photosystem II. During a short flash (<  5 #s) a photochemically inactive 
state S.' is formed. A dark reaction S,~-~S,+ 1 leads to the photochemically active 
state S,+ 1. Vater et al. 2 and Joliot 3 measured the average rate of the dark reactions 
for the 4 S states (half time between 0.6 and 1 ms, which is slow relative to the 
duration of the flash). In this way, during a short saturating flash, each photochemical 
center reacts once and only once. 

Only states S O and S, are stable in the dark. It has been shown 4 that there is 
an equilibrium between So and $1 in the dark. In this communication, we will present 
some new results with regard to this equilibrium. 

These results provided us with a useful tool for the study of reactions SoL~S~ 
and 5 3 ~ S  0. We also investigated $1'~$2 and $2~+$3, thus extending further the 
study begun by Kok et al. ~ and Bouges 5. 

MATERIAL AND METHODS 

Chlorella pyrenoidosa are grown on Knop medium with Arnon's trace elements 
A5 and B6. Before use, cells are suspended in 0.05 M phosphate buffer (pH 6.4) 
containing 0.1 M KCI. Spinach chloroplasts are prepared according to the method 
of Avron 6 and are suspended in 0.05 M Tris-HC1 buffer (pH 7.8), containing 0.01 M 
NaC1, 0.1 M KC1, 0.4 M, saccharose, 9 g/1 serum albumin, 0.2 mM NADP ÷, and 
0.5 #M ferredoxin. 

Oxygen evolved by a flash is measured by the polarographic method described 
by Joliot et al. 7"8. We used a flash lamp General Radio (Strobotron: duration; 6 #s 
at 1/3 peak intensity). 

Chloroplasts were fixed by glutaraldehyde, according to a method described 
by Utsumi and Packer 9. 

NOTATION 

We shall designate }I, the oxygen yield after the nth flash of a sequence, fired 
after 6 min dark. 

When the dark time between all the flashes of the sequence is 300 ms, (infinite 
time compared to the limiting step S ,~S .+ , ) ,  we shall write Y, or Y, (or). 

When the time At  between two consecutive flashes of the sequence is varied, 
we shall write Y,(At) ,  indicating in each case the number of the two flashes between 
which the time is varied. For  example, Y, (0) corresponds to two synchronized flashes 
in the sequence. 

We shall call ~,.(dt) the probability that a center in state S.' just after a flash 
will be in state S.+ 1 at time At after the flash. 
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RESULTS AND DISCUSSION 

Equilibrium between S O and S1 
Chloroplasts or Chlorella subjected to a sequence of short saturating flashes, 

following a 5-min period of dark adaptation show a highly reproducible pattern of 
oxygen emission 1' s ; there is no oxygen evolved after the first two flashes: the oxygen 
yield after the third flash is maximal, and is followed by an oscillation of period 
four (Fig. 1). 

This pattern has been interpreted according to Scheme 1. To obtain the dam- 
ping, additional hypotheses are required, i.e. during a short intense flash some 
centers do not react (probability of misses, a) and some react twice (probability of 
double hits, fl)l. In our experiments, double hits are negligible (about 0.01) and will 
be neglected. 

The misses cannot be suppressed even with a highly saturating flash. The origin 
of the misses is unknown, and we don't  know whether the percentage of misses is 
the same for each of the S states. An analysis of the general case in which the prob- 
abilities of misses are not necessarily the same for all states is required. 

Let us call So the concentration of centers in state So after a dark period, $1 
the concentration of centers in state Sx, and a i the probability of misses in state Si. 

!l'! 
il I :: 

i\.\ 

/ \  I t .\ 7 
i \ , i  ~ 

II; 

1 Z 3 4 S 6 7 8 9 10 11 IZ 13 14 1~ 
Flash n u m b e r  

Fig. I .  Oxygen flash yield sequence Yn, for spinach chloroplasts at 20 °C after lO min dark. 
The t ime between two flashes was 300 ms. H-, cont ro l ;  D, 0.1 m M  D C I P  and I m M  ascorbate; 
Zl,0.1 mM K3Fe(CN)6. 
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The oxygen yield after the third and fourth flashes are given by the equations; 

]73 = (1 --  g l )  (1 - ~2) (1 - 0~3) S1 

)14 = (1 - cq) (1 - ~2) (1 - ~3) [(1 - ~0) S0 ÷ (~l + ~2 + ~3) S1] 

The average value ~ of a t is, as a first approximation, independent of the distri- 
bution of at among the different states. Thereby, the damping of the oscillations 
shall be characterized by : which is calculated from the sequence. 

