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ABSTRACT Flash-induced oxygen evolution in higher plants, algae, and cyanobacteria exhibits damped period-four
oscillations. To explain such oscillations, Kok suggested a simple phenomenological S-state model, in which damping is due to
empirical misses and double-hits. Here we developed an analytical solution for the extended Kok model that includes misses,
double-hits, inactivation, and backward-transitions. The solution of the classic Kok model (with misses and double-hits only) can
be obtained as a particular case of this solution. Simple equations describing the flash-number dependence of individual
S-states and oxygen evolution in both cases are almost identical and, therefore, the classic Kok model does not have a
significant advantage in its simplicity over the extended version considered in this article. Developed equations significantly
simplify the fitting of experimental data via standard nonlinear regression analysis and make unnecessary the use of many
previously developed methods for finding parameters of the model. The extended Kok model considered here can provide
additional insight into the effect of dark relaxation between flashes and inactivation.

INTRODUCTION

Photosystem II (PSII) is the membrane-protein complex of

higher plants, algae, and cyanobacteria, which uses the energy

of light to oxidize water (with release of oxygen and protons)

and reduce plastoquinone (with uptake of protons). PSII is the

main source of the oxygen on the Earth, and is also implicated

in the primary production of biomass in the biosphere. The

complex multisubunit structure of PSII is needed to couple

together the capture of light energy, oxidation of water,

reduction of plastoquinone, and formation of a transmem-

brane proton gradient (reviewed in Cramer and Knaff, 1990;

Debus, 1992; Diner and Babcock, 1996; Ke, 2001; Blanken-

ship, 2002; Renger, 2003, 2004; Ferreira et al., 2004).

Photoactivation of dark-adapted PSII by a series of single-

turnover flashes leads to period-four oscillations (Fig. 1) in

the oxygen evolution (Joliot et al., 1969, 1971; Kok et al.,

1970; Forbush et al., 1971). Several phenomenological

models were proposed to explain such oscillations (see e.g.,

Joliot et al., 1969; Mar and Govindjee, 1972), but the only

model suggested by Kok and coauthors (Kok et al., 1970;

Forbush et al., 1971) withstood the test of time. According to

oxygen evolution occurs in independent units called oxygen-

evolving complexes (OEC). In the model (Fig. 2), four light-

activation steps are needed for complete cycle of reactions

leading to O2 evolution. Five formal states of PSII (S0, S1, S2,
S3, and S4) were introduced to describe observed oscillations
of oxygen evolution. According to the model, the oxygen

evolution occurs during the S4/S0 transition. It was

suggested that damping of oscillations in O2 yields is due

to the presence of misses (i.e., zero-step advances, a) and
double-hits (i.e., double-step advances, b).
Double-hits are mostly due to actual double PSII turnovers

during a long flash and can be reduced significantly by the use

of laser activation (Weiss and Sauer, 1970; Joliot et al., 1971;

Joliot and Kok, 1975). Because electron transfer from QA to

non-heme iron is significantly faster than electron transfer

from primary (QA) to secondary (QB) acceptor quinones

(Diner and Petrouleas, 1987), and re-reduction of P680 by

YZ is very fast (reviewed in Ke, 2001), the double-hit could

be observed when non-heme iron is oxidized before the

flash. Indeed, Jursinic (1981) found that the incubation of

chloroplasts with ferricyanide leads to threefold increase of

double-hits induced by 3-ms xenon flashes. In addition, the

double-hits in the laser or short xenon flash-induced O2

evolution can arise not because there is double turnover of

reaction centers (RC), but because of the application of the

oversimplified model of oxygen evolution. Indeed, if one

introduces extra parameters in the model such as initial

conditions (Delrieu and Rosengard, 1991), or unequal misses

(Delrieu, 1983; Naber, 1989), the double-hit usually

decreases. The artificial appearance of double-hits during

application of the simple Kok model can be illustrated by

fitting theoretical curves generated with zero double-hits

(Shinkarev, 2005).

Misses can originate from different sources. Some RCs are

inactive at the time of the saturating flash, due to the presence

of either oxidized primary donor, P6801, or reduced primary

quinone, Q�
A ; as determined by the electron transfer

(quasi)equilibria on the donor and acceptor sides of the RC

(see e.g., Shinkarev and Wraight, 1993a). Misses may also

arise from the rapid P1Q�
A charge recombination, which can
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partially compete with the forward electron transfer reactions

(Joliot and Kok, 1975; Shinkarev and Wraight, 1993b; de

Wijn and van Gorkom, 2002). Some misses can also

originate from the reduction of S-states by YD in the dark

interval between flashes (Babcock and Sauer, 1973). Delrieu

(1974) and Etienne (1974) suggested that misses could

reflect equilibrium between active and inactive forms of

PSII. Lemasson and Etienne (1975) pointed out that the dark

relaxation between flashes can also attribute to the observed

misses. Lavorel and Lemasson (1976) indicated that some

misses could have a nonphotochemical character. Frequently

the source of misses is more trivial and is due to the absence

of light saturation.

