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ing the secondary quinone acceptor (QB) of PS 11 [4]. In 
[5], an attempt was undertaken to construct a joint 
model for the processes occurring on two different time 
scales. There are models that describe the interaction of 
two photosystems [6] and proton transport through the 
ty lacoid membrane [7]. In all these models, photosyn
thetic reactions proceeding on a certain time scale are 
described in detail, while the description of the other 
stages is simplified. In most models, the dependence of 
the characteristics of the individual stages of the pri
mary photosynthetic reactions on the transmembrane 
electric potential and the role of ionic (K+, Cl-, and other) 
fluxes through ~he tylacoid membrane are ignored. These 
fluxes may have a significant effect on parameters of pri
mary photosynthetic reactions [2, 8, 9]. 

To verify a model of primary photosynthetic reac
tions, it is necessary to compare its predictions with 
experimentally observed effects. One of the quantita
tive criteria of adequacy of a model is its ability to 
describe inductive effects of photosynthesis, e.g., the 
chlorophyll fluorescence induction curve (Fig. 1). 
which is the time dependence of the intensity ofthe flu- I 

orescence from an object when an illumination is 
switched on after a period of dark adaptation. The so
called fast segment of the induction curve (OIDP seg
ment), an increase in the fluorescence intensity within 
several seconds up to the maximum, was studied most 
thoroughly. According to the current notions, the spe
cific features of this segment correspond to various pro
cesses occurring in the photosynthetic apparatus of the 
plant [8], such as an increase in the concentration of 
reduced quinone acceptor QA' an increase in the elec
tric potential across the tylacoid membrane, and ail 

change in the redox state of the plastoquinone pool. The 
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From the primary donor (H20), electrons are carried 
to the reacting site pigment P680 (ChI) and then to 
pheophytin (Phe) and to the primary and secondary 
quinone acceptors of electrons (QA and QB' respec
tively). Electron transfer along this route is accompa
nied by the generation of a transmembrane electro
chemical potential ~JlH' which may be expended in the 
synthesis of adenosine tliphosphate (ATP) and in the 
electrogenic leakage of H+, K+, Cl-, and other ions 
through a tylacoid membrane. The kinetic mechanisms 
of regulation of these processes are normally studied by 
mathematical modeling. At the present time, there are 
many publications on models that describe electron 
transfer in separate fragments of the complex system of 
primary photosynthetic reactions. There are models of 
the superfast 00-12-10-9 s) absorption of light, migra
tion of electronic excited states, and primary charge 
separation [1-3], as well as models that describe slower 
(millisecond-scale) electron transfer processes involv

Abstract-Based on up-to-date physicochemical data, a complete kinetic model of the catalytic cycle of pho
tosystem 11 (PS 11) for higher green plants was constructed. In compliance with the time hierarchy of photosyn
thetic stages, the model was reduced in order to describe only processes occurring on the millisecond time scale. 
In terms of the model, chlorophyll fluorescence induction curves at different values of model parameters were 
calculated. The fluorescence intensity was determined from an equation for calculating the concentrations of 
PS 11 fluorescence states and their dependence on the components of the electrochemical potential across the 
tylacoid membrane. The proposed model, which considers only processes occurring within PS 11, cannot 
describe some features of the ascending branch of the chlorophyll fluorescence induction curve. It was found 
that the steady-state level of the fluorescence intensity may nonmonotonically depend on the transmembrane 
electric potential. . 

INTRODUCTION 

According to the current views, the primary (light
induced) stages of the photosynthesis in green plants 
are a set of electron-transport reactions proceeding in 
photosynthetic membranes of chloroplasts. These reac
tions involve a number of highly specialized integral 
membrane proteins [photosystems (PS) I and II and the 
b6/f cytochrome complex] and mobile electron carri
ers. In PS lI, the electron transfer sequence and charac
teristic times of principal stages may be described as 
follows: 
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: kinetic characteristics of segment OIDP was modeled 
; in several works [3-6]. Based on these models, the 
i authors explained the two-stage pattern of this segment 
. of the induction curve. 

