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The kinetics of deactivation of the S 3 state in Chioreila have been observed under a variety of conditions. 
The S 3 state appears to decline in a dark period coming after a sequence of 30 saturating flashes in a 
second-order reaction, the rate constant of which is 0.132/[S~] s -  1 and which involves an electron donor, Dr, 
of concentration 1.25[S~] where [S~] is the concentration of the S 3 state when the oxygen yield of the light 
flashes is constant. If a 1 min period of 650 nm illumination is employed after the sequence of flashes, the 
subsequent S 3 state deactivation kinetics are more complex. There is an initial phase of S 3 state deactivation, 
accounting for about 35% of the original S 3 state, which is complete in less than 100 ms. The remaining 65% 
of the S 3 state appears to deactivate in a second-order reaction, the rate constant of which is 1.36/[S~] s - t  
and which involves an electron donor of initial concentration 0.SS{S~]. if a 1 min period of 710 nm 
illumination comes after the 30 flashes, at least 98% of the S 3 state deactivates according to first-order 
kinetics. It is shown that this can he explained using a second:.order model if there is an electron donor 
present of which the concentration is large compared with [S~]. However, S 3 state deactivation observed after 
5 min of dark and two saturating flashes can he described neither by a first-order model nor a second-order 
model. Deactivation of the S 2 state after a 5 min dark period and one saturating flash follows second-order 
kinetics with a rate constant of 0.2/[S~] s -  t and appears to involve an electron donor of initial concentration 
1.3[S~']. Arguments are presented which tend to rule out the primary electron acceptor to Photnsystem 11 as 
being any of the electron donors but it appears quite possible that the large plastoquinone pool is involved. 

Introduction 

When dark-adapted Chlorella or isolated chlo- 
roplasts are exposed to a suitable sequence of brief 
saturating light flashes, the resulting oxygen yields 
exhibit a damped oscillation of periodicity four. A 
study of this phenomenon led Kok and co-workers 
[1,2] to propose the existence of a complex for 
storing positive charge which is located in the 

Abbrevia t ions :  PS, photosys tem;  Tricine, N-tris- 
(hydroxymethyl)methylglycine; DCMU. 3-(3,4-dichloro- 
phenyl)- 1, l-dimethylurea. 

electron-transport  chain between the water- 
splitting enzyme system and the PS II reaction 
centre, P-680. According to this proposal, the 
complex acquires positive charges in light-driven 
steps until it has received a total of four when it 
enters a chemical reaction which releases oxygen 
and returns the complex to its zero-charge state. It 
has been found that complexes storing either two 
or three positive charges are unstable in the dark 
and disappear in a process called deactivation. 
This was studied in Chlorella by Joliot et al. [3] 
who showed that the S 3 state (i.e., a complex with 
three positive charges) disappeared in the dark in a 
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process which had a half-time of about 4.8 s for 
the first 20 s (approximately) but then proceeded 
much more slowly. Deactivation was studied in 
isolated chloroplasts by Forbush et al. [2] who 
found it necessary to interpret their results using a 
model which combined first- and second-order 
kinetics. In this paper, we have studied the 
deactivation of the S 3 state in Chlorella and at- 
tempted to analyse the results in terms of a simple 
second-order model evaluating, where possible, the 
rate constants and the concentration of the elec- 
tron donor involved. 

Methods 

The organism used in this study was Chlorella 
vulgaris, obtained from Carolina Biological Supply 
Co., ' and cultivated as described by Sinclair and 
Arnason [4]. They were observed in an oxygen 
polarograph where they were immersed in a 
medium containing 100 mM NaC1, 50 mM Tri- 
cine, pH 7.6. As described below, the cells, which 
were deposited as a monolayer on the platinum 
electrode, were subjected to sequences of brief 
saturating light flashes. Details of the flash- 
generation apparatus and methods of measuring 
the relative oxygen yields of the flashes can be 
obtained from Ref. 5. All experiments were done 
at 23 ( ±  I)°C. 

Several different procedures were used when 
studying S 3 state deactivation which are desig- 
nated as methods A, B and C. 

