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ABSTRACT We have analyzed flash-induced period-four damped oscillation of oxygen evolution and chlorophyll fluorescence
with the aid of a kineticmodel of photosystem II.Wehave shown that, for simulation of theperiod-four oscillatory behavior of oxygen
evolution, it is essential to consider the so-called intermediate S-state as an initial phase of each of the Sn-Sn11, (n ¼ 0, 1, 2, 3)
transitions. The intermediate S-states are defined as [SnY

ox
Z ]-states (n¼ 0, 1, 2, 3) and are formed with rate constant kiSn;1.5 3

106 s�1, which was determined from comparison of theoretical predictions with experimental data. The assumed intermediate
S-states shift the equilibrium in reaction P6801YZ4P680Yox

Z more to the right and we suggest that kinetics of the intermediate
S-states reflectsa relaxationprocessassociatedwithchangesof the redoxequilibrium in theabove reaction.Theoxygenoscillation
is simulated without themiss and double-hit parameters, if the intermediate S-states, which are not the source of themisses or the
double-hits, are included in the simulation. Furthermore, we have shown that the intermediate S-states, together with S2Q

�
A charge

recombination, are prerequisites for the simulation of the period-four oscillatory behavior of the chlorophyll fluorescence.

INTRODUCTION

It is well known that the oxygen-evolving complex (OEC), an

integral part of the multicomponent pigment-protein complex

called photosystem II (PSII), is responsible for the light-

induced water splitting and release of protons and oxygen

molecules from water molecules (1). When dark-adapted

material (higher plants, algae, and cyanobacteria) is exposed

to a series of single turnover flashes, oxygen evolution is

detected with typical period-four damped oscillation with

maxima on the third and seventh flashes and with minima on

the first and fifth flashes (2–4).

Several phenomenological models were proposed to de-

scribe and explain damped period-four oscillation in oxygen

evolution (2,5,6). However, only one model that introduces a

cycle of flash-induced transitions of the Sn-states (n¼ 0, 1, 2,

3), describing the four redox states of OEC, explains the re-

sults. This model, suggested by Kok and co-workers (5), is

known as the Kok cycle or the Kok model (Scheme 1). By in-

troducing two parameters—the so-called misses and double-

hits—the Kok model describes damping of the period-four

oscillation of oxygen evolution. However, positive proof or

in silico analysis of molecular mechanisms, behind these

parameters, is still being debated.

It is generally accepted the misses, which, in fact, reflect

decreases in the primary photochemical yield, have several

sources. Some misses arise from the presence of the

P6801 or Q�
A before the flash because of reversibility of the

electron transport at the donor or acceptor side of PSII (7).

However, the main source of the misses is the recombina-

tional loss of the charge-separated state P6801Q�
A whose

yield increases with a slowdown of the OEC oxidation in

higher S-states (8). The influence of other mechanisms or

electron transporters, which can contribute to misses, is often

either neglected (YD, cytochrome b559) or implicitly included

in the P6801Q�
A recombination (e.g., as a final state of S2Q

�
A

recombination). The majority of scientists agree that the

misses should be unequal (4). Equal misses are, however,

usually used in analysis of oxygen evolution because it

provides a satisfactory fit of experimental data (9).

The meaning of the double-hits is not evident either, but

there is some speculation as to what is hidden in this pa-

rameter to explain the significant oxygen yield after the

second flash:

1. Longer flash duration (usually a 3 ms flash is used) might

allow the two-step advancement of S-states in a certain part

of PSII if Q�
A is reoxidized twice by QB during one flash

(10);

2. The double-hits parameter might represent not only double

but also triple turnover of PSII (9).

3. Double-hits parameter is higher for the freeze-intact chlo-

roplasts than for the freeze-damaged chloroplasts (11).

The oxygen oscillation can also be successfully simulated

using mathematical modeling. This approach provides the

best fit of the model parameters to specific experimental data

(9) and can also result in an interesting hypothesis such as the

suggestion of two internal cycles of the PSII characterized by

different transition probabilities (4,7). But the mathematical

modeling based only on the Kok model cannot describe or

explain the molecular mechanism of the OEC oxidation or

the electron transport from the OEC to the P680.

In this article, we present a new kinetic model for the PSII

(without considering the static heterogeneity correlated with

the grana/stroma structure), which can flexibly and without
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artificial parameters (the misses and the double-hits) simulate

damped period-four oscillation of oxygen evolution and

chlorophyll fluorescence induced by a flash-train. The main

aim of this article is to introduce a new view of the OEC

oxidation and so provide a better explanation of the oxygen

oscillation. In addition, this study serves as a starting point for

a more detailed understanding of the flash-induced period-

four oscillation of chlorophyll fluorescence.

METHODS

Software used

All simulations were run in GEPASI 3.30 software (12), which was designed

for modeling of chemical and biochemical kinetics (13,14). GEPASI uses an

integrative routine LSODA (Livermore Solver of Ordinary Differential

Equations) for the solution of system of differential equations. LSODA is a

sophisticated algorithm (15) that measures stiffness of equations and, when

necessary, dynamically switches the integration method.

RESULTS AND DISCUSSION

Intermediate S-states: a way for kinetic
description of period-four oscillation

We first simulated the flash-induced changes of the S-state

distribution with the aid of a detailed kinetic model of PS II,

which includes pheophytin, QA and QB at the acceptor side of

PSII, and P680, YZ, and S0,1,2,3-states of the OEC at the

donor side of PSII (16). We found that this kinetic model of

PSII is not able to simulate the flash-induced damped period-

four oscillation of the S-states of OEC (Fig. 1, open trian-
gles). Since the model used (16) includes reactions and

mechanisms responsible for the misses and the double-hits

(see Introduction), we came to the conclusion that the ex-

isting kinetics description of the OEC oxidation (16) is in-

sufficient. Therefore, we introduced the idea to determine

the condition(s) for in silico S-state oscillation and thus for

kinetic description of OEC oxidation.

We based our further analysis on the results of Fig. 1 (open
triangles), showing it is the S3 state that mainly accumulates

with increasing number of flashes; it seems obvious that it

suggests almost zero efficiency of the S3-S0 transition. We

therefore performed simulation where 100% of OEC was

initially (in the dark) in the S3-state, and 500 ms after flash we

observed 75.7% concentration of the S3-state (i.e., 75.7%

misses during the S3-S0 transition, data not shown).

