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SUMMARY 

Kinet ic  exper iments  descr ibed in a previous communica t ion  I suggested tha t  
pho toac t iva t ion  of the  pho tosyn the t i c  Q - e v o l v i n g  site is a mu l t i - quan tum process. 
In  the  present  repor t  we present  a kinet ic  analysis  of these data .  The results  ob ta ined  
from the compute r  s imula t ion  of the der ived  kinet ic  model  compare  favorab ly  wi th  
the  exper imenta l ly  der ived values. These studies suggest t ha t  pho toac t iva t ion  can be 
ra t iona l ized  in terms of a two-quan tum process. 

INT RODUCTION 

In a previous communica t ion  1 kinet ic  exper iments  re la t ing to the pho toac t iva -  
t ion of the Mn complex required for pho tosyn the t i c  O~ evolut ion were described.  
These exper iments  suggested tha t :  (I) the ra te  of pho toac t iva t ion  in any  given illu- 
mina t ion  is first order  wi th  respect  to the  number  of inact ive  O2-evolving centers ;  
(2) the process occurs in the  react ion centers of Sys tem I I ;  and  (3) pho toac t iva t ion  is 
a n m l t i q u a n t u m  process. 

In this communica t ion  we will present  the  results  of a compute r  s tudy  model l ing  
these kinet ic  phenomena.  These s tudies  suggest t ha t  the  exper imenta l  d a t a  ob ta ined  
are consis tent  with a two-quan tum process. 

RESULTS AND DISCUSSION 

There are several  sal ient  aspects  of the da t a  presented  in Ref. I which might  
yield some insight  concerning the mechanism of pho toac t iva t ion .  These aspects  can 
be summar ized  as follows: 

(I) There appear  to be two forward reactions,  one fast, wi th  a half t ime on the 
order  of I - IO  msec, and  one slow, with a half t ime on the order  of I sec. 

(2) A back  react ion exists with a half t ime on the order  of I sec. 
(3) Pho toac t iva t ion  is a low quan tum-y ie ld  process (it appears  t ha t  the  quan-  

tum-yie ld  is about  o.oi)  1. This suggests t ha t  ei ther  (a) a loss mechanism such as r ap id  
cycling is present ,  or (b) at  least  one photoac t  has a very  low q u a n t u m  yield.  

(4) Pho toac t iva t ion  is some function of Mn ~+ concentrat ion.  (When [Mn 2+] 
= o, the ra te  of pho toac t iva t ion  is zero.) 
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(5) There is no interaction between the reaction centers; i.e. the behavior of a 
given trap is independent of the state of neighboring traps. 

(6) Since photoactivation is a first order process with respect to inactive 02 
evolving centers, this suggests that  under the experimental conditions utilized, the 
concentration of manganese does not change appreciably during the course of the 
reaction. 

These points suggest that  any model presented to explain the observed pheno- 
mena must have the following characteristics : 

(I) Since the two forward reactions have rate constants which differ by one or 
two orders of magnitude, photoactivation probably proceeds by a series rather than 
a parallel mechanism, i.e. 

A k2 
- C----> E 

not 

A 4'-L~ -k~ c ~  
E 

A c : 

(A parallel mechanism would be expected to have two roughly equivalent rate 
constants). 

(2) In the series model each light step must be separated by a dark forward step. 
(3) The back reaction must originate between the two photoacts (i.e. C or D). 
(4) The component which decays must be D. If C were to decay to a lower "s tate" ,  

this specie would be undergoing a forked reaction. In this case, the relative amount 
lost by this segment of the "reaction chain" would be time independent. 

(5) D must decay to a state prior to the first rate limitation, kl,  (i.e. state A). 
If D were to decay to state B, which did not decay to A, the population of B would 
increase with the number of flashes whatever their spacing and would not be sub- 
jected to the rate limitation imposed by k 1. 

(6) Since the "opt imum quantum yield" of photoactivation is quite low com- 
pared to photosynthesis, a loss process must exist. This loss cannot be due to the 
observed back reaction, since its rate is quite low. One attractive hypothesis involves 
the rapid decay of the product of a dark reaction, giving the appearance of a partition 
or equilibrium constant. This possibility will be explored further in a later section. 