With chloroplasts, : is 0.11. : remains unchanged by the presence of ferri- 
cyanide. Thus, the increase in the ratio Y3/Y4 must be interpreted as an increase 

of $1 in the presence of 0.1 mM ferricyanide (Fig. 1). A computer best fit indicates 
that all centers are in state $1 after 5 min dark in the presence of ferricyanide and 
that the chemical change of So to $1 is negligible in the 300 ms dark between two 
flashes. This second assumption can also be proved by varying the time between 
the flashes; the shape of the sequence is the same when the flashes are given every 
80 ms or every second. 

In the presence of reduced dichlorophenolindophenol (DCIP) (0.1 mM), a par- 
tial inhibition of the steady-state yield (not shown in Fig. 1, which presents normalized 
curves) is also observed. We know 1° that reduced DCIP has no effect on the de- 
activation of states $2 and $3. On the other hand, the midpoint redox potential of 
the A to A-  couple (acceptor pool for System II) is 0.240 mV (Kok et al.H): it is 
0.217 mV for the oxidised and reduced form of DCIP (Wurmser12). So, the partial 
inhibition of the steady-state yield in the presence of reduced DCIP indicates a re- 
duction of A to A- .  A change in the non-reacting System II centers between two 
flashes involves an increase of the damping. Actually, in the presence of reduced DCIP 
(0.l raM), ~ is increased (~=0.15). 

It can also be proved by computation, that reduced DCIP enhances S O relative 

to Sa, following dark adaptation. We conclude that in chloroplasts, the ratio Sx/S 0 
depends upon the redox potential of the solution. This is new evidence for the exis- 
tence of an equilibrium between So and S~. The redox potential that corresponds to 
equal concentrations of So and S1 is close to the midpoint potential of the A to A -  
couple, as A becomes reduced at approximately the same potential as S~. 

Measure of the kinetics of reaction S.'-+S.+ 1 
After 5 min dark, with Chlorella or chloroplasts, the centers are in state So 

(concentration So) or in state $I (concentration S1). 
Reactions So'~-S1 and $1'~-$2 
After a dark period, the algae or chloroplasts are subjected to a flash sequence. 

The time between the first two flashes, At, is variable. The following flashes are given 
every 300 ms (infinite time compared to the reactions S,~+S,+ :). 

Scheme I indicates that ]13 is proportional to S17'l (At). 71(At) is obtained by 
the equation : 

Y3(dt) 
yl(dt)  -- y3(o~) 

Neglecting the misses, as a first approximation, Y4 is proportional to the sum of: 
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(1) Solo (d t); number of centers initially in state So which performed two photo- 
reactions during the first two flashes. 

(2) S 1 (I - y 1 (d t )); number of centers, initially in state S 1 which performed only 
one photochemical reaction during the first two flashes. 

Thus, we obtain the equation: 

g4(dt) Ya(At) - (Ya(oo)) 
;Po(At) = r4(oo---- ~ + ii4(oo) 

The greater the number of centers in state S O at the beginning of the flash 
sequence, the more accurate the estimation of ),o(dt). To obtain this condition, the 
experiments were performed either in the presence of reduced DCIP (0.1 mM) or 
after three flash preillumination followed by 6 rain (or 3 min) dark for chloroplasts 
(or Chlorella, respectively) (cf. ref. 4). 

For more precise computation, we supposed that the misses did not change 
for the same state during the reaction So~+S1. By taking into account the possible 
differences in the probabilities of misses of states S, it could be demonstrated (see 
Appendix 1) that 7o(dt)  is between 

Y4(dt)  - I14(0) Y3(dt) 
I/4(oo) ii4(0 ) and Y3(oo). 

