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Abstract—In this work, the analysis of electron and proton transport in chloroplasts of higher plants has been
carried out on the basis of a mathematical model, which takes into account the pH-dependent regulation of
electron transfer and thioredoxin-dependent activation of the Calvin–Benson cycle (CBC) enzymes and the
ATP synthase. The impact of reduced thioredoxin on the kinetics of electron transport, pH changes in the
intrathylakoid space and ATP production has been simulated. Comparison of the computed and experimen-
tal data on the kinetics of P700 photooxidation has shown that the consideration of thioredoxin-dependent
activation of the CBC and the ATP synthase provides an adequate description of the multiphase kinetics of

 induction. The dynamics of electron flow through PSI and the partitioning of electron fluxes on the
acceptor site of PSI has been simulated. The model predicts that at the initial stage of the induction period
the alternative pathways, cyclic electron transport around PSI and electron f low to O2 (the Mehler reaction),
play a significant role in photosynthetic electron transport chain, but their contribution attenuates upon the
activation of the CBC reactions.

Keywords: photosynthesis, membranes of chloroplasts, electron and proton transport, mathematical modeling
DOI: 10.1134/S1990747818020150

INTRODUCTION
Light induced processes of oxygenic photosynthe-

sis in higher plants take place in chloroplasts contain-
ing thylakoids, f lattened membrane vesicles. A lipid
bilayer is the basis of the thylakoid membrane, into
which pigment-protein complexes are embedded,
providing absorption of light and photochemical pro-
cesses associated with charge separation in photoreac-
tion centers and electron transport reactions. In pho-
tosynthetic systems of oxygenic type (cyanobacteria,
algae and chloroplasts of higher plants), there are sev-
eral polypeptide complexes embedded in the mem-
brane: photosystem I (PSI), photosystem II (PSII),
light-harvesting complexes of PSI and PSII (LHCI
and LHCII), cytochrome b6 f complex, ferredoxin-
NADP-reductase (FNR) and ATP synthase complex
(CF0–CF1). In addition, there are mobile carriers of
electrons – plastoquinone (PQ), plastocyanin (Pc)
and ferredoxin (Fd), which provide communication
between the immobile protein complexes embedded
into the membrane. Primary processes of photosyn-
thesis, occurring in photoreaction centers of PSI and
PSII, include several stages: absorption of light,
migration of energy of the absorbed light quanta to
photoreaction centers, in which primary charge sepa-

ration takes place, initiating electron transport
through the electron transport chain [1–7]. Two pho-
tosystems operating “in tandem” perform the transfer
of two electrons from the water molecule oxidized in
PSII to NADP+ – the terminal electron acceptor of
PSI: H2O → PSII → PQ → b6 f → Pc → PSI → Fd →
FNR → NADP+. Photoinduced transport of electrons
is associated with the transmembrane transfer of pro-
tons. The resulting transthylakoid electrochemical
potential difference of hydrogen ions ( ) is the
“driving force” for the operation of ATP synthase
complex, which provides the formation of ATP mole-
cules from ADP and inorganic phosphate (Pi) [5, 6, 8, 9].
The products of the light stage of photosynthesis
(NADPH and ATP) provide the synthesis of carbohy-
drates in the Calvin–Benson cycle (CBC) [1].

A characteristic feature of the thylakoid mem-
branes of chloroplasts is the predominant content of
galactolipids with unsaturated fatty acid residues and
the presence of a large number of β-tocopherol, as well
as inhomogeneous distribution of the pigment-protein
and the ATP-synthase complexes along the thylakoid
membranes [10–14]. A high content of unsaturated
fatty acids determines high “fluidity” of the thylakoid
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membranes that may contribute to the effective diffu-
sion of the mobile carriers of the electron transport
chain in lateral and transmembrane directions [15,
16]. Also, it should be noted that the lateral migration
of the protein complexes, photoinduced thylakoid
swelling–contraction and high density of the thyla-
koid packaging in grans can affect the electron trans-
port between PSI and PSII and induction phenomena
of photosynthesis [17].