Our analysis suggests that the very high misses during the

S3-S0 transition, a consequence of P680
1Q�

A recombination,

must be caused by accumulation of P6801 in a preceding

reaction. This reaction is reversible reduction of P6801 by

SCHEME 1 Kok model for oxygen evolution which, for the purpose of

successful description of damped period-four oscillation of oxygen evolu-

tion induced by flash-train, introduces two parameters: misses (a) that

characterize a failure to advance from Sn-state to Sn11-state and double-hits

(c) which characterize transition from Sn-state to Sn12-state. Parameter

b characterizes the most likely transition from Sn-state to Sn11-state.

FIGURE 1 Simulations of the flash-induced

changes of the S-state distribution. Initial conditions

of simulations: 75% of OEC in the S1-state, 25% of

OEC in the S0-state. Open triangles show simula-

tions based on the earlier (16) kinetic model of PSII.

Open and solid squares show simulations based on

modified earlier model tested with two suggested

kinetics (kiS3) of the incorporated S4-state, 5000 s
�1

(as S3 / S4 / S0) or 1.5 3 106 s�1 (as S3 1
Yox

Z /½S3Yox
Z �/S01YZ), respectively (in text).

Open and solid circles show simulations based on

modified model with incorporated intermediate

S-states (i.e., formation of [SnY
ox
Z ] (n ¼ 0, 1, 2, 3)

during each Sn-Sn11 transition) with rates of their

formations kiS0¼ kiS1¼ kiS2¼ kiS3¼ kiSn¼ 33 104

s�1 or 1.53 106 s�1, respectively.

2726 Jablonsky and Lazar

Biophysical Journal 94(7) 2725–2736



YZ leading to P680 and Yox
Z . Even if the equilibrium of this

reaction is to the right, the slow S3-S0 transition and the

backward electron transport of P6801YZ4P680Yox
Z reac-

tion that enables the accumulation of P6801 leads to the

excessive P6801Q�
A recombination in the model, so the high

misses are obtained. We therefore tested all possible modi-

fications of the model (see below).

A decrease of the S3-state accumulation and thus shift of

the equilibrium more to the right in the P6801YZ4P680Yox
Z

reaction during S3-S0 transition might be obtained by intro-

duction of the S4-state into the model (S4-state is commonly

ignored in the kinetic models of PSII). Since it is still not clear

what should be labeled as the S4-state, we tested two possible

rate constants suggested for the S4-state formation (see be-

low). The first option is associated with the proposed irreg-

ular sequence model of alternating proton and electron

abstraction from the Mn cluster of OEC (17–19), in which a

state, caused by proton release and denoted as S4-state, is

formed with a rate constant of 5000 s�1 during the S3-S0
transition. On the other hand, it has been suggested that the

S4-state represents the formation of the S3Y
ox
Z -state formed

with a rate constant .106 s�1 (20,21). The S4-state was en-

tered into the model either as a separated transient state (5000

s�1) or formation of the S3Y
ox
Z -state (13 106 s�1). Although

we observed qualitative changes of the flash-induced S-state

distribution (Fig. 1, open squares for kiS3 ¼ 5000 s�1 and

solid squares for kiS3 ¼ 1.5 3 106 s�1), no period-four os-

cillation in the S-state distribution was simulated. Moreover,

the low sensitivity of the PSII model to the value of rate

constant of the S4-state formation (unchanged qualitative

behavior of the S0,1-states distribution; Fig. 1) shows that this

approach is not sufficient. We therefore concluded that the

period-four oscillation of the S-state distribution is not as-

sociated with the modification of the one S-state transition in

comparison with the earlier model (16).

A possible way to shift the equilibrium in P6801YZ4
P680Yox

Z reaction during all S-states transitions more to the

right, is consideration of P6801 reduction in a microsecond

time-range, which was not considered in our original model

(16). Because microsecond reduction of P6801 (i.e., only the

microsecond component) was suggested to occur in;30% of

PSII (22), we considered themicrosecond reduction of P6801

by biphasic kinetics with half-times of 5ms (15% of PSII) and

38 ms (15% of PSII). However, after comparison with results

from the earlier model (Fig. 1, open triangles), we observed
negligible changes of the S-state distribution (data not

shown). For the irreversible/reversible option of microsecond

reduction of P6801, we saw ;60.1/0.1% change of the

S-state distribution after the first flash and ;60.1/0.001%

change of the S-state distribution for the following flashes.

This was the last possible modification of the existing kinetic

description for the donor side of PSII.

If we reject the possibility of an unknown intermediate

between YZ and OEC, there is only one other possibility for

shifting the equilibrium in P6801YZ4P680Yox
Z more to the

right. This is an assumption of the kinetically identifiable

intermediate S-states associated with some relaxation process

at the donor side of PSII, which stabilizes Yox
Z —i.e., the

mechanism associated with the formation of SnY
ox
Z . We

therefore analyzed this possibility below, and attempted to

identify the relaxation process in the next section. Since the

intermediate S-states do not necessarily have to be involved

with each of the S-state transitions, we tested all combina-

tions. We have found that the option, where we consider the

existence of intermediate S-state as an initial phase of the

S0-S1, S1-S2, S2-S3, and S3-S0 transitions, leads to the desired

in silico period-four oscillation in the S-state distribution

(comparable with known course and damping of the oxygen

oscillation; see example for the rate constant kiSn¼ 106 s�1 of

the intermediate S-states in Fig. 1, solid circles). The period-
four oscillation can be observed from value kiSn ; 3 3 104

s�1 of the rate constant of the intermediate S-states (Fig. 1,

open circles). Since the rate constant 3 3 104 s�1 is com-

parable with the rate constant of the S0-S1 transition (;2 3
104 s�1), we also tested the model without an intermediate

S-state associated with the S0-S1 transition. We have found

almost no-effect on the course of the oscillation, whether or

not the intermediate S-state associated with the S0-S1 tran-

sition is omitted (data not shown). However, if we want to

decrease damping of the S-state oscillation, we have to in-

crease rate constant of the intermediate S-states and then the

intermediate S-state as the initial phase of the S0-S1 transition

must be considered.