Reaction S2~--~$3 
After a dark period, ~2(At) is observed by varying the time At between the 

second and the third flash. The time between the first two flashes is 300 ms. Scheme 1 
indicates that Y3 (At) is then proportional to ~.,2(At). 

r 3 ( z t )  
y2(~tt) - r3(oo)  

React ion $3'-+S o 
In a sequence after a dark period, state $3' is obtained after the third flash 

(Scheme 1). Varying the time, At, between the third and the fourth flash allows us 
to study Ya (At). The oxygen evolved after the 7th flash detects the amount of centers 
in state So formed by the 4th flash. 

In the flash sequence, the dark time between two flashes is 300 ms except 
between the third and the fourth. We shall call Yn(dt), the oxygen yield of the nth 
flash, where d t is the time between the third and the fourth flash. 

The greater the difference between II7 (0) and Y7 (00), the more accurate the 
results. On the other hand, we obtain I17 (0) = Y6 (o0). 

The more centers in state S~, the greater the difference between Y6(oo) and 
)I7 (0o). The optimum is in the presence of ferricyanide where all centers are in 
state St. 

It can be demonstrated then (see Appendix 2) that: 

I/7(3 t) -- YT(0) 
73(dt) = a yT(oo)_ YT(O) + bT~(At) + c72(dt)  

where a-l-b- f -c= 1, 0 .75<a<0.86,  O<b<O.09, 0.11 <c<0 .25 .  
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Analysis of reaction SI ~ S  2 
71 (At) is plotted for various temperatures with Chlorella (Fig. 2) and chloro- 

plasts (Fig. 3). 
For the - 1 5  °C curve, the Chlorella were suspended in 40% glycerol. (We 

verified that between 0 and 20 °C, glycerol does not change the kinetics). Below 
- 9  °C, the sensitivity of  the detection apparatus becomes limiting because of the 
slow rate at which oxygen is emitted. So, for the lower temperatures, the algae were 
left at - 15 °C for only the first two flashes and then heated to 0 °C in time shorter 
than that for deactivation (3 s). The yield of the third flash was measured at the 
latter temperature. 

The kinetics of  these curves for both chloroplasts and Chlorella were followed 
to 80% of completion, and we found that they are not exponential. 

The shape of the curve 71(At) was not changed in an experiment in which 
the flashes were non-saturating. Because only a third of  the centers reacted per flash 
in this experiment, all hypotheses involving an interaction between the centers are 
not likely. Thus, the non-exponential shape of curves is a property of the centers. 

Chloroplasts fixed with 2% glutaraldehyde exhibit first order kinetics and 
constant activation energy between 0 and 30 °C (Figs 3b and 3c). Their temperature 
coefficient is Q10=2.6. 

We observe here for chloroplasts in the absence of glutaraldehyde, as previously 
for Chlorella 5, that the temperature coefficient is time dependent; at time zero, the 
slopes of  the curves (Fig. 3a) show a temperature coefficient Q10 = 1.7, between 20 
and 30 °C. At longer times (e.g.~l ms at 21 °C), the curves tend to become 

Y~ (At)_ ,6"~ (At) 
"(3 (~) 

/ 
30 A 

C/.5 

1 2 too  210o i L 300 400 

At Between 1Stand 2 ~d flash (rns¢c) 

Fig. 2. Y3 as a function of time At  between the 1st and 2nd flash for Chlorella. The time between 
2nd and 3rd flashes was 300 ms. The temperature for each curve is indicated. 
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~ =~1 At) ~ & ~  

6t Betw~ 1Hand 2 ~ flash (m ~¢) 

l C 

"(3 (~ )  - - 1  

I 

D,5 t~t Betwee~ Istand 2 ~ f~ash (re_see) 

Fig. 3. Same as Fig. 2 for spinach chloroplasts. (a) Control. (b) Chloroplasts fixed with 2~ 
glutaraldehyde. (c) Semi-log plot./x control at 31 °C, A, 2~ glutaraldehyde at 31 °C; [3, control 
at 21 °C; II, 2~  glutaraldehyde at 21 °C. 