Current understanding of miss origination indicates that

they should be S-state-dependent (see e.g., Delrieu, 1974,

1983; Lavorel, 1976; Bouges-Bocquet, 1980; Renger and

Hanssum, 1988; Shinkarev and Wraight, 1993a,b; de Wijn

and van Gorkom, 2002; Shinkarev, 2005). Calculation of

misses using known or estimated values of the rate and

equilibrium constants at the donor and acceptor sides of PSII

demonstrated unambiguously that misses are different for

eachflash-inducedtransition(ShinkarevandWraight,1993a,b).

Investigators de Wijn and van Gorkom (2002) reached a

similar conclusion by analyzing the kinetics of chlorophyll

a fluorescence yield transients induced by a flash series.

The majority of researchers agree that misses should be

S-state-dependent. Despite that, equal miss and double-hit

probabilities are predominantly used during analysis of

oxygen evolution (reviewed in Shinkarev, 2005). There are

at least two reasons for this. First, it was found that equal

misses and double-hits provide a satisfactory fitting of

experimental points (Kok et al., 1970; Thibault, 1978;

Messinger and Renger, 1994). Similarly, model curves with

unequal misses can be approximated nicely by themodel with

equal misses (Shinkarev, 2005). The second reason is more

fundamental, and results from the fact that finding the

transition probabilities and initial states from the oxygen

evolution is an underdetermined problem (Lavorel, 1976;

Meunier et al., 1996). As a result, the measured oxygen

evolution could not be used for finding all unknown transition

probabilities. The situation can be resolved only in the case

where transition probabilities satisfy some restrictions. The

simplest of such restrictions is the suggestion of equal misses

and double-hits. In this case these transition probabilities can

be restored from the measured oxygen evolution sequences.

To fit the observed O2 evolution pattern, Kok et al. (1970)

assumed that, after prolonged dark adaptation, only S0 (�20–

30%) and S1 (�80–70%) states are accumulated. There are at

least two explanations for the apparent ratio of S0 and S1 found
in experiments. The first explanation (which is currently

obsolete) was originally suggested by Kok et al. (1970), and

assumes equilibrium between S0 and S1. The second explana-
tion (Velthuys and Visser, 1975; Vermaas et al., 1984) as-

sumes that, in the dark, only the S1 state is stable, and that

the S0 state is apparent only due to the presence of an electron
donor, which reduces the S-states between flashes.

Only state S1 is stable in the dark. All other states

deactivated back to S1 (Joliot and Kok, 1975). S2 and S3
states can be reduced by Yred

D (Babcock and Sauer, 1973;

Velthuys and Visser, 1975; Vermaas et al., 1984; Styring and

Rutherford, 1987), acceptor quinones (Radmer and Kok,

1973; Diner, 1977; Rutherford et al., 1982; Robinson and

Crofts, 1983), or cyt b559 (Buser et al., 1992). It was also

shown that Yox
D could oxidize S0 to S1 in a pH-dependent

manner (Plijter et al., 1986; Vass and Styring, 1991;

Messinger and Renger, 1994).

Small exogenous reductants like hydrazine and hydrox-

ylamine can generate additional super-reduced S-states (S�1,

S�2, and S�3) of the OEC (Bouges, 1971; Messinger et al.,

1991, 1997). It has been also noticed that formal introduction

of the S�1 state, even in the absence of exogenous reductants,

frequently improves the fitting of observed O2 evolution

sequences (Bader et al., 1983; Messinger et al., 1993;

Meunier et al., 1996; Isgandarova et al., 2003). However, in

the latter case it is not clear if other extensions of the classic

FIGURE 1 Flash-induced O2 evolution in spinach chloroplasts published

by Forbush et al. (1971). Original data were independently digitized twice,

averaged, and normalized.

FIGURE 2 The Kok model of O2 evolution, consisting of four stable

states (S0, . . ., S3) and one transient state (S4). The dashed arrows indicate

dark relaxation of S-states.
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Kok model, such as S-state or flash-number dependence of

misses, could provide similar improvement of the fitting

(Isgandarova et al., 2003).

Over the years, many different extensions of the original

Kok model have been proposed to explain different aspects

of oxygen evolution. These include the introduction of

additional states (see e.g., Bouges, 1971; Messinger et al.,

1997; Isgandarova et al., 2003); additional transition proba-

bilities (DelrieuandRosengard,1987;Meunier,1993);oreven

an additional S-state cycle (Shinkarev and Wraight, 1993a).

The dependence of transition probabilities on the S-state
(Delrieu, 1974; Shinkarev and Wraight, 1993a,b), on flash-

number (Meunier and Popovic, 1989), or upon relaxation be-

tween flashes (Joliot and Kok, 1975; Meunier et al., 1996),

were also frequently considered.