If we accept for the moment  that  photoactivation proceeds according to the 
described model, then an analysis of the experimental data  can yield some reasonable 
values for the proposed experimental constants. For example: 

(I) The descending portion of the curves shown in Fig. IO, ref. I, show a half- 
decay time of about 1.5 see. This suggests that  the magnitude of k 3 is about o.5 sec -1. 

(2) The ascending portion of Curve I, Fig. IO, ref. i, shows a half-rise time of 
about o.2 sec, while the latter portion of Fig. 11, ref. I (after about 5o msec), suggests a 
rate constant of about 1 per see. Therefore, the low forward rate constant (kl or k2) 
should be 1- 3 sec -1. 

(3) The initial ascending portion of Fig. 1I, ref. 1, suggests that  the magnitude 
of the high forward rate constant should be on the order of IOO sec -1. 

(4) The choice of appropriate quantum yields for this model presents some 
difficulty. We make the assumption that  Mn 2+ photooxidation 2-4 is an integral part  
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of the photoactivation process. This assumption is partly justified from unpublished 
experiments showing the reversible inhibition of photoactivation by compounds 
known to either donate electrons to the System II trap or to chemically reduce valency 
states of Mn >2+. Since the optimal quantum yield of Mn 2+ oxidation to Mn 3+ by 
System II is o.3-o.5 (ref. 2 and G. M. CHENIAE AND I. F. MARTIX, unpublished results), 
this suggests that O 1 is of this order of magnitude. The choice of the magnitude of 
e),, is not quite so simple. For want of a better choice, we will assume O2 equal to I. 

(5) It  is possible to determine from the available data which forward rate 
constant (k 1 or k2) is greater. The ascending portions of Curve I and Curve 2 in Fig. Io, 
ref. I, illustrate that there is not much difference between the i and 2 flashes with 
short delay times of the primary flash, while with longer delay times the effect of the 
second flash is appreciable. This suggests that the short delay flash is effective only 
when each pair of flashes is preceded by a long "priming time". This can only be ex- 
plained if k I is slow and k 2 is fast. 

(6) Since k2 is a fast reaction, its upper limit is determined by the magnitude 
of the product of the single delay flash at long "priming times", e.g. Curve 2, Fig. Io, 
ref. I, at 8 sec. This suggests that when the system is fully "primed" roughly one-half 
of the maximal double flash yield is attained, and that this maximal yield is comprised 
of roughly equal single and double flash contributions. Since the delay flash was pre- 
sented 15 msec after the primary flash in these experiments, this suggests that k,z ~5o. 

(7) The data presented in Fig. i i ,  ref. I, give some indication of the cause of the 
low quantum yield of photoactivation. These data suggest that a small pool (<  IO % 
of an intermediate) is depleted rapidly (about Io msec), and that the subsequent rate 
of photoactivation is limited by another kinetic step. This could come about, for 
example, if one of the steps in the kinetic mechanism has a "finite" equilibrium con- 
stant. The measured pool would then be the fraction of intermediates which are in the 
photoactive state. For example, if this reaction were of the type: 

x + T --K~ x T  

where x T  is photoactive, then Ken[X) % o.I. Since we initially measure the fast 
phase, this limitation and pool must be associated with a slow forward step. 

The above considerations suggest the following series mecbanism and represen- 
tative kinetic values: 

Ak~ BCk k~ D¢~E 
(/) 

t 
k3 

where, k~ is about 2 per sec; k,, about 50 per sec; k:~ about 0.5 per sec; fD the fraction 
of the A-B pair in the B state at equilibrium about 0.05 ; O I about 0.5 ; O2 = I. 

This model was simulated and tested using a digital computer. In these studies, 
we have attempted to simulate only the "flashing light" experiments presented 
earlier ~. By using saturating flashes of light every trap is hit by every flash and secon- 
dary corrections for possible photon transfer ~ are not necessary. 