We suggest a model of the primary photosynthetic 
processes in chloroplasts of higher green plants based 
on a detailed kinetic description of the catalytic cycles 
of the principal pigment-protein complexes involved in 
the system of light-induced reactions of photosynthe
sis. The model accounts for the dependence of the char
acteristics of a number of electron-transport processes 
on the electtic potential difference and on the pH gradi
ent across the tylacoid membrane. 

In this work, we considered the block of the model 
that describes the catalytic cycle of PS 11. We derived a 
function to describe dependence of the chlorophyll flu
orescence intensity on the concentrations of a number 
of states of PS U and on the components of the electro
chemical potential ~IlH across the tylacoid membrane. 
The model does not describe the fonnation of ~IlH; its 
components (the transmembrane ele~tric potential ~'P 

and the proton gradient ~pH) were given as parameters. 
This simplification made it possible to study internal 
regulatory properties of the PS 11 complex. An adequate 
description of the generation of ~IlH requires, apart 
from PS 11, a comprehensive study of the entire system 
of primary photosynthetic reactions. We examined the 
shape of the fluorescence induction curve at various 
electric potential differences and pH gradients across 
the tylacoid membrane. In addition, we studied the 
dependence of the steady-state fluorescence intensity 
on ~'P and ~pH. 

MATHEMATICAL MODEL 

Complete mathematical model. In our model, the 
PS II complex is considered as a membrane enzyme 
that catalyzes the red\:lction of plastoquinone to plasto
quinol and creates a transmembrane the proton electro
chemical potential gradient ~tlH+ under the action of 

light (Fig. 2). The mathematical model is given by the 
following system of differential equations: 

d[PSllj]ldt = I Vpj - I Vuk' (1) 
j k 

where [PSII;] is the concentration of one of the states of 
the PS II complex, Vpj is the rate of production of PS 11 
complexes in the jth reaction, and Vuk is the rate of con
sumption of PS n complexes in the kth reaction of the 
PS Il catalytic cycle. 

Here, PSIIj is determined by the state of its four 
electron carriers, i.e., P680 chlorophyll, pheophytin 
(Phe), the primary single-electron covalently bound 
quinone acceptors (QA)' and the binding sites of the 
secondary plastoquinone acceptor (QB)' According to 
the model, excitation energy, which is initially local
ized on one of the antenna pigments, is quickly (within 
several picoseconds) distributed throughout the entire 

IF!
 

2 log'! [s]o 

Fig. 1. Typical chlorophyll fluorescence induction curve for 
higher green plants with conventional designations of its 
kinetic phases. Segment OIDP segment refers to the so
called fast phase, and PSMT, to the slow phase of the induc
tion curve. The fluorescence intensity is measured along the 
ordinate. The arrow shows the moment when light is 
switched on. 

pool of pigment molecules of the PS 11 antenna (includ
ing the P680 pigment of the reacting site) [1, 10]. 
Henceforward, the entire set of these pigments will be 
designated as ChI. 

According to the current understanding of the elec
tron transfer mechanism, each electron carrier involved 
in PS 11 can exist in several different states. P680 can 
exist in three states: reduced (ChI), excited (Chl*), and 
oxidized (Chl+) (in this work, we do not consider the 
triplet state). Pheophytin and QA can exist in two states: 
oxidized (Phe and QA) and reduced (Phe- and Q~ ). The 
plastoquinone binding site (QB) can exist in four states: 
in complexes with plastoquinone (QB)' semiquinone 