Delrieu and Rosengard (1987) suggested that the classic

Kok model should be extended to include flash-induced in-

activation of the PSII, which is frequently observed experi-

mentally (see e.g.,Delrieu et al., 1985;Delrieu andRosengard,

1987;Messinger et al., 1997). It is believed thatmanydifferent

factors are contributing to the observed effect, including the

reduction of acceptor quinones influenced by the negative

potential of the bare Pt-electrode andby electron balancingbe-

tween photosystems.

In addition tomisses and double-hits, Packham et al. (1988)

introduced backward-transitions (double-misses), which

could reflect dark relaxation of S-states between flashes (see

e.g., Packham et al., 1988; Meunier, 1993; Meunier et al.,

1996; Quigg et al., 2003).

Many advanced and frequently complicated procedures

were developed and used previously to estimate values of

parameters of different Kok models (see e.g., Delrieu, 1974;

Lavorel, 1976; Beckwith and Jursinic, 1982; Lavergne, 1987,

1991; Messinger et al., 1991; Meunier, 1993; Meunier et al.,

1996; Isgandarova et al., 2003). These numerical procedures

are especially useful for the analysis of the extended S-state
models (see e.g., Meunier et al., 1996; Isgandarova et al.,

2003), which include additional S-states, additional transition
probabilities, or relaxation betweenflashes, forwhich a simple

analytical solution is not yet known. However, in the case of

the classicKokmodel, it is significantly easier to use a recently

found, simple solution (Shinkarev, 2003).

In this article we obtain an analytical solution for the

extended Kok model (four S-states, one inactive state, a miss,

a double-hit, a backward-transition, and an inactivation).

Developedequationssignificantlysimplifythefittingofexperi-

mental data via standard nonlinear regression analysis.

RESULTS

Analytical solution for the extended
Kok model with inactivation and
backward-transitions incorporated

In the classic Kok model, four formal stable states with

a differing number of oxidizing equivalents, S0, S1, S2, and

S3, are used to describe observed oscillations of oxygen

evolution (Kok et al., 1970). In addition to that we will

assume the presence of an inactive stable state of OEC, i.e.,

Sin (Delrieu and Rosengard, 1987). Kok originally suggested
that, for each S-state, the flash could induce only three transi-
tions: miss (zero-step advance, a); hit (one-step advance, g);
and double-hit (two-step advance, b)—only two of which

are independent. In the extended Kok model considered here

we will assume also that each flash can induce inactivation of

the PSII with probability e, and can induce the backward-

transition (Packham et al., 1988) with probability d. Fig. 3
shows the transition probabilities in the classic (A) and in the
extended (B) Kok models.

Lavorel (1976) noticed that the Kok model is a classic

Markov chain (see e.g., Feller, 1968). In this model, flash-

induced transitions between discrete states of an oxygen-

evolving complex are described by taking into account all

possible transitions of the given state after one flash. The

matrix of one-step transition probabilities describes these

possible transitions. As a result, the time evolution of the

Markov chain could be described via the initial state of the

chain and the one-step transition probabilities. The matrix of

one-step transition probabilities for the extended Kok model

can be presented in the form

M ¼

a g b d e
d a g b e
b d a g e
g b d a e
0 0 0 0 1

8>>>><
>>>>:

9>>>>=
>>>>;
: (1)

Here each element mij of the matrix M is the probability of

transition between states Si�1 and Sj�1 (i,j# 4). The inactive

state, Sin, is the fifth state. For each row the sum of transition

probabilities should be equal to 1, so we assume that a 1 b
1 g 1 d 1 e ¼ 1. We use here traditional notations for

FIGURE 3 Flash-induced transitions for S-states in the classic (A) and

extended (B) Kok models of O2 evolution. For simplicity, only transitions

for S2 are shown. The classic Kok model (A) has four stable states, whereas
the extended Kok model (B) has five stable states, one of which (Sin) is an

inactive state of OEC.
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transition probabilities—namely, a for miss, g for hit, b for

double-hit, d for backward-transition, and e for inactivation.
Note that these notations are different from those of

Shinkarev (2003), who used alphabetical ordering of tran-

sition probabilities (a for miss, b for hit, and c for double-hit).
We also use here a new notation for the matrix of one-step

transition probabilities. The previously used notation (Q) is
replaced here by M to avoid confusion with notation for ac-

ceptor quinones. Other than that, the procedure of obtaining

the solution of the extended Kok model is quite similar to

that used previously for the classic Kok model and is

repeated here briefly.