Method A. This involved essentially the same 
light protocol as that used by Bouges-Bocquet et 
al. [6], i.e., the monolayer of cells was left for 5 min 
in darkness, given two light flashes separated by 
0.3 s which was followed by a variable dark period 
and then a sequence of 30 light flashes (separation 
0.3 s). The 02 yield of the flash terminating the 
variable dark period was taken as proportional to 
the amount of S 3 state remaining after the dark 
period. The O~ yields were normalized with respect 
to the 02 yield of a flash given 0.3s after the 
second flash. 

Method B. The cells were exposed to sequences 
of 30 flashes (separation 0.3 s) between which in- 
tervened a dark period of variable duration. The 
oxygen yield of the first flash in each sequence was 
taken as a measure of the S 3 state surviving the 
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dark period. The oxygen yield was normalized 
with respect to the mean oxygen yield of the last 
five flashes in the sequence 

Method C. The cells were illuminated for l min 
by a light beam which had passed through either a 
650 nm or a 710 nm interference filter. This con- 
stituted a preillumination period and was suc- 
ceeded by a variable length dark period and then a 
sequence of 30 brief light flashes. The oxygen yield 
of the first flash was taken as a measure of the S 3 
state and it was normalized with respect to the 
oxygen yield of a light flash given 2 s prior to the 
end of preillumination. In these experiments, it 
was also possible to measure the apparent  rate of 
oxygen evolution during the preillumination period 
by observing the direct current flowing in the 
measuring circuit. 

Prior to each 650 nm illumination, a 5 rain dark 
period was included in the experimental proce- 
dure. It was found that without the 5 min dark 
period, repeated identical experiments gave pro- 
gressively different results whereas with the 5 min 
dark period intervening, repeated experiments gave 
results which were in close agreement. This 5 min 
dark period was not necessary with the 710 nm 
experiments which gave highly reproducible re- 
sults. 

When we fit a second-order model to our re- 
sults we assume that the S 3 state interacts with an 
electron donor D as follows: S 3 + D --, S 2 + Dox, 
where Dox is the oxidized form of D. 

If [$3] 0 and [D]0 are the concentrations at the 
start of deactivation then it follows that: 

IS31o - [  s] = [D]o - [DI (1) 

at any time during this process. 
The time course of the reactions is described by 

dIS3l _ 
dt kIDIIS3] (2) 

where k is the rate constant. The solution is: 

In lS3l =ln_[p_]_ + k(lS3]o -[Ol0)t 
[S~]o [O]0 

(3) 

Using Eqn. 1 to eliminate [D] from Eqn. 3 per- 
mits us to fit the second-order model to our results 



260 

by choosing a value of  [S3]o/[D] 0 which yields a 
straight line for the plot of  In[S3] vs. time. When  
this is achieved it is possible to evaluate both [D]o 
and k in terms of  [$3] o. To make the results of 
different experiments comparable  we have in fact 
expressed [D]o and k in terms of  [S~'], the con- 
centrat ion of  the S 3 state when the flash yield has 
reached a steady value. 

Results 

The kinetics of  S 3 state deactivation obtained 
with method A are illustrated by trace A in Fig. I. 
Since over 98% of  the S 3 state disappeared during 
the course of  this experiment, we considered only 
values of  [S3]o/[D]0 • 1 when at tempting to fit a 
second-order  model. Traces B and C have been 
drawn through the points computed  for IS 3 ]o / [D]0  
equal to 0.9 and 0.7, respectively. It is quite ap- 
parent  that  neither of  these lines is even approxi- 
mately straight which was true of  all the values 
tried between [Sa]o/[D]0 equal to l and 0.1. For  
small values of  this ratio a second-order  model 
yields first-order kinetics. 

When method B was used to observe S 3 state 
deactivation the results described by trace A in 
Fig. 2 were obtained. When [S3]o/[D]o was as- 
signed a value of  0.8 the points through which 
trace B has been drawn were the result of  fitting 
the second-order  model. There is an excellent fit 
obtained in this case between experiment and the- 
ory. The half-time associated with trace B is 20.5 s 
which yields a value of  0.132/[S~'] s - l  while [D]o 
= 1.25[SJ']. 