For accurate determination of the rate constant of the in-

termediate S-states and thus, determination of the mechanism

associated with the intermediate S-states, it is necessary to

compare our simulations with measured data (see next sec-

tion). However, we can already conclude that the interme-

diate S-states seem to be a key assumption for in silico,

period-four oscillation of the S-state distribution.

Kinetics and mechanism of the
intermediate S-states

As we mentioned, presented kinetic model describes homo-

geneous population of PSII which is not exactly the case for

higher plants and some algae. Therefore, for the purpose of

comparison of simulated oxygen evolution with experimen-

tal data we have chosen the cyanobacterial sample where

PSII heterogeneity may be neglected (23). In this respect, the

main source of the experimental data is the thermophilic

cyanobacterium Synechococcus elongatus and we chose

suitable (i.e., without the addition of an exogenous electron

acceptor or donor; accurate information about temperature of

the measurement) experimental data (24) for testing the

model. Since oxygen is evolved during the S3-S0 transition,

we have assumed that an experimentally measured oxygen

yield induced by a flash is quantitatively proportional to

simulated maximal concentration of the intermediate S-state

during the S3-S0 transition after the flash. This approach
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gives, as shown below, a suitable approximation of the

oxygen evolution and the possibility of comparing theoretical

and experimental data with ease. The final kinetic model of

PSII used for all following simulations is described in

Scheme 2 and Table 1, and the summary of rate constant

values used in this model of PSII is given in Table 2 (see also

(25–28); Appendix.)

The selected results of the comparison of the flash-induced

in silico oxygen evolution (solid circles, and solid and open
squares for three selected values of the rate constant of the

intermediate S-states) with the experimental data (open cir-
cles) are shown in Fig. 2. From this comparison, it is evident

that the rate constant 1.5 3 106 s�1 (solid circles) of the in-
termediate S-states allows quantitative description of the

measured data. The kinetics of the assumed intermediate

S-states regulate the appearance and the damping of the

oxygen oscillation, caused by secondary reactions (see In-

troduction) and influenced by duration of flashes. If the rate

constant of the intermediate S-states is increased (or de-

creased), the possibility of the backward electron transport in

reaction P6801YZ4P680Yox
Z , and hence, of the P6801Q�

A

recombination, is decreased (or increased). Therefore, the

value of the rate constant of the intermediate S-states reg-

ulates how much the misses, caused by P6801Q�
A recom-

bination, will occur. We emphasize that the intermediate

S-states, changes in equilibrium in reaction P6801YZ4
P680Yox

Z , and the equilibrium itself, are not the sources of

the misses or the double-hits.

We note that the S4-state, as defined in the literature (20,21),

can be considered, in our view, to be the intermediate S-state

SCHEME 2 The introduced kinetic

model of PSII used for simulations of

flash-induced period-four oxygen and

chlorophyll fluorescence oscillations

(see Table 1 for definitions).
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TABLE 1 Definitions for Scheme 2

Value Description

L All light harvesting antennas in PSII.

P P680.

I Pheophytin.

A QA.

B QB.

PQ Oxidized plastoquinone molecules in the PQ pool.

PQH2 Reduced and protonated PQ molecules in the PQ pool.

YZ=Y
ox
Z Reduced/oxidized state of tyrosine 161-D1.

YD=Y
ox
D Reduced/oxidized state of tyrosine 160-D2.

Sn (n ¼ 0, 1, 2, 3) The S-states of OEC.

[SnY
ox
Z ] (n ¼ 0, 1, 2, 3) and the intermediate S-states of OEC.

e.d. In Part A, electron donation to P6801 by YZ as it is described by part D.

* Excited state.

Scheme sections

Part A Includes:

1. Formation of excited states, which is defined by rate constant kL and in our case simulate d-flashes.

2. Reactions of primary photochemistry: charge separation, stabilization, electron transfer to QB, and charge recombination.

Part B Incorporates exchange of double-reduced QB by free plastoquinone molecule from the PQ pool.

Part C Includes the loss of excited state by:

1. Heat dissipation in the light harvesting antennas.

2. Heat dissipation by P6801.

3. Heat dissipation by oxidized PQ pool.

4. Energy transfer between closed and open reaction centers of PSII.

5. Chlorophyll fluorescence emission.

Part D Mainstream of the electron transfer at the donor side of PSII is represented in part D, which connects Kok cycle of the

S-states advancement and electron transport through PSII with the help of newly introduced intermediate S-states.

Part E Describes charge recombination between the S2-state of OEC and Q�
A.

Part F Shows slow electron transfer at the donor side of PSII; specifically, redox reaction between YD and OEC.

Rate constants

kL Rate of excited states formation.

ki Symbolic rate constant representing all processes of the excited state utilization except for the primary photochemistry

as described in part C.
kLHAHD Overall nonradiative loss of excited states in light harvesting antennas in PSII.

kPHD Nonradiative heat dissipation of excited states by P6801 (the fluorescence quenching by P6801).

kPQHD Nonradiative heat dissipation of excited states by PQ molecules (the fluorescence quenching by PQ molecules).

kUU Excited states transfer between reaction centers of PSII.

kF Fluorescence.

k
oðcÞ
1 Overall electron transfer from P680 to Pheo (the charge separation) in the open (closed) reaction centers of PSII.

k
oðcÞ
�1 Backward electron transfer from Pheo� to P6801 (the charge recombination) in open (closed) reaction centers of

PSII leading to formation of an excited state.

ko2 Electron transfer from Pheo� to QA (the charge stabilization) in open reaction centers of PSII.

kc2 Backward electron transfer from Pheo� to P6801 (nonradiative charge recombination) in closed reaction centers of

PSII leading to the ground state of P680 and Pheo.

kAB1(2) Electron transfer from Q�
A toQB ðQ�

B ).

kBA1(2) Backward electron transfer from Q�
B ðQ2�

B Þ to QA.

k(B/PQ)ex Exchange of double-reduced QB (Q2�
B ) with an oxidized PQ molecule from the PQ pool.

k(PQ/B)ex Backward exchange of reduced and protonated PQ molecule (PQH2) from the PQ pool with QB.