exponential (Fig. 3c). The rate constant shows a temperature coefficient Qlo=2.6 

between 20 and 30 °C. 
The temperature coefficient becomes greater as the reaction takes place, and 

at long times, goes to the temperature coefficient of the same chloroplasts fixed with 

glutaraldehyde. 
The time dependence of the temperature coefficient is observed with Chlorella 

(Fig. 2). 
If yl(At)  consisted of only two first order reactions with two appreciably 
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different  t empera ture  coefficients (as was supposed in ref. 5), we could  separa te  these 
two react ions  by  lowering the temperature .  We exclude this hypothes is  because at 
- 1 5  °C, the curve exhibits no exponent ia l  phase.  In  addi t ion ,  the smal ler  the vari-  
a t ions  of  the t empera tu re  coefficient with time, the more  the curves 71 (At )  tend to 
be exponent ia l .  

Al l  those results favor  a single reac t ion  for  the t ransi t ion $1~+$2 . This react ion 
could  be the recovery of  ch lorophyl l  aii put  fo rward  by  D6r ing  et al. 13, which shows 
the same half  t ime and a t ime-dependent  t empera tu re  coefficient (D6ring,  unpub-  
lished). It could  also be the reox ida t ion  of  the acceptor  Q measured  by K o k  et al. l l  
and Jol io t  et al. ~. 

The var ia t ion  o f  the t empera tu re  coefficient could  then be in terpre ted  by two 
kinds o f  models.  

(1) In each center,  the act ivat ion energy varies dur ing  the react ion.  Af ter  a 
flash, a state with low act ivat ion energy would  be reached:  for  example ,  two molecules  
may  become closer, or  the state of  the membrane  may  change.  This  lower ing o f  
ac t iva t ion  energy would  t ake  place within less than  50/~s and  d i sappea r  within a 
few mill iseconds.  G lu ta ra ldehyde  would  b lock  this mechanism p r o b a b l y  in fixing 
a pro te in  of  the photochemica l  center. This is a dynamic  model .  

(2) Each center presents a cons tant  act ivat ion energy dur ing  the reaction,  bu t  
different centers have different ac t ivat ion energies. To account  for  the t empera tu re  
effects, it must  also be assumed that  the number  o f  centers in a given ac t iva t ion  
energy depends  on the temperature .  G lu ta ra ldehyde  would  fix al l  centers at  the same 
act ivat ion energy. This is a static model .  

1 

. . . . . . . . . . . . . . . . . . . . . .  .~/.;-~=:_~ ,-- 

/ 
I ## 

/ 
## 

#l 
# 

! 
1 

I i" 

At ll~¢o,rlt*Z"llmd 3 ''i ftlsh [mlti) 

Fig. 4. Calculated curve ( - )  for ~o(At) in Chlorella. At is the time between the first two flashes 
of the series. The temperatures are indicated. II, [Y3(dt)]/[Y3(~3)]; Ak, [Y4(At)-Y4(O)]] 
[Y4(o0) -- Y4 (0) I. 

Fig. 5. Y3 as a function of time At between the 2nd and 3rd flash. Chloroplasts were fixed with 
glutaraldehyde. We used the same batch as for Fig. 3. The time between the 1st and 2nd flash 
was 300 ms. The temperature for each curve is indicated. The points are experimental and the 
dashed curves are theoretical. 
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Analysis of reaction S o ' S t  
When At is the t ime between the f r s t  and the second flash, 

Y4(At) - 114(0) 
Y4(~) - I14(0) 

is within 10% of  

Ya(At) . 
Y3(oo) 

So ~o(At), which is between the two, is very close to 

Ya(At) (e.g. 71(At)) (Fig. 4). 
Y3(oO) 

The results for  70 are the same with D C I P  or three flash preiUumination. 
The similar shape, hal f  t ime and tempera ture  dependence of  7o(At) and 7~ (At) 

suggest that  the mechanisms of  the l imiting step in reactions So~+S1 and $1~+$2 are 
the same. 