The kinetics of  deactivation observed with 
method C depended on the wavelength of il- 
luminat ion as shown in Fig. 3 which was obtained 
using a single monolayer  of  Chlorella. The intensi- 
ties of  710 and 650 nm preil lumination were cho- 
sen so as to equalize the apparent  rates of  oxygen 
evolution. The steady-state flash yields were the 
same in the two cases. The results indicate that 
after 710 nm preil lumination (open circles), at 
least 98% of  the S 3 state originally present decays 
according to first-order kinetics. The slope of  the 
best-fitting straight line corresponds to a half-time 
of  4.3 s and intercepts the ordinate at 0.96 relative 
units. The results following 650 nm illumination 
(solid circles) are obviously more complex and to 
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Fig. I. The deactivation of the S 3 state was observed using 
method A (see Methods) for a monolayer of ChioreHa cells. 
Trace A is drawn through points for which Y is the relative 
flash yield of oxygen measured after a given period of darkness. 
The oxygen yields were normaiised against the oxygen yield of 
a flash given after 0.3 s of darkness. To test whether the 
experimental results could be described by a second-order 
model, Eqns. I and 3 (see Methods) were used and a value of 
[S3]0/[D]0 was assumed. This made it possible to calculate 
values of [D]/[D] 0 for each period of darkness and these were 
multiplied by the corresponding experimental results to yield 
the points described by traces B and C for which [S3]o/[D]o 
was 0.7 and 0.9, respectively. If the second-order model fits the 
experimental results these computed points should be on a 
straight line as indicated by Eqn. 3. 

assist in their analysis we have drawn the best- 
fitting straight line through the results obtained 
dur ing the first 5 s of  darkness. The half-time of 
this line is 2.1 s and it intercepts the ordinate at 
0.65 relative units. The low value of  this intercept 
suggested to us that there might be an initial phase 
of  S 3 state deactivation which proceeded very 
rapidly. This suggestion was investigated in the 
experiment illustrated in Fig. 4 which was per- 
formed on another  monolayer  of  Chlorella under 
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Fig. 2. The deactivation of the S 3 state was observed using 
method B for a monolayer of Chlorella cells. Y for the lower 
points is the relative oxygen flash yield at a given dark time, the 
yield having been normalised with respect to the steady-state 
flash yield. The upper set of points represents an attempt to 
describe the experimental results with a second-order model for 
which [S3]0/[D]0 =0.8 using the procedure described in the 
legend to Fig. I. 
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Fig. 3. The deactivation o f  the S~ stale for a monolayer o f  
Chlorella observed with method C for a 650 nm preillumination 
( 0 )  and 710 nm preillumination (O). The two intensities gave 
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Fig. 4. S 3 state deactivation was observed for a monolayer of 
Chlorella using method C and the same intensity of 650 nm 
light used for Fig. 3. Y is the oxygen flash yield normalised 
with respect to the oxygen yield of a flash given 2 s prior to the 
end of illumination. Observations were made down to 100 ms 
of darkness and the best-fitting straight line calculated by 
regression analysis is drawn through the results. 

identical conditions. A single exponential of  half- 
time 2.1 s and intercepting the ordinate at 0.68 
relative units gives a good description of the re- 
sults between 100 ms and 5.5 s. This experiment 
confirms that a substantial fraction of S 3 state 
deactivation occurs very rapidly. The remaining 
65% of S a state in Fig. 3 disappears much more 
slowly and we found that it was possible to de- 
scribe this using a second-order model. This is 
shown by the triangular symbols in Fig. 3 which 
were calculated for [S3]0/[D]0 = 0.9. Taking into 
a c c o u n t  t h a t  ( a )  t h e  h a l f - t i m e  o f  t h e  l i n e  t h r o u g h  

t h e s e  p o i n t s  is  8 .9  s, ( b )  o n l y  6 5 %  o f  t h e  o r i g i n a l  S 3 