(Q; ), and deprotonated plastoquinone (Q~- ) and in an 
unfilled state, in which the site is bound with none of 
the QB fonns. Thus, our model allows for 3 x 2 x 2 x 4 = 
48 kinetic states of PS 11. However, using available 
information about the rates and sequences of the pri
mary photosynthetic reactions [10, 11], some of the 
hypothetical states of PS II can be excluded from con
sideration. It was found [8, 10] that the reduction of 
oxidized P680 by the water decomposition system 
(WDS) occurs faster (within 20-300 ns) than the elec
tron transfer from QA to QB (200-400 Jls). Therefore, 
the four states containing the [Chl+ . Phe . QA] fragment 
can be excluded from the model. In addition, an elec
tron carried to pheophytin during the primary charge 
separation cannot be stabilized on it. It either returns to 
P680 (repopulation of the excited state) or is transferred 
to the primary quinone acceptor QA' Consequently, the 
PS 11 complex states containing the [Chi· Phe-] and 
[Chl* . Phe-] combinations (16 states) can also be 
excluded from our consideration. Thus, the number of 
possible kinetic states of PS II can be reduced to 28. 
These states and possible transitions between them are 
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Fig. 2. Scheme of the full catalytic cycle for PS 11. Each square represents one of the states of the PS 11 complex, which is determined 
by the redox states of the electron carriers involved: ChI (chlorophyll) is a complex composed of pigments of the PS 11 antenna, 
including the P680 pigment of the reacting site; Phe (pheophytin) is the primary acceptor of electrons; QA and QB are the primary 
and secondary quinone acceptors of ~Iectrons. The superscripts Xi' yj, Zj, gj (i =I, ... , 7) over the squares denote model variables. 
Dashed arrows show fast (characteristic times lesser than 0.1 ms) steps; solid arrows indicate slow (characteristic times no lesser 

than I ms) steps. Numbers near the arrows correspond to the numbers of the stages; PQ is plastoquinone; PQH 2 is plastoquinol; H; 

denotes protons released into the intratylacoid space; and H; denotes protons absorbed from the tylacoid stroma. 

shown in a diagram of the complete catalytic cycle of 
PS 11 (Fig. 2). 

After a prolonged dark adaptation, P680 is com
pletely reduced, whereas pheophytin and QA are oxi
dized. Thus, before exposure to light, PS 11 can exist 
only in two states (XI and gl), which are at equilibrium 
[via reaction (34)]. The equilibrium concentrations of 
these states are determined by the constant of binding 
and the total concentration of plastoquinone (PQ) in the 
membrane. Upon exposure to light, P680 passes into 
the excited state (X2' g2) [reactions (1) and (28), respec
tively] with a subsequent transfer of an electron to 
pheophytin [reactions (2) and (29)]; Le., the process of 
primary charge separation occurs. Since the electron 
can not be stabilized on pheophytin, it is carried further 
to QA [reactions (3) and (30)]. Then WDS donates an 
electron to the oxidized pigment, thereby bringing it to 

the initial (reduced and unexcited) state (xs and 85)' 
Every four events of reduction of oxidized P680 by 
WDS are accompanied by the decomposition of two 
H20 molecules, liberation of one molecule of oxygen 

and four H; protons into the intratylacoid space, which 
thus becomes positively charged. In our model, the 
molecular mechanism of functioning of WDS was not 
considered; it was assumed that one proton is liberated 
into the intratylacoid space per each electron carried 
from WDS to oxidized P680 [reactions (4) and (31)]. 

Thus, the sequence of steps (1)-(4) or (28H31) 
results in the formation of so-caned closed reaction 
sites (RS) with reduced QA (states Xs and gs). Further 
exposure of closed RS to light may lead to a reexcita
tion of the pigment [reactions (5) and (32)] and to the 
process of primary charge separation [reactions (6) and 
(33)]. As a result, PS 11 states with oxidized pigment 
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and reduced pheophytin and QA are formed (x7 and 87)' of the model. For a detailed description of each reac
At present, there are different opinions about further tion, one should only know its equilibrium constant and 
transformations of these states. The unstable charge on one of the rate constants (either for a direct or the back 
the pheophytin Phe- can recombine with an electron reaction): 
hole on P680+ in two ways: it may repopulate the K j = k;lk_ j • (2)
P680* excited states (transitions of states with a sub

script 7 to those with a subscript 6) or the ground state Exposure to light affects the redox states of electron
 
via a nonradiative recombination of the primary pair carriers and, consequently, their conformations and,
 
(transitions of states with subscript 7 to those with sub possibly, electron transfer rate constants [12]. In this
 
script 5, as shown in the diagram with broken arrows work, this effect was not taken into account. The equi

without numbers). For any of the 8j states (i =1, ... , 7), librium constants of the redox reactions were deter

the binding of plastoquinone (PQ) with PS 11 QB sites mined from experimentally measured midpoint redox
 

potentials:may take place [reactions (34)-(40)], resulting in the
 
formation of the corresponding Xj states (i = 1, ... , 7).
 