In addition to this series mechanism, we have also studied other mechanisms 
which might be consistent with the observed kinetic phenomenon. In particular, 
we have spent some time testing parallel mechanisms of the type described earlier. 
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However, these mechanisms have never been found to fit the data. Kinetic schemes 
with fewer dark steps have also been tested and have been found not to satisfy the 
experimental data obtained. We thus feel that  the kinetic model presented is at least 
the minimal requirement necessary and consistent with the kinetic phenomena ob- 
served 1. 

Fig. I illustrates experimental and calculated results of an experiment in 
which a repetitive regime of flashes of variable primary dark time with delay flashes 
(15 msec) was imposed on Mn-deficient Anacystis cells and "model cells". These data 
show that  a reasonable agreement between the theoretically and experimentally 
derived values was obtained. I t  should be pointed out that the experimental data 
presented are slightly extreme in one aspect; the ratio between the double and single 
flash maximum values is usually not a factor of two, as presented here, but closer to 
1.6. Thus the theoretically predicted value generally would more closely approach the 
experimentally derived data. This particular set of data is presented because "three 
flash" data were also obtained in the same experiment. 

Fig. 2 compares the effect of a delay flash (delay flash At variable; primary 
flash J t  = 2 sec) on the biological and theoretical systems. Again, the computed data 
yield the same conclusions as the experimental data, although some discrepancies 
are apparent. Inasmuch as the experimental data are only good to about I0 °,o, it is 
difficult to ascertain whether the observed discrepancies, particularly at long ~lt, are 
real. Some data obtained in experiments suggest that  the long tail may indeed be 
flat as shown by the theoretical curve. 

We might, for a moment,  speculate on the possible significance of these experi- 
ments and calculations. The main point of this stud,,, is the demonstration that  two 
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lrig. 1. A comparison of computed and experimental ly derived data showing the effect of dark t ime 
between flashes on the yield of photoact ivat ion.  The experimental  data are presented as solid lines 
and the computer-generated data  as dashed lines. Curves I and i '  show the calculated and experi- 
mental ly obtained yields induced by io sa tura t ing  flashes separated by dark t imes shown on the 
abscissa. Curves 2 and 2' present  similar data except tha t  paired flashes were used (Lit 15 msec 
for the delay flash). Curves 3 and 3' present  siinilar data except tha t  2 delay flashes were used 
('It 15 msec each). 

Fig. 2. A comparison of computed  and experimental ly derived data showing the effect of the 
length of the dark interval between the p r imary  and delay flash on the yield of phqtoact ivat ion.  
The experimental  data are presented as a solid line and the computer-generated data as a dashed 
line. The difference in yield between 2o single flashes and 2o paired flashes (4 ° total  flashes) of 
2 sec periodicity is plot ted on the ordinate versus the dark l ime between the paired flashes. 
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quanta  are sufficient to give the observed experimental results. If  photoact ivat ion is, 
indeed, a two-quantum,  two-electron oxidation of a manganese atom, then the kinetic 
constants and other constants could be rationalized as follows : 

(I) k,, the first constant,  might be a measure of diffusion of manganese or one of its 
complexes to the reaction site. The rate constant  of this reaction is of the same order 
of magnitude that  would be expected from simple diffusion. If this were true, then 
the "equilibrium constant"  would be a measure of the number  of sites occupied at 
any one time ; (2) the second rate constant,  k2, might be a measure of the time it takes 
to transfer an electron from the pr imary electron acceptor of System II  to System P;/e:~ 
then would be a measure of stability of Mn a+. Again, this number  is in rough agree- 
ment  with values 2 est imated for Mn 3+ stability in photosynthet ic  tissue. 

The scheme shown in Fig. 3 represents an a t tempt  to incorporate the kinetic 
interpretation of photoact ivat ion into current concepts of System II  quan tum 
t rapping and 02-evolving centers. 

kl  
Mn 2÷ + Z - - Q  

k-I  

diffusion 
loss 

reaction k 3 

k2 
Mn 3+ -- Z I ~  .it Mn 3+ 

hvll System Ire d System lox 

~--- Mn 2+ - -  Z - - Q  

h VII 

- Z - - Q -  

,'~,n 4÷ -- Z I Q  

act ive cen,'er 

Fig. 3. Proposed mechanism of photoact ivat ion.  In  this scheme Z is the pr imary  donor  and Q the 
pr imary  acceptor of System II .  
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