s t a t e  is i n v o l v e d ,  a n d  (c )  [$3] 0 w a s  o n l y  80% o f  

[S~],  i t  c a n  b e  c o m p u t e d  t h a t  k = 1 . 3 6 / [ S ~ ]  s - I  

and [D]0 = 0.58[S~']. 
The effect of varying the light intensity of  both 

710 and 650 nm light on the S 3 state deactivation 
kinetics was examined. Below about 1000 e r g / c m  2 

equal apparent photosynthetic rates. Y represents the oxygen 
flash yield normalised with respect to the oxygen yield of a 
flash given 2 s prior to the end of the preillumination. The line 
through the 710 nm results represents the best-fitting straight 
line obtained by regression analysis while the line through the 
650 nm results in a similar line for the first 5 s of darkness. The 
intercept of the latter line on the Y-axis is 0.65. The model- 
fitting procedure used in Fig. I was applied to the 650 nm 
results now normalised with respect to 0.65 and setting 
[S3]o/[DJo =0.9. (V) Results of the latter calculation. 
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per  s of  710 nm light or  abou t  200 e r g / c m  2 per  s 
of  650 nm light, the hal f - t imes  of  deac t iva t ion  
became  s ignif icant ly  larger  whereas  above  these 
l ight intensi t ies  there  was very l i t t le dependence  on 
intensi ty.  The  intensi t ies  used in the exper iment  
shown in Fig. 3 were bo th  in the region where 
there is l i t t le sensi t ivi ty  to intensity.  

The  add i t i on  of  10-7  M D C M U  to the ba th ing  
m e d i u m  caused an 80% inhib i t ion  of  the s teady-  
s ta te  flash yield. In a con t inua t ion  of  the experi-  
ment  shown in Fig. 3 deac t iva t ion  was observed  in 
the presence of the inhib i tor  fol lowing the same 
two types of  p re i l lumina t ion .  The  two sets of  
results  are vi r tual ly  co inc ident  (Fig. 5) and  the 
bes t - f i t t ing s t ra ight  lines for the first 7.5 s of dark-  
ness have slopes co r re spond ing  to hal f - t imes  of 
3.3 s (710 rim) and  3.2 s (650 nm). The  value of  the 
in tercepts  are  1.03 relat ive units  for 710 nm and 
0.94 relat ive units  for 650 nm. Thus,  the add i t i on  

of  D C M U  appears  to abol ish  the dif ferences  in 
deac t iva t ion  due to p re i l lumina t ion  and also the 
ini t ial  very fast phase  of  S 3 state deac t iva t ion  seen 
af ter  650 nm i l lumina t ion  with un inh ib i ted  cells. 

The  deac t iva t ion  of the S 2 state was also ex- 
amined  to see if this could  also be descr ibed  by  a 
s econd-o rde r  model .  A mono laye r  of  cells was 
da rk  a dap t ed  for 5 min,  given a single flash fol- 
lowed by  a var iable  dark  per iod  which was 
t e rmina ted  by a sequence of  30 flashes spaced at 
0.3 s. The  yield of  the third flash was taken as a 
measure  of  the a m o u n t  of S 2 state surviving the 
var iab le  da rk  per iod  (accord ing  to the me thod  of 
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Fig. 5. S 3 stale deactivation in the presence of 10 7 M DCMU 
was observed for the same monolayer of Chlorella used in 
Fig. 3. Method C was employed and also the same intensities of 
650 nm (O) and 710 nm (V) lights. 