The bound plastoquinone is a two-electron carrier;
 (3) 
therefore, it can accept successively two electrons from 

Here, Mm is the difference between the midpoint redox Q~ [transfer of the first electron from Q~ to QB is 
potentials measured with respect to a standard hydrodescribed by reaction (7)]. 
gen electrode, F is the Faraday constant, and n is the 

Further exposure is accompanied by events develop number of electrons carried in the course of a redox 
ing according to the above-described scenario: the exci reaction. 
tation of the pigment [reaction (8)], primary charge Stages (1), (5), (8), (12), (15), (19), (28), and (32) 
separation [reaction (9)], stabilization of an electron on are light-induced reactions; they describe the transition 
QA [reaction (10)], reduction of oxidized P680 by WDS of ChI into the excited state Chl* (constants ku , i = 1,
[reaction (11)], excitation of a closed RS of PS 11 with 5,8, 12, 15, 19, 28, and 32) and the inverse process of 
reduced QA [reaction (12)], and primary charge separa deactivation of the excited state (constants Xj, i = 1, 5,
tion [reaction (13)] with a possible recombination of 8, 12, 15, 19,28, and 32). The values of ku are propor
the primary radical pair [back reaction (13) and unnum tional to the light intensity [13, 14]: ku -la, where I is 
bered stage designated by the dashed line]. Reaction the light intensity and a is the effective absorption cross 

section of PS 11. In the absence of light, all these con(14) involves transfer of an electron from Q~ to semi
stants equal zero; at a light intensity of 1()3 W1m2 (lightquinone of the QB site with the formation of the com
intensity from the Sun in zenith), ku - 103 S-I. 

pletely deprotonated plastoquinone Q~- . Further expo The deactivation of the ChI* excited states into the 
sure results in the already twice described sequence of ground state is accompanied by a fluorescence (other, 
events in PS 11, where deprotonated plastoquinone is less effective, pathways of ChI* deactivation are also 
bound at QB sites (the corresponding states of PS 11 are possible). In our model, the function for calculating the 
designated as Zj [i = 1, ... , 7]); the process results in the fluorescence intensity was represented as a sum of the 
reduction of QA [reactions (15)-(20)]. In parallel, in concentrations of the PS 11 fluorescent states (with 

excited Chl*) multiplied by the relevant fluorescence each of the Zj (i = 1, ... , 7) states, the plastoquinone
 
constants Xj:
PQH2can be released with a preliminary absorption of 

two H: protons from the chloroplast stroma (that 1Ft = XIX2 + XSY2 + XI5 Z2 + X2s82 + X5 X6 
(4)

becomes negatively charged) and formation of the ini + X12Y6 + XI9 Z6 + X3286' 
I tial states 8j (i = 1, ... , 7); the QB site is left unfilled 

The kinetic scheme under study contains cycles 

I
[reactions (21)-(27)]. Thus, the catalytic cycle of PS 11 

where the initial and final states are equal", for example, is accomplished. 
the cycle (ZI - Z2 - 82 - 81 - ZI)' According to the condi

The Xj, yj, Zj, and 8j values (i = 1, ... , 7) are model tion of detailed balance [15], the product of the equilib
variables; they are determined by a system of differen rium constants along the coordinate of reactions of this 
tial equations of form (1), which corresponds to the cycle should be equal to unity. Thus, there is the follow
scheme of the PS 11 catalytic cycle shown in Fig. 2. The ing restriction on the rate and equilibrium constants for 
concentrations of protons in the intratylacoid space the reactions of this cycle: 
(H;) and in the chloroplast stroma (H:), the electric kL28 
potential difference across the tylacoid membrane X28 = k- XI5 ' (5) 
(~'JI), and the intramembrane concentrations of plasto LI5 

quinone and plastoquinol are model parameters. Reac The kinetic scheme (Fig. 2) contains 12 cycles; there
tion rates are given in compliance with the law of mass fore, eleven equations of detailed balance should be 
action and are functions of the variables and parameters additionally introduced. 
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Each stage involving electric charge transfer 
through the membrane produces a membrane potential 
~\II, which, in turn, affects the equilibrium and rate con
stants of all electrogenic stages [16-18]: 