kPQox Overall oxidation of reduced PQ molecules (PQH2) from the PQ pool.

kPQred Overall reduction of oxidized PQ molecules from the PQ pool.

k(P/A)rec Charge recombination between P6801 and Q�
A leading to the formation of a particular excited state.

kiS0, kiS1, kiS2, kiS3 Proposed kinetics of the intermediate S-states.

k01, k12, k23, k30 Electron donation from OEC to Yox
Z during the S0 / S1, S1 / S2, S2 / S3, and S3 / S0 transitions (Kok cycle),

respectively.

k02Pred P6801 reduction by YZ in the S0 and S1 states of OEC.

k20;1Pred and k20;2Pred P6801 reduction (both rates contribute each by 50% to overall rate) by YZ in the S2 and S3 states of OEC.

k02Pox; k
20;1
Pox ; k

20;2
Pox Backward electron transfers from P680 to Yox

Z in previous reactions.

kS2QA Charge recombination of the S2Q
�
A state.

kDox1/kDox2 YD oxidation by S3/S2 state of OEC.

kDred Yox
D reduction by S0 state of OEC.

Values of the newly considered rate constants from parts D, E, and F, and rate constants from part A changed for description of cyanobacterial samples, are

listed in Table 2; the rest of the rate constants already used in our previous model (16) are listed in Table 3.
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of the S3-S0 transition. This is not only because our interme-

diate S-states are defined as [SnY
ox
Z ] (which is the same as the

S4-state previously defined (20,21)) but also because of the

value used in our model, kiSn (1.5 3 106 s�1) (which agrees

with the value of the S4-state formation from (20,21)).

We suggest that kinetics of the intermediate S-states re-

flects the relaxation process associated with changes of the

redox equilibria [P6801YZ4P680Yox
Z ]j (index j symbolizes

one state of relaxation sequence (29–30)), which stabilizes

the final product of YZ oxidation by P680
1 (i.e., Yox

Z ) through

the kinetically identifiable intermediate [SnY
ox
Z ]-state (n ¼ 0,

1, 2, 3). The [SnY
ox
Z ]-state is then transformed to YZ and the

Sn11-state, which represents the S0-S1, S1-S2, S2-S3, and

S3-S0 transitions of the Kok cycle. The presented assumption

is based on our theoretical simulations (see above) compared

with the experimental data and on the known fact that re-

laxation processes are important in the regulation of the redox

reaction kinetics of biological systems (31,32). The detailed

mechanism of the intermediate S-states associated with the

considered relaxation process is unclear to us as yet, and

further studies are required to clarify this point. However, we

speculate that the mechanism comprises a rearrangement of

the variable system of the hydrogen-bond network around

YZ, caused by phenolic proton dissociated after YZ oxidation

by P6801 (33–37).

S-state-dependency/independency of the
intermediate S-states

We have shown so far that the assumption of the intermediate

S-states led to the desired period-four oscillation in the

S-state distribution and oxygen yield. In modeling this ap-

proach, we assumed that the rate constants of the intermediate

S-states (kiSn, n ¼ 0,1,2,3; without this and Scheme 2) were

the same in each S-state, i.e., they were S-states-independent.

Even if S-state-independent kinetics lead to the quantitative

agreement with experimental data (Fig. 2), the S-state-de-

pendent kinetics of the intermediate S-state cannot be a priori

excluded, and, thus, it was also necessary to test this option.

Here it is important to note that a change of the particular

kiSn in fact results in a change of the Kok miss and double-

hit parameters in the particular S-state (see examples below).

As already described above, this is due to the fact that the

intermediate S-states characterized by kiSn compete for usage

of Yox
Z with backward electron transport from P680 to Yox

Z

characterized by rate constants k02Pox; k
20;1
Pox ; and k

20;2
Pox (Scheme

2). This backward electron transport leads to the formation of

P6801 and thus to an increased possibility of P6801Q�
A re-

combination, the main source of the misses (see Introduction).

We at first tested kinetics of the intermediate S-states that

were slightly different in the lower (S0, S1) and higher

S-states (S2, S3; kiS0¼ kiS1¼ 63 106 s�1, kiS2¼ kiS3¼ 1.13
106 s�1). This idea is related to the different behavior shown

by OEC in its higher and lower S-states (e.g., due to two

different pathways of Yox
Z reduction by the OEC (33)).

However, we found that this idea does not lead to an agree-

ment with the experimental data because of a too-low

simulated oxygen yield after the second flash (ratio of the

measured/simulated yield is ;1.56; Fig. 3, solid squares).
Therefore, we rejected this possibility, even though the fol-

lowing simulated data fit the experimental data almost

perfectly.

Another idea was to suggest high misses (i.e., a decrease of

kiSn) in only one S-state transition. Because high misses

TABLE 2 Values of the rate constants of the newly considered

reactions (in comparison to the earlier model (16)) used in the

simulations and in literature-reported values

Rate

constant Used value [s�1] Value in literature [s�1]

kL 3,333,333 Appendix

kiS0 1.5 3 106 NA

kiS1 1.5 3 106 NA

kiS2 1.5 3 106 NA

kiS3 1.5 3 106 .1 3 106 (21)

kS2QA 0.66 0.66 (25)

kDox1 1.25* (0.62) 0.62 (24)* (26)

kDox2 2.1* (0.7) 0.7 (24)* (27)

kDred 3.47 3 10�4* (1.38 3 10�3) 0.83 � 3 3 10�3 (24)* (26,27)

kAB1 10,500* (3500)y (24)*

kBA1 1050* (175)y (24)*

kAB2 5250* (1750)y (24)*

kBA2 210* (35)y (24)*

k(P/A)rec 1250* (10,000)y (28)*

Values of the rate constants, shown in parentheses, are characteristic for

higher plants. See Scheme 2 for rate constants.

*See literature references for suggested modifications of the rate constants

and for description of the cyanobacterial samples.
yThis value of the rate constant describing higher plants was used in the

earlier model (16).