Analysis of reaction S2t-~-S3 
For  72(At), the curves are sigmoidal,  even with glutaraldehyde-fixed chloro-  

plasts (ref. 5 and Fig. 5). This shape shows that  there are two reactions with close 
half  times. With glutaraldehyde-fixed chloroplasts,  the two reactions are first order 
(dashed curves represent theoretical  curves in Fig. 5). Compu ta t ion  does not  allow 
us to determine whether  the two reactions are consecutive: 

S t 2 -~kL-~ S~ _.~k~...~ S3 (2) 

or  independent:  

S'~,~ 

kl /~ ~ k k 2  J 
/ 

t / S 3 

N 

S~,~ 

Thus, dashed curves represent  as well 

at 31 

at 2 

at 31 
at 2 

Scheme 1. Then  
°C ( q =  72#s ,  

(t~ = 290 #s, 
°C (q  = 200/zs, 

(tl = 1.2 ms, 
Scheme 2. Then  
°C (tl = 105 #s, 

the ha l f  t imes of  the two reactions could be: 
t 2 ---- 290/~s) (tx = 160/~s, t 2 = 160 #S) 
t 2 = 72/~s) 
t 2 - 2 m s )  ( t l=600/~s ,  t 2 = l . 2 m s  ) 
t 2 = 600/zs) ( t  1 = 2 ms, t 2 = 200/~s) 
the half  times of  the reactions could be: 
t2 = 420 #s) (q  = 230 #s, t2 = 230/ts) 

°C (tl = 2 8 0 # s ,  t2=2 .8  ms) (t a = 7 8 0 ~ s ,  t2=  1.56 ms) 
To  obtain  complete  conversion of  $2 to S 3, the second step of  the first model 

and both steps of  the second must  be irreversible. 
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A direct measure of the intermediary state S 2  t t  would be necessary to distinguish 
between those reaction schemes. According to Zankel (personal communication), 
the decay of the fluorescence yield after two flashes is sigmoidal, and correlated to 
the formation of $3. A spectroscopic method could permit observation of an inter- 
mediate state. 

At least, one of the two reactions implied in transition $2~+$3 displays proper- 
ties similar to those of So~+Sa and S~+$2 ; non-exponential with variable temperature 
coefficient on chloroplasts and Chlorella: becoming exponential with chloroplasts 
fixed with 2% glutaraldehyde. 

As for fluorescence 14'a5, there is a difference between the properties of So and 
S~ on the one hand, and $2 on the other (for S 3, as will be seen later, some additional 
reactions happen so that oxygen is evolved). 

Analys& of  reaction S3 ~ S  0 
~'3(At) is exponential (Fig. 6). The half time is 1.2 ms at 20 °C. The reaction 

$3~+So is roughly two times slower than the reactions So~+S~, Slt-~S2 and $2~+$3. 
Zankel (personal communication) observed the same sigmoidal decay of the 

fluorescence yield after two and three flashes but not after one and five, indicating 
that the sigmoidal decay of fluorescence yield is a property of S 2' and $3'. After 
two flashes, the reaction exhibited by the fluorescence decay was the limiting step 
$2~+$3 . After three flashes, a similar reaction is observed for the fluorescence decay, 
but not for the limiting step $3~+S0 measured in this article. An additional slower 
reaction is probably involved in transition $3~+S0 . A likely candidate for this slow 
step is the release of oxygen measured by Joliot et al. 16 (half time, 0.9 ms). 

1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

/ 
At (ms,c) 