Keq(L\\II) = exp [-aL\\II/(RT/F)] Keq, 

k+(L\\II) = exp[-oaL\\II/(RT/F)]k+, (6) 

k-<~\II) = exp[(l-o)a~\II/(RT/F)]k_. 

Here, ~\II is the membrane potential generated by the 
stage in question during charge transfer through the 
membrane, and 0 is the component of the membrane 
potential ~\11 that affects the rate constant of the direct 
reaction. 

Reduced mathematical model. According to the cur
rent notions about the rates of separate stages of the 
PS 11 catalytic cycle, all processes depicted in Fig. 1 
can be qualified as fast (characteristic times less than 
0.1 ms) or slow (characteristic times no less than 1 ms). 
Light-induced stages involving the adsorption of light 
quanta by Chi are slow reactions: P680 passes into the 
excited state [reactions (1), (5), (8), (12), (15), (19), 
(28), and (32)], plastoquinone is bound [reactions (34)
(40)], and plastoquinol dissociates [reactions (21)-(27)]. 
The remaining reactions are fast. In accordance with 
the Tikhonov theorem [19], we treated all fast reactions 
as quasi-stationary processes; as a result, we reduced 
the system of 28 equations that describes the PS 11 cat
alytic cycle to a system containing 10 equations. In so 
doing, we neglected the stages that describe the nonra
diative recombination of charges in the primary radical 
pair (shown in Fig. 2 by unnumbered broken arrows), 
because we assumed that their effectiveness is consid
erably lower than that of the radiating recombination 
reactions. 

Passing to the limit with respect to the rate constants 
of the fast reactions and substituting the variables as 

5 

PSIIo = gl' PSII I = XI' PSIIz = LX;+Y" 
i =Z 

S 

PSII3 = LYi + ZI' PSII4 = LZ;' 
i =Z ; =z (7)s 

PSIIs = Lg;, PSII6 = X6 + X7' 

; =z 

PSII7 = Y6 + Y7' PSIIs = Z6 + Z7' PSII9 = g6 + g7' 

we obtain a system of equations with new variables for 
PSIIj (i = 0, ... , 9). This scheme corresponds to the 
kinetic scheme shown in Fig. 3. The effective rate con
stants of the reduced model Pti (i = 1, .. 0' 14) are func
tions of the light constants; rate constants for the pro
cesses of fluorescence, plastoquinone binding, and 
plastoquinol dissociation; constants of equilibrium for 
the fast reactions of the complete model; electric poten

tial difference; and the concentration of protons within 
the tylacoid membrane. Transforming the equation for 
Pt; so that the numerator would be on the order of kL 
and neglecting the terms smaller than 10-3 in the 
denominator, we have the following equations: 

PI = kLb 

4 0 0 0
P-z = (lO Xs)/(K9 K IO K II (K 14 + 1) 

I Z 3 
X exp [-( OIl + OIl + OIl )<p] 

+ 4 0 0 I Z
+ [Hp] x 10 K 9 K lO exp[-(oIl + 0Il)<P]), 

o 4
XH exp(-olld<p) 

P3 = + 4 3 0 ' 
1 + I/K I4 + [Hp] x 10 exp(01I<P)/K II K I4 

o 4
P-3 = x_Hexp[OIl(l-d)<p], O~d~ 1,
 

P4 = XQ' P-4 = X-Q'
 

1 + 4 exp(oil<P)1
Ps = kLl5 / 1 + K + [Hp] x 10 0 I,( 

14 )K II K I4 

4 0 0 0
P-5 = (lO XI5)/(K 2 K 3 K 4 (K7 + 1) 

x exp [-(01\ + 0;, + oid<P] + [H;] 