FIGURE 2 Comparison of theoretical and experimental data of the

period-four oxygen oscillation induced by eight (for unsatisfactory simula-

tions) or 16 flashes. Initial conditions for simulations are the same as for

measured data (24): 3-ms flash and 500-ms dark interval between the flashes,

initially 89% of oxidized YD, 100% of OEC in the S1-state. Open circles

show experimental data redrawn from Isgandarova et al. (24). Solid circles

(kiSn¼ 1.53 106 s�1), solid (kiSn¼ 53 105 s�1) and open (kiSn¼ 2.53 106

s�1) squares, show simulations based on our introduced kinetic model of

PSII which, in addition to the intermediate S-states (Scheme 2 D), includes

the S2Q
�
A recombination, YD reduction/oxidation (Scheme 2, E and F,

respectively), and assumes 25% of QB to be initially in the Q�
B state. Values

of rate constants are listed in Tables 2 and 3. Note that solid circles

describing simulated oxygen yield after the second, third, and fifth flashes

are hidden behind the open circles.
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during the S0-S1 and S1-S2 transitions are generally unac-

ceptable (8,24), we can only consider high misses during the

S2-S3 or S3-S0 transition. In principle, both options should be

acceptable because it is known that almost any permutation

of the misses gives the same oxygen evolution (4). However,

decrease of the kiS3 and thus higher misses during the S3-S0
transition are a priori unacceptable, because the value of kiS3
. 106 s�1 is a prerequisite for agreement between simulated

and experimental data (tested for all possible combinations of

S-state dependent kinetics of the intermediate S-states; data

not shown). Therefore, we have further analyzed the concept

of high misses during the S2-S3 transition where significant

decrease of kiS2 could be explained by the accumulation of

the positive charge on the Mn cluster associated with the

structural changes of the D1 subunit of PSII in the S2-state

(39). In addition, the S2-S3 transition is the most controversial

S-state transition and themechanism of OEC oxidation in this

transition is still being discussed and explored (40). The best

agreement with experiment was obtained for the following

set of the rate constants: kiS0 ¼ 63 106 s�1, kiS1¼ 4.53 106

s�1, kiS2¼ 0.33 106 s�1, and kiS3¼ 1.53 106 s�1. From our

results (Fig. 3, solid circles), satisfactory agreement of the

theory with the experimental oxygen yield (open circles) is
obvious for the first three flashes and significant differences

between the simulated and the experimental data for the

fourth and following flashes are apparent in comparison to

the first S-state dependent option of the intermediate S-states

kinetics (solid squares). Nevertheless, S-state independent

kinetics of the intermediate S-states (Fig. 2, solid circles)
generally agrees much better with the experimental data than

the simulations based on the S-state dependent kinetics of the

intermediate S-states. However, on the basis of presented

results we accept that some S-state dependence of kinetics of

the intermediate S-states cannot be excluded but it seems

from our theoretical results that it is not necessary for the

description of the experimental data.

We note that the S-state-independent kinetics of the inter-

mediate S-states should not be connected with equal misses

during S-state transitions. It ismainly because the oxidation of

P6801 by YZ and consequently P6801Q�
A recombination,

which is thought to be the main source of the misses (see

Introduction), are S-state dependent. Also, Q�
A recombines

only with the S2-state and YD redox activity occurs only in

some of the S-states. All these reactions, considered in our

model (Scheme 2), lead to a different kinetic equilibrium

within the whole model when particular S-state is accumu-

lated, and therefore also to different misses during particular

Sn-Sn11 transitions even in the case of the S-state independent

kinetics of the intermediate S-states. Therefore, we conclude

that equal misses are highly unrealistic.

Dependence of oxygen oscillation on the high
initial reduced YD concentration

Thus far, all simulations and analyses were performed with a

100% (S-state oscillation; Fig. 1) or 89% (oxygen evolution;

Figs. 2 and 3) initial concentration of oxidized YD. Since

reduced YD can significantly influence damping of the oxy-

gen oscillation, we simulated the oxygen oscillation with

high initial concentration of reduced YD and compared it with

experimental data.

The result of our analysis is shown in Fig. 4, where sim-

ulation (solid circles) with high initial concentrations of re-

duced YD (55%) is presented, the same as in the experiment

(open circles, data from (24)). Although the simulations

qualitatively agree with the experimental data, some dis-

crepancies can be found—it is obvious that our model cannot

perfectly simulate the experimental data. Furthermore, an-

other modification of the rate constants in the model is un-

acceptable because of conflict with the simulation performed

before (Fig. 2; initially 89% of oxidized YD), which suffi-

ciently describes the experimental data, mainly the charac-

FIGURE 3 Comparison of theoretical and experimental data of the

period-four oxygen oscillation induced by 16 flashes. Initial conditions for

simulations are the same as for measured data (24) (Fig. 2). Open circles

show experimental data redrawn from Isgandarova et al. (24). Solid squares

(different kinetics of the intermediate S-states in the lower and higher

S-states) and solid circles (high misses during the S2-S3 transition) show

theoretical simulations for S-state dependent kinetics of the intermediate

S-states. Model used for simulations is the same as used for simulations of

the oscillations presented by solid circles in Fig. 2.

FIGURE 4 Comparison of theoretical and experimental data of the

period-four oxygen oscillation induced by 16 flashes. Initial conditions for

simulations are the same as for measured data (24): 3-ms flash and 500-ms

dark interval between the flashes, initially 55% of reduced YD, 100% of

OEC in the S1-state. Open circles show experimental data redrawn from

Isgandarova et al. (24). Model used for simulations presented by solid circles

(kiSn ¼ 1.53 106 s�1) is the same as used for simulations of the oscillations

presented by solid circles in Fig. 2. Solid stars show theoretical simulations

based on fivefold slowdown of the intermediate S-states (kiSn¼ 33 105 s�1)

in the presence of reduced YD.
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teristics points of oscillation, the Y2 (oxygen yield after the

second flash determines double-hits), and Y3 (oxygen yield

after the third flash determines global maximum of the os-

cillation). Therefore, another mechanism that particularly

explains the difference between simulated and experimental

Y2 in the cyanobacterial sample with the higher initial con-

centration of reduced YD should be considered.