Let s(n) ¼ (s0(n), s1(n), s2(n), s3(n), sin(n)) be the row-

vector of probabilities of S-states, where si(n) is the prob-

ability to find the OEC of PSII in the Si state (i ¼ 0,1,2,3), or

in the inactive state Sin, sin(n), after the nth flash (n ¼ 0,1,

2,. . .). For n ¼ 0 row vector, s(0) ¼ (s0(0), s1(0), s2(0), s3(0),
sin(0)) [ (s0, s1, s2, s3, sin) describes initial (before-the-first-
flash) conditions. The probabilities of individual S-states
after the nth flash can be found by application of a matrix

M of one-step transition probabilities to a row-vector of

probabilities of S-states after n�1 flash,

sðnÞ ¼ sðn� 1ÞM: (2)

Frequently Eq. 2 is written via column-vectors, s(n)T ¼
MTs(n�1)T (see e.g., Delrieu, 1974; Lavorel, 1976; Mes-

singer et al., 1991; Isgandarova et al., 2003). We still prefer

the form of Eq. 2 because in this case matrix M has direct

probabilistic interpretation, namely each element mij of the

matrix M is the probability of transition between states i and
j.
The probability for OEC to be in a certain state after the

nth flash is given by the respective component of the vector

s(n) ¼ (s0(n), s1(n), s2(n), s3(n), sin(n)), which can be evalu-

ated by iterating Eq. 2, as

sðnÞ ¼ sð0ÞMn
: (3)

The matrix M can be diagonalized with matrix U, such that

M ¼ ULU
�1
; (4)

where L is the diagonal matrix with eigenvalues of matrix

M as

l1 ¼ a1 g1b1 d ¼ 1� e# 1;

l2 ¼ a� g1b� d;

l3 ¼ a� b1 iðg � dÞ ¼ re
iu
;

l4 ¼ a� b� iðg � dÞ ¼ re
�iu

;

l5 ¼ 1: (5)

Here a, g, b, and d are miss, hit, double-hit, and backward-
transition, respectively; e is the probability of inactivation;

r¼ [(a�b)21 (g�d)2]1/2; andu¼ arcsin((g�d)/r), i2¼�1.

Thus, Eq. 3 can be written as

pðnÞ ¼ pð0ÞPn ¼ pð0ÞUL
n
U

�1
: (6)

This gives us the possibility to calculate the probabilities

(fractions) of individual S-states as a function of the flash-

number for the extended Kok model with inactivation and

backward-transitions,

4s0ðnÞ ¼ ð1� eÞn 1 zmn 1 2rnðxcosðnuÞ1 ysinðnuÞÞ
4s1ðnÞ ¼ ð1� eÞn � zm

n 1 2r
nð�ycosðnuÞ1 xsinðnuÞÞ

4s2ðnÞ ¼ ð1� eÞn 1 zm
n 1 2r

nð�xcosðnuÞ � ysinðnuÞÞ
4s3ðnÞ ¼ ð1� eÞn � zm

n 1 2r
nðycosðnuÞ � xsinðnuÞÞ

sinðnÞ ¼ 1� ð1� eÞn; (7)

where m [ a�g 1 b�d; r [ [(a�b)2 1 (g�d)2]1/2; u [
arcsin((g�d)/r); n is the number of flashes; si ¼ si(0) are
initial conditions for Si; x[ s0�s2; y[ s3�s1; and z[ s0�s1
1 s2�s3.
Equation 7 for the flash-number dependence of individual

S-states for arbitrary initial conditions takes the following

form in the case of the classic Kokmodel with zero backward-

transitions (d ¼ 0) and zero inactivation (e ¼ 0),

4s0ðnÞ ¼ 11 zmn

k 1 2rnKðxcosðnukÞ1 ysinðnukÞÞ
4s1ðnÞ ¼ 1� zm

n

k 1 2r
n

Kð�ycosðnukÞ1 xsinðnukÞÞ
4s2ðnÞ ¼ 11 zm

n

k 1 2r
n

Kð�xcosðnukÞ � ysinðnukÞÞ
4s3ðnÞ ¼ 1� zm

n

k 1 2r
n

KðycosðnukÞ � xsinðnukÞÞ; (8)

where mK ¼ a�g 1 b¼ 1�2g; rK ¼ [(a�b)2 1 g2]1/2; and
uK ¼ arcsin(g/rK). All other parameters are as in Eq. 7.

Thus, we see that there is no significant difference in

general expression for flash-number dependence of indi-

vidual S-states in the original (classic) Kok model (Eq. 8)

and in the extended Kok model (Eq. 7)—although the latter

can take into account two additional parameters, which

reflects the inactivation and relaxation between flashes.

Equation 8 is identical to that obtained by Shinkarev (2003),

but was written here using traditional notations for transition

probabilities and simplified notations for probabilities

(fractions) of S-states and other terms.