4 0 0 I Z 
x 10 K zK 3 exp[-(oIl + 0Il)<P]), 

o 4
P6 = XHexp(-OlId<p),
 

P-6 ~ X~Hexp(O~I(l-d)<p), O~d~ 1,
 

P7 = kLZS '
 

+ 4 0 0 1 Z
+ [Hp] x 10 K zK 3 exp [-(OIl + 0Il)<P]), 

Ps = XQ' 
+ 4 0;::3 0 

_ X-Q[I/K7 + [Hp] x 10 exp(uu<p)/K4 K 7 ] 

P-s - + 4 3 0' 
1 + 1/K 7 + [Hp] x 10 exp( OIl<P)/K 4 K7 
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Fig. 3. Reduced scheme of the'PS 11 catalytic cycle. PSIIj (i = 0, ... , 9) denotes model variables derived from the complete model of the 
PS 11 catalytic cycle via the reduction of the fast processes; Pti' (i = I, ... , 14) are the effective rate constants that are functions of the 
rate constants of the complete catalytic cycle. Equations for PSII j and Pti are given in the text. For the other designations, see Fig. 2. 

kLS
P9 =	 -----+---4---3---0' 

1 + K 7 + [Hp] X 10 exp(01l<p)1K 4 

XI9kLSlkLl9 
P-9 = 0 l' 

K6 exp(-01I<P) 

kL32
PlO =	 ---+---4~--3---0' 

1 + [H~] X 10 exp(01l<P)IK4 

XI9 k L321k Lt9 
P-IO = 0 t' 

K6 exp(-01l<P) 

+	 4 3 0'
1 + [Hp] X 10 exp(01l<p)1K 4 

X19 
P-tt = 0 t'

K6 exp(-01l<P) 

k Lt2 
P12 = + 4 3 0 ' 

1 + K t4 + [Hp] X 10 exp(On<p)IK II 

X12 
P-t2 = 0 I' 

K 13 exp(-01l<P) 

o 4
Pt3 = xHexp(-Olld<p), 

o 4
P-13 = X_Hexp[on(l-d)<p],
 

P14 = XQ' P-14 = X-Q'
 

The fonnula for calculating the fluorescence intensity 
is obtained by substituting the relationships of the old 
variables (Xj, yj, Zj, and gj; i = 1, ... ,6) through the new 
variables (PSIIj , where i = 2, ... ,9) into Eq. (4). 

The results that follow were obtained by a numerical 
solution of the system of kinetic equations correspond
ing to the kinetic scheme shown in Fig. 3 (reduced 
model). The system describes the kinetic behavior of 
PS 11 that lacks stages responsible for nonradiative 
recombination of charges on the millisecond time scale. 
The steady-state values of the model variables were 
calculated from the corresponding system of algebraic 
equations, which were obtained by equating the right
hand side of each equation to zero. This system was 
solved with the use of the SCAMP software package. 

Some of the model parameters were chosen on the 
basis of the data (equilibrium and rate constants) 
reported in [11, 13, 14]; the other parameters were var
ied [light constants ku , concentrations of protons in the 

lumen (H;) and stroma (H;), and electric potential 
difference i\'¥]. A complete description of the model 
parameters is given below. 

(A) The equilibrium constants for the processes of 
. h . KO KO KO KOpnmary c arge separation 2 = 6 = 9 = 13 = 
o	 0 0 0 6K 16 =K20 = K29 =K33 = 3 X 10 (The numbers of the 

constants correspond to the numbers of the stages in 
Fig. 2.) (B) The equilibrium constants for the electron 

o	 0 0 0
transfer from Phe- to QA: K3 =K IO =K1? =K30 =5 X 
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107• (C) The equilibrium constants for the reduction of 
o 0 0 0

P680+ by WDS: K4 = K 1] = K I8 = K 31 = 50. (D) The 
equilibrium constant for the transfer of the first electron 

from Q~ to QB: K~ = 20. (E) The equilibrium constant 

for the transfer of the second electron from Q~ to Q~ : 