Fig. 6. Turnover times in spinach chloroplasts at 20 °C, in presence of 0.1 mM K3Fe(CN)6. 
0, [Ya(dt)]/[Y3(oo)] as function of t imedt  between the Ist and 2nd flash; A, [Y3(At)]/[Y3(oc)1 
as function of time At between the 2nd and 3zd flash; + ,  [YT(A)-Y~(O)]/[YT(oo)-Y~(0)] as 
function of time At between the 3zd and 4th flash; Q, calcu|ated curve for ~3(At); D, calculated 
curve for ~'0(~t) in absence of K3Fe(CN)~ as the measurement is very difficult in presence of 
K3Fe(CN)6. 
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Hydroxylamine at low concentration 
F o r  a series of  shor t  flashes given in the presence o f  50 # M  hydroxylamine ,  

the m a x i m u m  oxygen yield is shifted f rom the 3rd to  the 5th flash. There  is no oxygen 
evolved after the first four  flashes 17. Af ter  a da rk  per iod,  in the absence of  hydroxyl -  
amine,  most  of  the centers are in state $1. Two in terpre ta t ions  are p roposed  for  
the delay;  

(1) I f  St  gets reduced to So by  hydroxy lamine  (HA),  one mus t  assume in ad-  
d i t ion tha t  one molecule  of  hydroxy lamine  is bound  to every pho tochemica l  center  
in the dark .  The react ions are summar ized  in Scheme 4; 

nv hv hv hu hv 
HA - S  O m S O ~ S 1 D $2 m S 3 ~' S 4 (4)  

t I 
02 "jr-- ~ 2 H20 

(2) I f  hydroxy lamine  does not  reduce S x to S o, two molecules  o f  hydroxy lamine  
are b o u n d  to every center. Scheme 5 summarizes  the react ions in the course of  a 
series of  shor t  flashes. 

HA/S1NA~ hv • H A _ S  1 hi/ D, Sl hv P S2 hv s, $3 hv P 54 (5)  

So .~--------~f---  O 2H20 

}15 (At) is s tudied as a funct ion of  the t ime At between the 2nd and  the 3rd flash. 
Accord ing  to the first hypothesis ,  we would  observe reac t ion  S'o-+S~ (Scheme 4). 

~'1 (At) in the presence o f  hydroxy lamine  is detected by  Yh(At), At being then 
the t ime between the 3rd and the 4th flash. Accord ing  to Fig. 7 (Curves b and  c), 
hydroxy lamine  does not  apprec iab ly  change the kinetics o f  ~,~ (At). 

0,5 I/Jr/, 

&t(m see) 

Fig. 7. Turnover times in presence (Curves c, d and e) and in absence (Curves a and b) of 50 #M 
NH2OH, for Chlorella at 20 °C. Curve a (©), calculated curve for ~,0(At); Curve b (+) ,  
[Y3(At)]/[}73(oo)] as function of time At between the 1st and 2nd flash; Curve c C2), [Ys(At)]/ 
[115(oo)] as function of time At between the 3rd and 4th flash; Curve d (~'), [Ys(A)]/[]I5(oo)] as 
function of t imeAt between the 2nd and 3rd flash; Curve e (A), [Ys(At)]/[Ys(~)] as function 
of time At between the 1st and 2nd flash. 
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Fig. 7 (Curves a and d) shows that the kinetics followed by Y5 (At) as a function 
of  At, time between the 2nd and the 3rd flash, are 3 or 4 times slower than yo(dt )  
in the absence of hydroxylamine. This result favors the second hypothesis, i.e. two 
molecules of hydroxylamine bound to every center. The reaction with the first bound 
molecule (Curve c) would be slower than the reaction with the second one (Curve d). 
It was shown is that if there are two molecules of  hydroxylamine bound to every 
center, the two binding sites are cooperative; the release of  the first bound hydroxyl- 
amine decreases the affinity of  the center for the second one. 

Oxidation of the first hydroxylamine molecule (Curve d) takes place in a time 
close to the time for oxygen release. This is an additional argument for fixation of 
hydroxylamine at low concentrations, directly on the water site. This could indicate 
two cooperative sites for water fixation on every photochemical center in System II. 
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APPENDIX 1 

Let us call A t the time between the first and the second flash. (The time between 
the other flashes is infinite with respect to the reactions S,~+S,+ 1-) 

go and $1 are the concentrations of states So and $1 at the beginning of the 
flash sequence. 