Oxygen evolution by PSII after the nth flash is determined

by probabilities of S-states after the n�1 flash,

YðnÞ ¼ s3ðn� 1Þ3ðhit1 double hitÞ1 s2ðn� 1Þ
3double hit ¼ ðg1bÞs3ðn� 1Þ1bs2ðn� 1Þ: (9)

Binary oscillations of semiquinone in PSII and
release of electrons from PSII

In the case of the classic Kok model, the equation for

behavior of the acceptor side of PSII can be obtained by

summing the solutions for the respective S-states (Shinkarev,
1996, 2003). A similar result is valid for the extended Kok

The Extended S-State Model 415
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model considered here. For example, by adding p0 and p2
from Eq. 7, one can obtain the equation for binary oscilla-

tions of Q�
B as a function of flash-number, n,

Q
�
BðnÞ ¼ s0ðnÞ1 s2ðnÞ ¼ ½ð1� eÞn 1 zm

n�=2; (10)

where e is inactivation factor; a is miss; b is double-hit; g is

the hit; d is the backward-transition m [ a�g 1 b�d; and
z [ s0�s1 1 s2�s3.
Usually hit, g, is close to 1, whereas miss, a, and double-

hit, b, are closer to 0. As a result, the term m ¼ a�g 1 b�d
is negative. In this case mn is positive for each even n, and
is negative for each odd n. This alternating adding and

subtracting ofmn in Eq. 10 is the source of binary oscillations.

The amplitude of these binary oscillations is modulated by

initial conditions for S-states, z [ s0�s1 1 s2�s3.
The determined flash-number dependence of semiquinone

allows one to estimate the release of reducing equivalents

from the acceptor side of PSII and periodic activation of the

b6f complex by plastoquinol. The amount of plastoquinol

formed in PSII immediately after the nth flash is proportional
to the semiquinone formed by the previous flash.

Analysis of model data with the classic and
extended Kok models

To check the applicability of Eqs. 7 and 9 for parameter

estimation we synthesized the extended Kok model curve for

oxygen yields with the following parameters: n ¼ 20; a ¼
0.1; b ¼ 0.03; d ¼ 0.02; e ¼ 0.01; s0 ¼ 0.23; s1 ¼ 0.7; s2 ¼
0.02; and s3 ¼ 0.05, and added 1% or 5% random noise to it.

Parameters were estimated by using the nonlinear least-

squares curve fitter provided in Origin 6.1 software (Origin-

Labs, Northampton, MA). The advantage of this fitter and

other analogous fitters is the possibility of estimation of

standard errors for individual parameters. The other

advantage is the ability to use any data points of the curve

to find parameters during the fitting procedure. The

application of nonlinear regression analysis to the model

curve with 1% noise gave parameter values that were almost

identical to those of the original curve, namely: a ¼ 0.1 6
0.002; b ¼ 0.03 6 0.002; d ¼ 0.018 6 0.002; e ¼ 0.01 6
0.001; s0¼ 0.236 0.004; s1¼ 0.76 0.01; and s2¼ 0.0176
0.003. Similarly, the model curve with 5% random noise

gave the following parameters: a ¼ 0.11 6 0.01; b ¼ 0.030

6 0.005; d ¼ 0.016 6 0.005; e ¼ 0.009 6 0.001; s0 ¼ 0.21

6 0.02; s1 ¼ 0.69 6 0.02; and s2 ¼ 0.05 6 0.02. We

conclude that the nonlinear regression analysis provides rea-

sonable values for all unknown parameters of the extended

Kok model, even with a 5% noise level.

When the same curve with a 5% noise level was analyzed

using the classic Kok model, we obtained the following

parameters: a ¼ 0.146 0.01; b ¼ 0.046 0.01; s0 ¼ 0.136
0.04; s1 ¼ 0.79 6 0.05; and s2 ¼ 0.014 6 0.031. The data

illustrate that if a model does not have some parameters (here

we disregarded inactivation and backward-transitions), the

artificial values could be assigned during the fitting pro-

cedure to included parameters to compensate for the effects

of those absent. In this particular case, larger values of miss
(0.14 instead of 0.1) and double-hit (0.04 instead of 0.03), as
well as redistribution of initial conditions for S-states, are
needed to compensate for the absence of e and d.

Analysis of experimental data with the classic
and extended Kok models

Simultaneous analysis of all data points

Table 1 shows the parameters of the classic and extended

Kok models determined from the data of Forbush et al.

(1971) shown in Fig. 1. The extended Kok model gave

smaller values for misses and double-hits in the studied data

set. The inactivation parameter was significantly less than

double-hit, whereas the value of backward-transition was

similar to that of double-hit. The classic and extended Kok

models gave similar values of initial conditions for S-states.
During the fitting procedure it was assumed that all initial

conditions are non-negative.

From comparison of data presented in Table 1 we

conclude that the application of the extended model gives

results close, but not identical, to those of the classic Kok

model.

Analysis of flash-number dependence using moving
window of 10 flashes

Fig. 4 shows the results of fitting of data of Forbush et al.

(1971) using either the classic Kok model (Fig. 4, A–C) or
the extended Kok model (Fig. 4, D–F) determined from 10

consecutive flashes. The classic and the extended Kok

models gave almost identical parameters when determined

from flashes 2–11, 3–12, etc. The main difference is ob-

served for parameters determined for flashes 1–10.