K~4 = 10. (F) The fluorescence constants: Xi = 109 S-l, 

i = I, 5, 8, 12, 15. (G) The constants describing the 
binding of plastoquinone with PS 11 QB sites [reaction 
(34H40)]: X-Q = 50, XQ = 500. (H) The constants char
acterizing the release of protonated plastoquinone from 
PS 11 QB sites and the constants for the corresponding 

reverse reactions [stages (2IH27)]: X~ = 1010 and 
o

X-H = 0.4. (I) The components of the transmembrane 
electric potential ~'¥ created by the individual stages of 
the PS 11 catalytic cycle: for the process of primary 

charge separation, O~II) = 0.6; for the transfer of an elec

tron onto the quinone acceptor QA' O~~) = 0.2; for the 

reduction of the reacting site pigment, og) = 0.1; for 

the protonation of the secondary quinone acceptor Q~- , 

O;~) = 0.1. (1) The component of the membrane poten
tial that affects the rate constant for the direct reaction: 
d=0.5. 

RESULTS AND DISCUSSION 

Based on the experimentally measured characteris
tic times and midpoint potentials for the redox pairs of 
the electron transfer stages, we constructed two models 
(full and reduced) for the functioning of PS 11, i.e., the 
light-induced transfer of electrons from the water 
decomposition system to plastoquinone and the reduc
tion of plastoquinone to plastoquinol. The reduced PS 11 
model describes only the processes whose characteris
tic time is no less than hundreds of microseconds. All 
light-induced stages of the excitation of P680 [reac
tions (1), (5), (8), (12), (15), (19), (28), and (32)], plas
toquinone binding [reactions (34H40)], and plasto
quinol dissociation [reactions (21H27)] were attrib
uted to slow reactions. The rest of the reactions were 
assumed to be fast. The model takes into account the 
dependence of the characteristics of the electrogenic 
stages (electron or proton transfer) on the electric 
potential. However, in this work, we did not study vari
ations in ~J1H; the components of the electrochemical 
potentials created by protons (~'¥ and ~pH) were fixed 
model parameters. This approach makes it possible to 
study the regulatory properties of the PS 11 complex, 
which are independent of variations in ~'¥ or ~pH and, 
consequently, can be regarded as internal regulatory 
properties. 

The complete model that describes both the fast and 
slow stages of the PS 11 catalytic cycle can be applied 
to correctly describe the fast fluorescence and to predict 
of the states of the photosynthetic apparatus arising 
under the action of various factors (for example, on'the 
basis of the fluorescence parameters Fo and Fmax)' In 
addition, the complete model can be used in describing 
pulse fluorometry experiments and the kinetic charac
teristics of PS 11. We applied the reduced model to 
describing the fast stage of the chlorophyll fluorescence 
induction. The observed effect is an increase in the flu
orescence intensity of an object in response to illumina
tion after a period of dark adaptation during several sec
onds (Fig. I). Most of the models of this phenomenon 
were confined to processes occurring in PS 11 [3-5]. 
The authors justify this simplification by the argument 
that the fluorescence measured while recording induc
tion curves is practically restricted to PS 11. 

One of the goals of this work was to verify whether 
it is possible to explain the observed two-phase behav
ior of OIDP in the framework of the regulatory proper
ties of PS 11. We tried to find out whether the fluores
cence induction curve predicted by our model would 
exhibit a characteristic nonmonotonic pattern (local 
maximum D or at least plateau DID in Fig. 1) in the 50
to 500-ms range, as is the case with the experimentally 
obtained curves. For that purpose, we studied model 
curves of fluorescence induction with varying parame
ters of the model. Each curve of the fluorescence induc
tion was predicted for the PS 11 fluorescence yield [see 
formula (4)] as a function of time under the action of 
light of constant intensity after a period of dark adapta
tion. 