It has been reported that the presence of reduced YD affects

the YZ to P6801 electron donation (36,41). This is probably

due to the complex changes of the redox equilibria and

electron-transfer kinetics between cofactors at the donor side

of PSII (24). Our theoretical results revealed (data not shown)

that only deceleration or acceleration of the electron transfer

from YZ to P6801 in PSII when both tyrosines (YZ and YD)

are initially reduced (41) do not provide a better simulation of

the experimental data of the oxygen oscillation. This theo-

retical result was expected because the effectivity of the

S-state transitions is, in our model, also influenced by the rate

of the intermediate S-states. However, in the real PSII, the

role of reduced YD on the kinetics of the YZ oxidation is a

consequence of yet unclear changes in the system of the

hydrogen-bond network around YZ (33–37) caused by re-

duced YD (41)—a network which, in our approach, can be

associated with intermediate S-states (see above). We there-

fore tested the consequences of the modification of the rate

constants for the intermediate S-states which, to a certain

extent, can describe broad kinetic changes at the donor side of

PSII in the presence of reduced YD. The results shown in Fig.

4 (solid stars), based on a five-times deceleration of the in-

termediate S-states (kiSn ¼ 3 3 105 s�1) in PSII with the

reduced YD, give a better description of related experimental

data (open circles in Fig. 4), especially in the Y2-Y4 (oxygen

yield after the second, third, and fourth flashes). Therefore, an

effect of the higher initial concentration of reduced YD to

oxygen oscillation reported in the literature seems to be

reasonable; our model also supports this hypothesis.

However, we note that it is not possible to simulate all

experimental data with the same model of PSII, even if we

focus only on the cyanobacteria. The main reasons are:

Lower reproducibility of the experiments (e.g., two mea-

surements with the same sample preparation, the same

measuring and subsequent fitting procedures can lead

to an almost identical oxygen yield after the second

flash (Y2) but significantly different Y3; (42,43)).

Almost no possibility of comparison with experimental

results obtained by different authors (caused, e.g., by

significant temperature-dependence of the damping of

the oxygen oscillation, different time-course of the

flash intensity).

The reason we present only one set of the oxygen oscillation

measurements is because theoretical analysis of the large

majority of the experiments must be done separately (and part

of it is possible to simulate only qualitatively). Our goal is to

introduce the assumption of the intermediate S-states and to

describe kinetics of the period-four oscillation. In our opin-

ion, it is more relevant to test the validation of our model in

other ways (see following sections).

Dependence of oxygen yield on flash frequency

An analysis of the dependence of flash-induced oxygen yield

on flash frequency is another way to test the validity of our

model and thus of the intermediate S-states, which are as-

sumed in our model. A comparison of experimental and

theoretical oxygen yields induced by a flash-train, where the

frequency of the flashes was 2 Hz, is shown in Figs. 2–4.

However, this flash frequency is too high for marked changes

of the oxygen oscillation due to the YD oxidation/reduction,

which represents the main part of the S-states deactivation at

longer timescales (i.e., lower flash frequencies), and is also

included in our model (Scheme 2 F).
Since the highest oxygen yield is after the third flash, we

calculated the oxygen yield after this flash (Y3) for a broad

range of frequencies applied in the flash-train. However, no

experimental data are yet available which could be compared

directly with our data. Therefore, for comparison, we chose

experimental data from Kok et al. (5), which represent the

rate of oxygen evolution in continuous illumination, started

1 s after the second flash fired at variable time intervals after

the first flash. The comparison of theoretical Y3 (solid circles)
with the experimental data (open circles) is presented in Fig.

5. This figure shows a clear correlation between the experi-

mental and theoretical data, and thus, a direct relation be-

tween the maximum of oxygen oscillation and the rate of

oxygen evolution is evident. Therefore, we can conclude that

the incorporation of the OEC-YD redox activities into our

model successfully enables us to simulate the oxygen-yield

independent of flash frequency.

FIGURE 5 Comparison of simulated (solid circles) oxygen yield after the

third flash (Y3) and experimentally measured rate of O2 evolution (open
circles; data redrawn from (5)) as a function of flash frequency. Model, used

here, is the same as that for simulations of the oscillations presented by solid

circles in Fig. 2. The experimental rate of oxygen evolution was measured in

continuous illumination which started 1 s after the second flash was fired at

variable time intervals after the first flash.
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We note that there are insufficient experimental data con-

cerning the changes of S-state distribution in the dark. In

addition to the known S-state decay kinetics caused by the YD

reduction/oxidation or recombination of the S2-state with Q
�
A,

there are several unprobed mechanisms such as the S2-S1
passive relaxation in the presence of reduced YD (44) or

the omitted recombinant deactivation of the S3-state (45).

Therefore, the self-consistent quantitative simulations of

oxygen evolution and S-states at any flash frequency and for

any light/dark conditions are nearly impossible at this time,

and we are primarily testing the experimental data of oxygen

yield with known or mostly estimated initial distribution of

the S-states.

The interrelationship between period-four
oscillations of chlorophyll fluorescence and
oxygen evolution

The period-four oscillation induced by the flashes was also

detected in chlorophyll fluorescence signal (46,47) which can

be used, e.g., for indirect kinetic analysis of the oxygen evo-

lution (48) or fluorescence quenching analysis (49). How-

ever, after the introduction of the intermediate S-states into

the previous model (16), any simulated flash-induced, period-

four oscillation in the fluorescence signal still did not appear

(data not shown). It was therefore necessary to add a con-

necting link between the deactivation of the S-states and

chlorophyll fluorescence to our model as suggested before

(46), because the linear four-step mechanism of the OEC

oxidation is insufficient for the explanation of the fluores-

cence oscillation (50).

There is only a speculation as to the origin of the fluo-

rescence oscillation. For example, the reversible radical pair

model of PSII, without consideration of static heterogeneity,

cannot simulate this oscillation (51). We found that, besides

the intermediate S-states, a sufficient condition for the

period-four oscillation in chlorophyll fluorescence is the

charge recombination between Q�
A and the S2 state of OEC

(Scheme 2 E) with a time constant of 1.5 s (25). We observed

(data not shown) that, for a qualitative agreement with the

experiments, it is necessary to consider 25% of QB to be

initially in the Q�
B state as suggested before (52).