According to Scheme 1, we obtain: 

Y3(dt) = (1 

~r4(At ) = (1 

(1 

Y3(~) = (1 

- -  0[0  (1 - -  0[2) (1 - -  0[3)Yx(/ I t )g l  

- -  011) (1 - 0[2) (1 - 0[3) [(1 - 0[o)Yo(.4t)So - 

- 0[~ - 0[~ - 0[3)YffAt)S~ + g d  

- -  0 [ 0  ( 1  - -  0 [ z )  ( 1  - -  0 1 3 ) S ~  

Y 4 ( o o )  = (1 - 011) ( [  - 0[2) (1 - 0[3) [ (1  - -  0[o)So q- (011 '[- 0[2 -~- 013)~1] 

We find that Yo is a linear combination: 

Y 4 ( A t ) -  )1,(0) Y3(At) 
yo(At) = a y4 (~  ) _ I14(0) ~- b y3(~  ) 

where 

a = l - ( 1 - 0 1 1 - 0 1 2 - 0 1 3 ) S l a n d b - ( 1 - 0 1 1 - 0 1 2 - 0 1 3 ) S 1 ; a + b = l .  

(1 - 0[o)~;o (1  - 0[o)'S o 

a presents the same sign as I I , (oo)-I13 (~ ) .  It  will be positive in all our experiments 
in presence of DCIP  or after 3 flashes preillumination. As the average value a calcu- 
lated from the damping, is smaller than 0.33, b is also positive. 

These three properties of a and b indicate that Yo (At) is between 

Y 4 ( A t ) -  Y¢(0)  a n d  b Ya(dt) 
Y , ( o o )  - r 4 ( 0 )  r 3 ( o o ) "  
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APPENDIX 2 

Let  us call  At, the t ime  be tween  the 3rd a n d  the  4th flash. 
In  the presence o f  0.1 m M  ferr icyanide ,  we a s sume  all the  centers  to be in  

state St  a t  the b e g i n n i n g  of  the flash sequence.  
A c c o r d i n g  to Scheme 1, we o b t a i n :  

YT(dt) -- Y7(0) -- (1 - Cto) ( l  - -  ~ 1 ) 2  ( 1  - -  Ct2)2 (1 -- 0~3)2y3(dt) -- 

(1 - ~1) (1 - a2)2 (1 - (x3) (~2 2 "[- (~2~3 + 0~ 2) (0~ 1 "~ az)72(At) + 

~,~(1 - ~1) (1 - ~2) (1 - ~ )  [~  + ~ + :3 ~ - (1 - ~1) (~, + ~ + ~ ) ] ~ , , ( z t )  

The flash yields in  a sequence  are given by  the e q u a t i o n s :  

Y3(~)  

)I4(oo) 

I15(oo) 

Y6(oo) 

= (1  - ~ 1 )  ( 1  - Ztz) (1  - (x3)  

= (1  - c q )  (1  - ~ 2 )  (1  - c%) ( z q  + a 2 + (~3)  

= (1 -- (~1) (1 --  (~2) (1 --  ~3) ((~2 + (~2 _{_ 0~32 + 0~10~2 _{_ (X2OC3 dr (~30~1) 

= (1 - ~1) (1 - ~2) (1 - ~3) ( ~  + ~ + ~]  + ~ 2  + ~ 3  + ~ 1  + 

~10( i @ 0~2(~ i @ 0~3 ~2 -~ ~10~2~3) 

we can  wri te :  Thus ,  

Y7(At)  - Y7(0) 
73(At) : a y7 (oo)  _ Y7(0 ) ~- byx(dt) + cy2(At ) 

a -- k(YT(00) - I16(00)) 

b = k (Y4(~ )  - Y s ( ~ ) ) a  2 

c = k (Y6(~  ) - c~2ya(cC)) (1 - ~2) 

where  k is ca lcu la ted  so tha t  

a + b + c = l .  

F r o m  the d a m p i n g  of  the osci l la t ions,  we calcula te  ~ = 0 . 1 1 ,  which  involves  
the  fo l lowing  inequal i t i es :  

0.75 < a -< 0.86 

0 < a 1 2  =< 0.2 a n d  0.56 =< 1 - ct 2 =< 1 ~ 0_< b _< 0.09 

0.11 < c < 0.25 
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