The structure and mechanisms of functioning of
the photosynthetic apparatus of chloroplasts has been
studied currently in detail at various levels of the struc-
tural organization [2–9]. At the same time, the issues
concerning the mechanisms of photosynthesis regula-
tion and photosynthetic apparatus interaction with
other biochemical systems of the cell remain topical.
The products of the light stage of photosynthesis, ATP
and NADPH, are consumed mostly in the CBC. Reg-
ulation of the CBC reactions includes a set of pro-
cesses at different levels of organization of the photo-
synthetic apparatus, which provide the optimal bal-
ance of NADPH and ATP production, depending on
the lighting conditions and metabolic state of chloro-
plasts [18–21]. The light-induced activation of the
CBC reactions involves redox-dependent processes
influencing the activity of enzymes due to the reduc-
tion of the thiol groups, as well as the regulatory phe-
nomena caused by conformation changes of enzymes,
induced by the accession of metabolites or the thyla-
koid membrane energization [21–28]. The redox-
dependent activation of key enzymes is one of the
main ways of the CBC activation among the mecha-
nisms of the CBC regulation. As early as in the 1960s–
1970s it was found that the activity of four CBC enzymes
is regulated by light. These enzymes are phosphoribu-
lokinase, glyceraldehyde-3-phosphate dehydrogenase,
fructose-1,6-biphosphatase and sedoheptulose-1,7-
biphosphatase. These enzymes have low activity in the
dark, but are activated by light. The activity of ribulose
bisphosphate carboxylase (RBPC, also called RuBisCo),
a key CBC enzyme, also increases under illumination
due to the redox-dependent activation of a “helper”,
RuBisCo activase enzyme [23–25]. This protein mod-
ulates the RBPC activity by releasing firmly linked
inhibitors from the RBPC active site. The RuBisCo
activase activity depends on the ATP/ADP ratio and is
regulated depending on the state of Fd and thiore-
doxin (Tr), a protein which directly affects the status
of thiol groups of enzymes-targets. It is unprofitable
for RuBisCo to be active in the dark, since the enzyme
also catalyzes a side reaction with molecular oxygen,
photorespiration. Light dependent reduction of thiol
groups leads to a noticeable increase in the RuBisCo
activity [25].

Two types of thioredoxins (f and m) coexist in chlo-
roplasts, which play a central role in the redox regula-
tion of photosynthetic processes. The main form of
thioredoxin activating the CBC enzymes and the ATP
synthase is Tr f [23]. Thioredoxin is reduced by thiore-
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doxin-reductase, the electron donor for which serves
reduced ferredoxin. Thioredoxin is a small (12–14 kDa)
regulatory protein with two cysteine residues in the
active center, which can be oxidized with formation of
disulfide bonds. Thioredoxin is reduced by thiore-
doxin-reductase (TrR), which, in turn, is reduced by
ferredoxin (Fd → TrR → Tr). The reduced thiore-
doxin (TrH2) gives electrons to target proteins by
reducing their thiol groups. The CBC enzymes of
chloroplasts are activated under illumination, thereby
providing rapid consumption of ATP and NADPH
and accelerating the outflow of electrons from PSI.
TrH2 can also activate the ATP-synthase by reducing
the –S–S– bridges in the γ-subunit of the ATP syn-
thase complex [22].

Mathematical modeling of metabolic processes is
widely used for the analysis of regulatory processes in
biological systems. There are two basic approaches to
the simulation of light stages of photosynthesis –
deterministic, based on the description of these pro-
cesses by means of systems of differential equations,
and stochastic, associated with the use of Monte Carlo
simulation, in which the diffusion of mobile carriers is
considered as a random walk. Both are used for analy-
sis of the kinetics of light and dark processes of photo-
synthesis and regulation of electron transport [29–33].
The development of adequate mathematical models
may also facilitate the analysis of optimal conditions
for photosynthesis.

In the previous work on the modeling of oxygenic
photosynthesis it was shown, in particular, that the
topological factors of the lamellar system of chloro-
plasts (geometry and characteristic dimensions of the
thylakoids) can significantly affect the spatial distribu-
tion of pH along the thylakoid membrane and the
redox state of the mobile electron carriers (plastoqui-
none and plastocyanin) [34–39]. Those models took
into account the pH-dependent mechanisms of elec-
tron transport control in chloroplasts and in cyano-
bacterial cells. The photoinduced decrease in the
intrathylakoid pH (pHin) and the elevation of stromal
pH (pHs) is known [40, 41] to reduce the activity of
PSII due to non-photochemical quenching of the
excitation of chlorophyll molecules in the light-har-
vesting antenna and slows down the plastoquinone
(PQH2) oxidation by the cytochrome b6 f complex. On
the other hand, the alkalization of the stroma contrib-
utes to the activation of the CBC enzymes and accel-
erates the outflow of electrons from PSI [5]. As was
noted above, there are other mechanisms for redox
regulation of the electron transport and ATP synthesis
in chloroplasts. However, these regulatory mecha-
nisms were not included in the previous model of reg-
ulation of photosynthetic processes.

In the present work, we have extended a model of
the light-dependent stages of photosynthesis by
accounting for the redox-dependent activation of the
CBC and the ATP synthase. Thioredoxin, which is
www.manaraa.com
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MODELING OF ELECTRON AND PROTON TRANSPORT 289

Fig. 1. The processes of electron and proton transport considered in the model. Designations: Fd, ferredoxin; Tr, thioredoxin;
FNR, ferredoxin-NADP-reductase; FQR, ferredoxin-quinone reductase; P700 and P680, primary electron donors of photosys-
tem I (PSI) and photosystem II (PSII), respectively; Pc, plastocyanin; PQ, plastoquinone (oxidized form); PQH2, plastoquinone
(reduced form); b6 f, the cytochrome b6 f complex. Constants near the arrows indicate the rates of the corresponding reactions
(the details are in the text).
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reduced by thioredoxin reductase by the electrons
donated by ferredoxin, is considered as the electron
transfer mediator, providing the activation of the CBC
and the ATP synthase. Analysis of our “numerical
experiments” has shown that the consideration of
mechanism of regulation allows more precise descrip-
tion of the features of experimentally observed multi-
phase  induction kinetics in chloroplasts in situ.