Fig. 6 (solid squares) shows flash-induced period-four

oscillation in the signal of delayed fluorescence at two dif-

ferent times (100ms and 80ms) after application of the flashes

as had resulted from simulations based on ourmodel (Scheme

2). It is obvious from a comparison of the theoretical data with

the related experimental data (open squares; redrawn from

(53)) that the simulated oscillation of fluorescence at 80 ms is

in qualitative agreement (position of theminima andmaxima)

with the experimental data. Moreover, the simulated oscilla-

tion of fluorescence signal has minima after the third flash at

shorter times (100 ms) of fluorescence detection after the

flashes, but after the fourth flash at longer times (80 ms) of the

fluorescence detection after the flashes (39).

We note that the experimental data shown in the Fig. 6

(open squares) were obtained from spinach, a higher plant

where heterogeneity of PSII is well known. Therefore, for a

detailed analysis and a better agreement between simulated

and experimental fluorescence oscillation, it is necessary to

consider the heterogeneity of the acceptor side of PSII or to

measure flash-induced chlorophyll fluorescence from cya-

nobacteria where PSII may be considered as homogeneous

(presented kinetic model describes homogeneous population

of PSII). Among other things, our model cannot simulate the

empty QB pocket after a long dark adaptation (several hours)

and its effect on the binary oscillation of chlorophyll fluo-

rescence. On the other hand, our model can be used, after

some modifications, for further insight into the relationship

between thermoluminescence and delayed fluorescence period-

four oscillations (54).

All in all, the simulated fluorescence oscillations are pre-

sented here above all as an auxiliary result to check the cor-

rectness of our proposed model (the intermediate S-states

assumption). It is important to note that chlorophyll fluores-

cence is defined in our model according to its true physical

origin, as a radiative deactivation of the excited states via rate

constant of fluorescence, kF (Scheme 2 C (55,56)). Therefore,

our simultaneous simulations of oxygen and fluorescence sig-

nal canprovidemorevaluable informationabout the functionof

PSII (and in the future about the heterogeneity of PSII) and the

origin of studied phenomena than numerical models, where

chlorophyll fluorescence is assumed to reflect, e.g., Q�
A con-

centration (e.g., (52)) orfittedonly to theKokmodel (e.g., (53)).

CONCLUSIONS

We have found that the existing kinetic description of the

OEC oxidation (16) is insufficient because, thanks to the

FIGURE 6 Comparison of theoretical and experimental data of oscillation

of delayed chlorophyll fluorescence emission induced by 16 flashes. Initial

conditions for simulations are the same as for measured data (53): assumption

of 5-min dark adaptation (25% of OEC in the S0-state and 75% of OEC in the

S1-state), 3-ms flash and 630-ms dark interval between the flashes. Open

squares show experimental data redrawn from Delrieu and Rosengard (53).

Solid squares show theoretical simulations based on our model (Scheme 2).
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backward electron transport in reaction P6801YZ4P680Yox
Z

and relatively slow S-state transitions, P6801 is accumulated,

which leads to excessive P6801Q�
A recombination in the

kinetic model of PSII. As a result, the very high misses were

obtained and it was not possible to simulate the period-four

oscillation of the S-state distribution. We have shown that to

shift the equilibrium in the above reaction more to the right, it

is essential to consider an additional kinetic step as the initial

phase of each of the Sn-Sn11 (n¼ 0, 1, 2, 3) transitions. These

steps, [SnY
ox
Z ]-states (n ¼ 0, 1, 2, 3) named the intermediate

S-states, are formed with rate constant kiSn ; 1.5 3 106 s�1.

The [SnY
ox
Z ]-state is then transformed to YZ and the Sn11-

state, which represents the S-state transitions of the Kok

cycle. We suggest that kinetics of the intermediate S-states,

which was determined from comparison of theoretical pre-

dictions with experimental data, reflects a relaxation process

associated with changes of the redox equilibrium in the re-

action P6801YZ4P680Yox
Z . We speculate that the relaxa-

tion process comprises a rearrangement of the variable

system of the hydrogen-bond network around YZ caused by

phenolic proton dissociated after YZ oxidation by P6801

(33–37).

By consideration of the intermediate S-states in the model,

we determined the conditions for in silico S-state oscillation

and we have shown that the proposed kinetic model of PSII

successfully describes flash-induced, period-four damped

oscillations of oxygen evolution and partially also of chlo-

rophyll fluorescence.

The oxygen oscillation is simulated without the Kok miss

and double-hit parameters, as defined by Kok et al. (5), if the

intermediate S-states are assumed. Moreover, the kinetics of

the intermediate S-states regulate the appearance and the

damping of the oxygen oscillation caused by secondary re-

actions and influenced by the duration of the flashes; i.e., the

intermediate S-states are not the source of the misses or the

double-hits. Further, several consequences resulting from our

assumption of the intermediate S-states to the oxygen evo-

lution were successfully tested in this article. In the future, we

will incorporate PSII heterogeneity into the model to improve

agreement between theoretical and experimental data, espe-

cially of the period-four fluorescence oscillation and for de-

scription of oxygen oscillation from higher plants.

APPENDIX: MODEL DESCRIPTION

The model proposed here is a kinetic model of the PSII and is derived from a

model used for simulation of the chlorophyll fluorescence rise (16). A

scheme of the model used in this work for simulations, as presented in Figs.

2–6, is shown in Scheme 2. This is divided into several parts: the main

reaction scheme (Scheme 2 A); the exchange of a PQ molecule in the QB

pocket (Scheme 2 B); pathways of deactivation for the excited state (Scheme

2 C); the donor side of PSII (Scheme 2 D); the recombination link between

the acceptor and the donor side of PSII (Scheme 2 E); and the tyrosine D

redox reactions (Scheme 2 F). The newly defined or changed rate constants

with respect to the earlier model (16) are listed in Table 2. Values for the rate

constants already used in the earlier model (16) are listed in Table 3. The

earlier model (16), which was used for one simulation as presented in Fig. 1,

does not consider Scheme 2, E and F, and the intermediate S-states of

Scheme 2 D, i.e., a particular Sn-state is transformed to an Sn11 state directly

without going through a particular intermediate S-state (see also below).