The initial value for S1 is decreasing steadily whereas the

initial value for S0 slightly increases. The initial condition for
S2 is close to 0 for all flashes. The initial state for S3 increases

TABLE 1 Parameters of the classic and extended Kok model

determined for the data of Forbush et al. (1971) shown in Fig. 1

Model

Classic

(Eqs. 8 and 9)

Extended

(Eqs. 7 and 9)

Flashes used 1–24 1–24

Miss, a 0.084 6 0.003 0.072 6 0.004

Double-hit, b 0.028 6 0.002 0.018 6 0.004

Inactivation, e — �0.001 6 0.001

Backward-transition, d — 0.013 6 0.004

Initial condition for S0 0.25 6 0.02 0.26 6 0.01

Initial condition for S1 0.73 6 0.02 0.72 6 0.02

Initial condition for S2 0 0.01 6 0.01

Initial condition for S3 ;0.02* ;0.01*

Error (reduced x-square) 0.00026 0.00015

*Calculated as (1 � e)n �s0 � s1�s2.
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after the initial flash and stays at ;6% thereafter. Non-zero

values of initial conditions for S3 were reported previously

(see e.g., Bader et al., 1983; Burda and Schmid, 2001).

When first-flash is included into calculations, the fitting

error is almost one order-of-magnitude larger than when it is

excluded from the analysis.

DISCUSSION

The extended Kok model

Many different extensions of the original Kok model were

suggested over the years to explain particular experiments.

These include introduction of additional states (Bouges,

1971; Messinger et al., 1993; 1997; Meunier et al., 1996;

Isgandarova et al., 2003); flash-induced inactivation of

reaction centers (Delrieu and Rosengard, 1987, 1988;

Messinger et al., 1997); backward-transitions (Packham

et al., 1988; Meunier, 1993; Meunier et al., 1996; Quigg

et al., 2003); and others. Here we considered only extension

of the Kok model, which includes inactivation and back-

ward-transitions. This satisfied the need to keep a reasonable

balance between the simplicity of the solution and the

number of parameters and states to be analyzed.

The significant advantage of the model developed here is

its close identity with the classic Kok model (Kok et al.,

1970), wherein both extra parameters, d (backward-transi-

tion) and e (inactivation), are set to 0. Simple equations

describing the flash-number dependence of individual

S-states and oxygen evolution in both cases are almost

identical, meaning that the classic Kok model does not offer

a significant advantage in simplicity over the extended Kok

model that is used here. At the same time, the extended

model also allows us to determine inactivation and back-

ward-transitions if they play some role in a particular case.

In some sense, one can consider the solution developed

here as an analog of application of the Michaelis-Menten

equation to the enzyme catalysis. Both of these equations are

wrong in most actual cases but, nevertheless, they are the

simplest models available and should be the standard models

used for the analysis of experimental data, unless experi-

ments indicate otherwise.

The inactivation parameter in the extended
Kok model

The extended Kok model considered here allows extracting

information about the parameter, e, which can be interpreted

as the fraction of centers inactivated after each flash of the

series. This parameter is directly connected to the parameter

z, introduced by Delrieu and Rosengard (1987, 1988), which
characterizes the fraction of centers remaining active in

oxygen evolution after each flash of the series (e ¼ 1�z).
According to Delrieu and Rosengard (1987), the value of

e ¼ 1�z depends on the flash intensity and sample type, and

in many cases is larger than double-hit.

Unexpectedly, our analysis presented in Fig. 4 revealed

that, in the case of the data of Forbush et al. (1971), the

inactivation is insignificant and is less than double-hit. The

small inactivation in this particular case is possibly due to

a modulated detecting beam of long wavelength (l $ 700

nm) used by the authors ‘‘to insure oxidation of Q and A and

optimal performance of system II’’ (Forbush et al., 1971).

It should be stressed, however, that in many cases good

fitting of the original sequence of oxygen evolution is

impossible without taking into account either inactivation

(see e.g., Delrieu and Rosengard, 1987, 1988), or backward-

transitions (see e.g., Meunier et al., 1996), or both. Data

presented in a recent article by Clausen et al. (2004, Fig. 1)

are typical in this respect. The classic Kok model gives poor

fitting with miss, 0.1436 0.023; double-hit, 0.043 6 0.021;

FIGURE 4 Analysis of the data of Forbush et al. (1971) using the classic

Kok model (A–C) and the extended Kok model (D–F). Ten sequential

oxygen evolution yields were used for the estimation of parameters of the

model. Parameters determined from oxygen yields induced by flashes 1–10

are shown for the initial flash-number 1; parameters determined from flashes

2–11 are shown for the initial flash-number 2; etc. (A) Misses and double-

hits; (B) initial conditions for S-states; (C) errors; (D) misses and double-hits;

(E) initial conditions for S-states; and (F) errors. Calculations in A–C were

made using Eqs. 8 and 9, whereas calculations in D–F were made using Eqs.

7 and 9. All calculations were made using the nonlinear least-squares curve

fitter provided in Origin 6.1 software (OriginLabs, Northampton, MA). No

boundary was assumed for the inactivation parameter during the fitting. All

other parameters and initial conditions were assumed to be non-negative.