The initial conditions were formulated based on the 
assumption that on a dark adaptation of the object 
occurs: [PSlld = 1.612 mM; [PSIIo] = 0.008 mM; 
[PSII;] =0 (i =2, 3, ... , 9); the concentration of plasto
quinone [PQ] = 19 mM; the concentration of proto
nated plastoquinol [PQH2] = 1 mM; the concentrations 

of protons in the lumen and stroma H; and H~ and the 
electric potential difference ~'P were varied from 10-5 

to 10-8 M and from 0 to 200 mY, respectively. 

The results show that the curve of fluorescence 
induction has a characteristic S-shaped form at all val
ues of the model parameters. No two-stage quick fluo
rescence rise was observed. Variations in the model 
parameters lead only to changes in the stationary level 
of the fluorescence intensity and sometimes in the rate 
of approaching this level. An increase in the light con
stant kL results in an increase in the stationary fluores
cence intensity and in a shortening of the time of reach
ing it (Fig. 4a). By contrast, the acidification of the 
stroma and intratylacoid space, a process that affects 
the proton gradient difference ~pH equal to 2 (pHn =8, 
pHp =6), results in a decrease in the stationary level of 
the fluorescence intensity. An increase in the electric 
potential across the tylacoid membrane ~'¥ has a lim-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY Vol. 74 No. ID 2000 

:\ 
, :, 



------- - - - --

--------

1709 

,	 2 

, , , 
40 

2 
... -_ .. --- ----- ... - ... _ ...... -_ ... 80 

j	
, 

- --
J , 

,	 J, 
, 

, -
0 0.2 0.4 0.6 0.8 t 0 40 80 120 160 ~'¥, mV 

j 

j 
Fig. 4. Results of modeling of the chlorophyll fluorescence induction by the reduced model for the PS 11 catalytic cycle: (a) fluores
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1 ited effect on the steady-state fluorescence intensity. As 

can be seen from Fig. 4b, this dependence is bell
1 shaped; i.e., the optimum ~'P value corresponding to 

the maximum fluorescence intensity exists at constant 
1 values of the model parameters. A deviation from the 
4 
I 

optimum ~'P results in a decrease in the fluorescence 
i intensity. A nonmonotonic dependence of the station
I ary fluorescence intensity on ~'P can be explained by 

the fact that light intensities close to the saturating level 
t (10 < kL < I (0), the principal source of PS 11 fluoresI 

1 cence, are associated with the state Z6 (Fig. 2), which 
1 
~ 

corresponds to the reduced QA and plastoquinol at the 
1 QB site. The stationary concentration of this form 
) depends on ~'P, because the reactions yielding it [(16)

(18)] and the reaction consuming l6 (step 26) depend on 
~'P. Since reactions (16)-(18) describe the path of 
charges almost through the entire membrane, while 
reaction (26) involves only charge (proton) transfer 
from the stroma to the QB site, the processes of genera
tion of l6 more strongly depend on ~'P. Since this 
dependence is exponential, we may suppose that, at low 
~'P, the rate of reaction (26) decreases to a greater 
extent those of reactions (16)-( 18); by contrast, at high 
~'P, the rates of reactions (16)-(18) are predominantly 
decreased. Figure 4b shows that oxidation of the 
intratylacoid space (a decrease in pHp) shifts the fluo
rescence intensity maximum to the left, whereas the 
oxidation of the stroma (a decrease in pHn), to the right. 

A monotonic character of the fluorescence induc
tion 'curves predicted by the model is a result of the sim
plifications we made. In fact, we did not introduce the 
step of formation of the transmembrane potential ~J.lH; 

its components (~'P and ~pH) were given as model 

parameters. A nonmonotonic behavior of fluorescence 
in the OIDP segment may be accounted for by involve
ment of PS 11 in other primary photosynthetic pro
cesses, such as the formation of the electrochemical 
potential on the ty lacoid membrane and transmem
brane ionic flows. There are data that the membrane 
potential may affect the fluorescence yield through 
changes in the energy levels of the PS 11 intermediate 
states, which in turn cause changes in the rate constants 
of fast reactions of electron transport [2, 20]. Results of 
modeling the kinetics of generation of the transmem
brane electrochemical potential and its effect on the 
pattern of initial stages of the fluorescence induction 
curve will be discussed in a future publication. 
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