The main modification with respect to the earlier model (16), and also a

keystone of our results, is the kinetic description of the donor side function in

the model (Scheme 2D). It is described in more detail now: P6801 formed by

the charge separation is reduced by YZ leading to formation of P680 and Yox
Z .

Kinetics of P6801 reduction by YZ is monophasic in the S0- and S1-states

(rate constant k02Pred ¼ 5 3 107 s�1 (22,57)) and biphasic in the S2- and

S3-states (rate constants k
20;1
Pred ¼ 23 107 s�1 and k20;2Pred ¼ 3.63 106 s�1; both

rates contribute 50% to the overall rate (22,57)). The reduction of P6801 by

YZ is reversible and the backward reaction keeps the same rules for mono-

and biphasicity as for the forward reactions (for values of k02Pox; k
20;1
Pox ; and

k20;2Pox , see Table 3). Yox
Z resulted from the reduction of P6801, then with a

particular Sn-state forms a particular intermediate [SnY
ox
Z ]-state (n ¼ 0, 1, 2,

3). This state reflects a relaxation process associated with changes of the

redox equilibria [P6801 YZ 4 P680 Yox
Z ]j (index j symbolizes one state of

relaxation sequence (21,22), which stabilizes the final product of YZ

oxidation by P6801, i.e., Yox
Z ). After relaxation, the [SnY

ox
Z ]-state is then

transformed to YZ and the Sn11-state, which represents the Kok cycle

described by rate constants k01, k12, k23, and k30 (Table 3). Comparison

between experimental and simulated data supports the S-state independent

rate constant of the intermediate S-states, kiSn ¼ 1.5 3 106 s�1.

We note that the model used here is based on the original model (16),

which assumed that the primary electron donor in PSII is P680. Although

accessory-chlorophyll Chlacc D1 (placed between P680 and Pheo) was

recently identified as the primary electron donor in PSII (58,59), for

simplicity’s sake in our model, we considered P680 to be the primary

electron donor in PSII.

We note that, in addition to the fast nanosecond P6801 decay through

nonradiative charge recombination in the closed reaction centers of PSII

(kc2 ¼ 1/(1 ns)), through radiative charge recombination in the closed reaction

TABLE 3 Values of the rate constants of the reactions

considered in the earlier model (16), and also used in

our model (Scheme 2)

Rate constant Used value [s�1]

kF 6.7 3 107

kLHAHD 5 3 108

kPHD 1 3 109

kPQHD 5.6 3 107

kUU 1 3 109

ko1 3 3 109

ko�1 3 3 108

ko2 2.3 3 109

kc1 4.8 3 108

kc�1 3.4 3 108

kc2 1 3 109

k02Pred 5 3 107

k20;1Pred 2 3 107

k20;2Pred 3.6 3 106

k02Pox 1.7 3 106

k20;1Pox 6.7 3 106

k20;2Pox 1.2 3 106

k01 20,000

k12 10,000

k23 3330

k30 1000

k(B/PQ)ex 250

k(PQ/B)ex 250

kPQox 10

kPQred 10
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centers of PSII (kc�1 ¼ 1/(2.9 ns)), and through radiative charge recombina-

tion in the open reaction centers of PSII (ko�1 ¼ 1/(3.3 ns)), our model also

explicitly includes P6801 decay with time constants of 20 ns, 50 ns, 278 ns,

and 100 ms. The first three time-constants reflect P6801 reduction by YZ

(k02Pred; k
20;1
Pred; and k

20;2
Pred), and the microsecond kinetics are due to P6801Q�

A

recombination (k(P/A)rec) (Scheme 2 A and Table 3). We also have shown that

microsecond reduction of P6801 does not induce or remarkably influence the

period-four oscillation associated with the OEC oxidation.

All reversible/irreversible monomolecular/bimolecular reactions entered

into the model are assumed to be first-order reactions with respect to one

reactant and are defined as mass action reactions. For illustration, if

monomolecular reversible mass action reaction between substrate A and

product B (e.g., (L-P)*HAB 4 L-P1H�AB; Scheme 2 A)) is considered

with forward (kf) and backward (kb) rate constants, the overall rate of reaction

is v ¼ kf[A](t) – kb[B](t). The overall rate of several mass action reactions is

dependent on the concentration of certain modifiers (P6801/P680 reduction/

oxidation by YZ depends on the S-state of the OEC; the quenching of the

excited states by oxidized PQ pool and P6801 depends on a concentration of

oxidized PQ molecules and P6801 (16)).

The excitation of L-P is defined in themodel by the rate constant kL, which

was 3,333,333 s�1 for simulating 3-ms saturation flashes (this value resulted

from a condition of 100% concentration of P6801 in the model with inhibited

OEC, at the end of a 3-ms flash, after dark adaptation). The successful simu-

lation of experimental data (Figs. 2–6) show that consideration of the residual

light intensity (tail), normal for a xenon flash lamp, is not a prerequisite for

quantitative agreement between the simulation and the experimental results.

The oxygen signal in the model is defined as a maximum of the con-

centration of the intermediate S-state during the S3-S0 transition (Scheme

2 D) because oxygen is released during the S3-S0 transition and the [S3Y
ox
Z ]-

state is the last state in the transition in our model. The fluorescence signal is

defined as a radiative deactivation via rate constant kF (Scheme 2 C) of the

sum of all excited states considered in the model (Scheme 2 A). The

contribution of photosystem I fluorescence to the total fluorescence signal is

neglected in our model.

In our theoretical approach we use theoretical simulations and not fitting.

In the simulations, we fixed values of all model parameters (initial concen-

trations and values of rate constants) to values known from literature and

followed the resulting simulations, which we have compared with experi-

mental data. In the fitting, the model parameters are fitted to obtain the best

agreement between theoretical and experimental data. However, in the fitting

a change in one model parameter can be greatly compensated by a change in

another model parameter (55), especially in such a complex model as

presented here. Moreover, the best fit of the model parameters does not

necessarily mean that the values of the fitted model parameters have correct

physiological values (60). Further, in simulations of biological systems,

which are usually very complex (as is our system) and hard to describe

comprehensively and correctly, a qualitative agreement between theory and

experiment is sufficient goal, in comparison to technical systems which can

easily be correctly described and where a quantitative agreement is required

between theory and experiments.
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