Bouges-Bocquet  et al. [6]). The  deac t iva t ion  of  the 
S 2 s ta te  is shown in Fig. 6A along with our  at- 
t empt  to fit the kinetics to a second-order  model  
(Fig.  6B). We have used an a l ternat ive  solut ion to 
Eqn. l which is val id only  when the concen t ra t ion  
of  the e lect ron d o n o r  is equal  to that  of the S state 
at  the s tar t  of  deact iva t ion .  This  solut ion is: 

I I 
- + k t  ( 3 )  

[S2] [S210 

where  [$2] 0 is the concen t ra t ion  of  5 2 s t a t e  at the 
s tar t  of  deac t iva t ion  and k the rate constant .  As 
shown in Fig. 6B, the results of  1/[$2] p lo t ted  vs. 
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Fig. 6. (A) The deactivation of the S 2 state in a monolayer of 
Chlorella cells observed using the method described in Results. 
In B an attempt has been made to describe the experimental 
results by a second-order model for which [D]o = [S 2 ]o. In such 
a situation, 1/[$2] should increase linearly with time and 
intercept the ordinate at unity. In this figure, I/[$2] has been 
plotted against time and a straight line drawn through the 
points which intercepts the ordinate at unity. 



time do yield a straight line which extrapolates 
through unity as required (the results were normal- 
ized with respect to [$2]0). The rate constant given 
by the slope of the line is 0.2/[S~] s - i  and [D] = 
1.3[S~]. 

Discussion 

It has been demonstrated in this study that a 
second-order model can give a good description of 
the S 3 state deactivation kinetics observed with 
method B, with method C using 650 nm illumina- 
tion (for the slow phase), and also for S 2 state 
deactivation. As discussed below, a second-order 
model can also describe (at least qualititatively) 
the S 3 state deactivation kinetics observed with 
method C after 710 nm illumination. While little 
can be said about the fast phase observed with 
method C after 650 nm illumination, it is clear that 
the results obtained with method A do not con- 
form to a second-order model. Since method A 
included a 5 min dark period which was absent in 
method B, it may be that this has an important 
influence in creating the observed kinetics. Kok 
and Velthuys [7] observed that the combined 
oxygen yields of the first four flashes of light given 
to a sample of Chlorella kept in darkness decrease 
as the period of darkness is increased. The com- 
bined yield after 5 min of darkness was only 65% 
of that found after only a few seconds of darkness. 
The authors claimed that a more reducing environ- 
ment developed within the cells in the dark so that 
Q, the primary electron acceptor to PS II, and also 
the other redox pools between the two photosys- 
tems became more reduced. In the present case, 
such a development could well increase the num- 
ber of electron donors available for S 3 state 
deactivation and hence the kinetics would not be 
explicable in terms of a single second-order reac- 
tion. If this explanation is correct, it then becomes 
surprising that the method used to observe S 2 state 
deactivation, which also included a 5 min dark 
period, yielded results which are well described by 
a second-order model. Perhaps this difference can 
be resolved if the S 2 state is less accessible to these 
extra electron donors. 

The analysis of our results (in terms of a sec- 
ond-order model) suggests the existence of several 
electron donors for S 3 state deactivation. The re- 
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SUITS obtained form method B suggest a donor DI 
of initial concentration 1.25[S~] which takes part  
in a reaction, the rate constant of which is 
0.132/[S~] s - I .  These values are very similar to 
those obtained for S 2 state deactivation which were 
1.3[S~'1 and 0.2[SJ'] s - I  and raises the possibility 
that the same electron donor reacting with an 
identical or very similar chemical group is involved 
in the two deactivation reactions. Although no 
detailed information is available about the very 
fast phase of deactivation after 650 nm illumina- 
tion, the very fast kinetics and the abolition of this 
phase in the presence of D C M U  strongly suggest 
that there is another electron donor, D 2, involved 
in this reaction. The slow phase of S 3 state 
deactivation after 650 nm illumination seems to 
involve a donor, D 3, of initial concentration 
0.58[SJ'] and having a rate constant equal to 
1.37/[SJ'] s - I .  As shown in Fig. 3, the S 3 state 
observed with method C after 710 nm illumination 
deactivates almost completely according to first- 
order kinetics. This is explicable on the basis of a 
second-order model if the initial concentration of 
the electron donor involved is much greater than 
[$3] 0. Incorporation of this assumption into the 
second-order model yields a first-order version of 
the solution in Eqn. 3, namely: 

In ~ = - k [D]0t (4) 

As a consequence, we postulate the existence of 
a donor D 4 operative here when me thodC was 
used with 710 nm preillumination and of initial 
concentration much larger than [S~']. 