Errors in C and F are calculated using the expression [Si(yi �f(ni))
2]/(N–p),

where yi and f(xi) are the measured and the calculated oxygen yields induced

by the flash ni, respectively; N is the number of data points used in the fit

(here N ¼ 10); and p is the number of free parameters in the fit (p ¼ 5 in the

case of the classic Kok model and p ¼ 7 in the case of the extended Kok

model).
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and error, 0.004. The extended Kok model gives signifi-

cantly better fitting with miss, 0.097 6 0.007; double-hit,

0.028 6 0.006; backward-transition, 0.020 6 0.008; inacti-

vation, 0.020 6 0.001; and error, 0.0001.

Expressions for s0(n), . . ., s3(n) in Eq. 7 have meaning for

both positive and negative e, although, originally, it was
expected to be only non-negative. Indeed, according to Eq. 7

the sum s0(n) 1 s1(n) 1 s2(n) 1 s3(n) is equal to (1�e)n. So
for negative e this sum increases with n, which can be inter-

preted as activation. This is the main reason why no boundary

was assumed for the inactivation parameter during the fitting

of experimental data.

To describe the change of the number of active PSII

centers during the flash series, Messinger et al. (1997) sug-

gested using the parameter d in Eq. 2, s(n)¼ s(n�1)Md. The
introduction of this parameter is equivalent to simultaneous

normalization of parameters of the Kok model in Eq. 7, using

the following replacements: 1�e / (1�e)/d, m/ m/d and

r/ r/d. Thus, the parameter d could be significantly

different from the inactivation parameter e considered in this

article.

The backward-transition parameter in the
extended Kok model

The parameter, d, corresponds to the flash-induced back-

ward-transition and is sometimes called double-miss (Pack-
ham et al., 1988). The meaning of this parameter is blurred.

Due to the symmetry of the S-state transitions, one step back
is the same as three steps forward. Thus, this parameter can

also be considered as a triple-hit. However, the probability of
triple-hit is negligible, so, as a first approximation, one can

interpret d only as a parameter responsible for the relaxation

of S-states between flashes (Meunier, 1993; Meunier et al.,

1996). It was suggested that backward-transition could be

a result of a single hit combined with two deactivations from

S3 to S1 (Packham et al., 1988; Meunier 1993).

In the simple extension of the Kok model considered here

we assume, for simplicity, that this backward-transition

probability is the same for each S-state. In reality, they

should be S-state-dependent, because only S3 and S2
deactivate quickly enough to influence the S-state distribu-

tion between flashes. Thus, independence of d on S-states is
only a first approximation to the real situation. When all

flashes were considered for the data set of Forbush et al.

(1971), the value of backward-transition was found to be

comparable to double-hit (Table 1). However, when only 10

flashes were used for analysis, the backward-transitions were

significant only for the first few initial flashes (Fig. 4).

Meaning of the parameters of the Kok model

It is clear now that some of the original postulates of the Kok

model should be modified (for example, misses are different

for each S-state, the initial conditions should be different,

etc.), or extended. Thus, the classic Kok model is just

convenient first-order approximation to the real case. Despite

the original intention, the classic Kok model approximates

the observed oxygen evolution with some apparent param-

eters. The current consensus in the field is that the classic

Kok model can be used for semiquantitative analysis of the

oxygen evolution and S-states transitions, if only one in-

terprets the determined misses and double-hits as average

values. Similarly, one can expect that additional transitional

probabilities in the extended Kok model also can be in-

terpreted as representing average values, namely, e ¼ eav ¼
(e0 1 e1 1 e2 1 e3)/4, d ¼ dav ¼ (d0 1 d1 1 d2 1 d3)/4.
The values of determined parameters could significantly

depend on the model used. When the classic and extended

Kok models were applied to Forbush et al. (1971) data, the

values of misses and double-hits were significantly different

when determined from the first 10 sequential flashes. Thus, if

the model does not have some of its parameters (as in the

classical Kok model, which disregards inactivation and

backward-transitions), the artificial values could be assigned

during the fitting procedure to included parameters to com-

pensate for the effects of the absent parameters. Therefore,

we conclude that in rationalizing the observed values of

parameters of the extended Kok model, one can suggest

either their mechanistic interpretation, or assume that the ob-

served parameters are the result of application of an over-

simplified model. Frequently both of them are needed to

explain a particular case.

The meaning of different parameters in the Kok model can

be clarified by using dynamic models, which include kinetics

and thermodynamic information about PSII and allow easy

incorporation of relaxation of S-states between flashes (see

e.g., Shinkarev and Wraight, 1993a,b). The main conclusion

from application of this approach is that all parameters of the

Kok model are S-state-dependent and frequently flash-

number-dependent.

Flash-number dependence of parameters

The flash-number dependence of the parameters of the Kok

model could provide useful insight into mechanism of

oxygen evolution. Previously such analysis was done using

so-called sigma analysis, which frequently disregards in-

formation about initial conditions (Lavorel, 1976; Meunier

and Popovic, 1989). As far as we know, this is the first report

of direct calculation of flash-number dependence of all

parameters of the Kok model to include initial conditions.

One can notice several trends in the flash-number depen-

dencies of some parameters in Fig. 4, which are common

for both the classic and the extended Kok models. These in-

clude the decrease of the miss factor and the initial condition

for S1 with the flash-number. The decrease of miss with the

flash-number was also observed by Meunier and Popovic

(1989), who connected it to the changes of the redox state of

the plastoquinone pool.
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The significant difference between parameters observed

for windows including or excluding the first flash (Fig. 4) is

possibly due to the presence of YD, which donates electrons

to the S-states after the first flash (Velthuys and Visser, 1975;
Vermaas et al., 1984; Styring and Rutherford, 1987; Naber,

1989; Isgandarova et al., 2003). An extension of the Kok

model of oxygen evolution, which takes into account the

effect of electron donation from YD, has been suggested by

Vass et al. (1990) and by Isgandarova et al. (2003), and is not

considered here.

CONCLUSIONS

The Kok model has been successfully used for more than 30

years for interpretation of experimental data. Many advanced

methods were developed over the years to estimate the

values of parameters of the Kok model because a simple

analytical solution for the oxygen evolution was unknown.

Here we developed a simple analytical solution for the

extended Kok model, which, in addition to misses and

double-hits, also includes flash-induced inactivation and

backward-transitions. The classic Kok model can be used as

a particular case of this extended model. Simple equations

developed for the extended Kok model significantly simplify

the fitting of experimental data via the nonlinear regression

analysis tools commonly present in standard data analysis

packages. As a result, it made the use of previously devel-

oped (and frequently complicated) methods for the analysis

of this version of the Kok model, unnecessary. With this

simple solution, the main problem is shifting from finding

the value of parameters to their interpretation.

The comparison of parameters, determined for the same

data set using both the classic and the extended Kok models,

shows that the artificial values could be assigned to misses

and double-hits in the classic Kok model to compensate for

effects of absent parameters responsible for the dark relaxa-

tion of PSII between flashes and inactivation.

Binary oscillations of the secondary acceptor, semi-

quinone, at the acceptor side of the reaction center of PSII,

and the release of reducing equivalents to the b6f complex,

can also be determined in the framework of the extended

Kok model. Hence, the extended Kok model considered in

this article allows the simultaneous description of individual

S-states, oxygen evolution, and acceptor quinone states, and

provides a basis for the quantitative description of the charge

accumulation processes at the donor and acceptor sides of

Photosystem II.

APPENDIX: ABBREVIATIONS

MK, M, matrices of one-step transition probabilities for the classic Kok

model, and for the extended Kok model with both inactivation and

backward-transitions, respectively.

n, the number of flashes.

OEC, oxygen evolving complex.

P680, primary electron donor of the reaction center of PSII.

PSII, Photosystem II.

QA, primary acceptor plastoquinone.

r [ [(a�b)2 1 (g�d)2]1/2.

rK [ [(a�b)2 1 g2]1/2.

s(0), the row vector of initial conditions, s(0) ¼ (s0(0), s1(0), s2(0), s3(0),

sin(0)) [ (s0, s1, s2, s3, sin).

s(n), the row vector of probabilities of S-states after the nth flash,

s(n) ¼ (s0(n), s1(n), s2(n), s3(n), sin(n)) in the extended Kok model.

si, initial conditions for ith S-state, s0 ¼ s0(0), s1 ¼ s1(0), s2 ¼ s2(0),

s3 ¼ s3(0).

si(n), the probability (fraction) of the Si state after the n
th flash.

Sin, inactive state of the OEC.

sin(n), the probability (fraction) of the inactive state of OEC after the nth

flash.

Sn, redox states of the OEC, where n ¼ 0,1,2,3 represents the number of

oxidizing equivalents.

U, matrix, transforming matrix M to diagonal form.

x [ s0�s2.
y [ s3�s1.

Y(n), oxygen yield after the nth flash.

YD, redox active tyrosine slowly interacting with S-states.
YZ, redox active tyrosine, fast electron donor to P680.

z [ s0�s1 1 s2�s3.

a, traditionally used notation for the miss (zero-step advancement) in the

Kok model.

b, traditionally used notation for the double-hit (two-step advancement)

in the Kok model.

g, traditionally used notation for the hit (one-step advancement) in the

Kok model.

d, the probability of backward-transition.

e, the probability of inactivation.

m [ a�g 1 b�d.

mK, value of m in the classic Kok model, mK [ a�g 1 b ¼ 1�2g.

l1, . . . , l5, eigenvalues of matrix M.

L, the diagonal matrix with eigenvalues l1, . . . , l5 of matrix M.

u [ arcsin((g�d)/r).
uK, value of u in the classic Kok model (uK ¼ arcsin(g/rK)).
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