An earlier study by Lemasson [8] demonstrated 
that the kinetics of deactivation of the S 3 state in 
Chlorella proceed more slowly at lower light inten- 
sities. We have confirmed this finding in this study 
for both 650 nm (slow phase of deactivation) and 
710 nm illumination. Referring to Eqns. 3 and 4, 
we would suggest that the intensity dependence of 
the deactivation kinetics could arise either from 
the rate constant being sensitive to light intensity 
or perhaps more plausibly the value of [S]0 - [D] o 
in Eqn. 3 or [D]0 in Eqn. 4 being light sensitive. 

Lemasson and Barbieri [9] also studied the ef- 
fect of the wavelength of preillumination on S 3 
state deactivation and found that if the Chlorella 
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cells were in state 1, characterised by a high en- 
hancement ratio (1.9), the half-time after 650 nm 
illumination was 1.6 s and after 710 nm illumina- 
tion 4.8s, whereas if the cells were in State2, 
characterised by a low enhancement ratio (1.1), the 
half-time after either type of illumination was 
about  4 s. The results we obtained for the slow 
phase of 650 and 710 nm deactivation in Fig. 3 
most closely resemble the results of Lemasson and 
Barbieri [9] for State l cells, however, measure- 
ments of the enhancement ratio for the cells used 
here gave values of about 1.1 corresponding to 
State2. A second difference between our study 
and that of Lemasson and Barbieri [9] is that the 
latter workers did not observe the very fast phase 
of deactivation seen here after 650 nm illumina- 
tion, nor did we ever see any sign of the transient 
acceleration of deactivation which these authors 
reported after 710 nm illumination. 

The arguments presented above make it possi- 
ble that there are four different electron donors 
Dr, D2, D3, D4, which can take part in S 3 state 
deactivation under different conditions. While we 
cannot conclusively identify any of these donors, 
we will consider the likelihood that any of them is 
Q, the primary electron acceptor to PS II as sug- 
gested by Lemasson and Barbieri [91 and Bouges- 
Bocquet et al. [6]. In our experiments, we have 
observed a decline in the number  of PS II centres 
which will respond to a single excitation by evolv- 
ing a molecule of oxygen. Such a centre must have 
an oxidized Q molecule and a charge-storage com- 
plex bearing three positive charges and if either of 
these entities is reduced, it will contribute to the 
deactivation process. From this it follows that the 
direct reduction of the charge-storage complex by 
reduced Q does not influence the kinetics observed 
here, since neither before nor after the electron 
transfer would such a centre be able to evolve 
oxygen. Thus, none of the donors suggested by 
this study can be identical with Q. 

As an alternative to Q, we suggest that D 4 could 
be the large pool of plastoquinone between the 
photosystems. This is primarily because D 4 ap- 
pears to be present in such a large amount. How- 
ever, D 4 is apparent  only after 710 nm illumina- 
tion when the action of non-cyclic electron trans- 
port  would oxidize the plastoquinone pool. The 
work of Teichler-Zallen and Hoch [11] showed 

that cyclic electron transport was very rapid when 
far-red illumination was used with Anacystis and 
Chlamydomonas. If this were also true for Chlore- 
Ila, plastoquinone could well be reduced after 710 
nm illumination which would be in accord with 
our hypothesis. Our finding that D 4 is absent when 
D C M U  is present could be explained by the ac- 
tion of non-cyclic electron transport from plasto- 
quinone causing an oxidation of this substance. 
We would also like to suggest the possibility that 
D 2 is a reduced form of R [10]. D 2 is present after 
650 nm illumination but not after 710 nm il- 
lumination as would be expected for R. Since R is 
thought to be the binding site for D C M U  [12], its 
oxidation by the S 3 state could well be prevented 
by the inhibitor which would accord with the 
disappearance of D 2 in the presence of DCMU. A 
final point should be made about the phase of S 3 
state deactivation in which D 2 participates. It is 
completed within a very brief time (100 ms) and it 
is possible that it represents a cyclic pathway 
around PS II which has functional significance in 
the light. 
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