THE MODEL DESCRIPTION

For the quantitative analysis of the regulation of
key stages of electron and proton transport in oxygenic
type photosynthetic systems, the basic mathematical
model has been used as described earlier [42–45]. The
model describes the main stages of electron transfer
and the coupled processes of the transmembrane
transport of protons and ATP synthesis from ADP and
inorganic phosphate (Pi) by the CF0–CF1 type ATP
synthase. The scheme of the processes considered is
shown in Fig. 1. It is assumed in the simulation that all
the electron carriers are distributed uniformly in the

700P+
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
thylakoid membrane and the rate of electron transfer is
not diffusion-limited. This approximation is equiva-
lent to a condition of rapid mixing. The initial system
of equations, describing the behavior of the electron
carriers, the change in the concentration of protons
inside the thylakoid  and the stroma , the pro-
cesses of evolution and consumption of molecular
oxygen and the ATP concentration change in the previ-
ous model [37], which does not take into account thiore-
doxin-dependent activation of the Calvin–Benson cycle
and the ATP synthase, is presented in the Appendix.
Additional equations describing the activation of these
processes by thioredoxin are shown below.

Electron transport. A complete scheme of the elec-
tron transport pathways described in the model is
shown in Fig. 1. Alternative pathways of electron
transport in the PSI acceptor site are considered (for
details, see [44–49]). The possibility of electron trans-
fer via alternative pathways allows for fine “tuning” of
the photosynthetic apparatus, providing an optimal
stoichiometry of the NADPH and ATP molecules,
used in the CBC. The electron transfer from PSI to
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NADP+ (JNADP) leads to the NADPH formation due
to the electrons entering ETC from PSII (non-cyclic
transport of electrons: H2O → PSII → PSI →
NADP+). Ferredoxin (Fd) is the electron acceptor in
PSI. Two electrons from two molecules of reduced
ferredoxin (Fd–) go to NADP+ (via FNR). The cyclic
electron f low around PSI (JSC), in which the electrons
return to the ETC between PSII and PSI through
ferredoxin quinone reductase (FQR) [42], will be
termed a “short” cycle. Another pathway of cyclic
electron transport around PSI (JLC) is possible, in
principle, when electrons from NADPH are returned
to the ETC between PSII and PSI via NAD(P)-oxido
reductase (NDH). The contribution of this pathway is
usually small due to low content of NDH in chloro-
plasts [50], and therefore has not been considered in
this work. The third mechanism of the electron out-
flow from PSI is the electron transfer from PSI to O2
molecule (the Mehler reaction) [20, 43–45]. In addi-
tion, there are terminal oxidases in chloroplasts, cata-
lyzing the oxidation of plastquinone (PQH2) and plas-
tocyanin (Pc) due to the electron transfer to molecular
oxygen, which are not directly related to the work of
PSI and PSII. The contribution of these processes,
called photorespiration, to the PQH2 and Pc oxidation
is small in comparison with the photosynthetic chain
of electron transfer [51], therefore photorespiration in
the description of the processes of photoinduced elec-
tron transport has been neglected. Note that relatively
slow processes of photorespiraton may affect the state
of ETC during the PS adaptation to the darkness that
may affect the kinetics of transient processes during
illumination of chloroplasts adapted to darkness [52].

The NADP+ molecules reduced by PSI are proton-
ated by hydrogen ions originating from the stroma
(NADP+ + 2e– + H+ → NADPH). The model takes
into account that photoinduced alkalization of the
stroma accelerates the NADPH and ATP consump-
tion in the CBC. The consumption of NADPH and
ATP is described phenomenologically with the help of
a function, depending on the NADPH and ATP con-
centration and pH of the stroma (pHo), as proposed in
[37, 38].

In this work, a new variable is introduced; it is the
concentration of the reduced thioredoxin ([TrH2]),
receiving electrons from the reduced ferredoxin (Fd–).
TrH2 activates the redox-dependent CBC enzymes
and the ATP synthase. For the phenomenological
description of these processes, the system of differen-
tial equations, used in the previous works [37, 43, 44],
was extended with equations describing the TrH2 con-
centration change:
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
(1)

In Eq. (1), [TrH2] is the concentration of reduced thi-
oredoxin, [Fd] is the concentration of oxidized ferre-
doxin, [O2] is oxygen concentration in the medium,

 is the concentration of protons in the stroma.
Equation (1) was written assuming that the rate of
[TrH2] accumulation must be proportional to the con-
centration of the reduced ferredoxin, and its con-
sumption is due to the interaction with thiol groups of
the ATP synthase and inactive CBC enzymes. The
constants kFT, , , and kTO are the effective
rate constants of the corresponding reactions. The
variable model parameters η1, μ1, η2 and μ2 character-
ize the interaction between TrH2 with the ATP syn-
thase and the CBC enzymes, respectively. Parameters
η1 and η2 were supposed to be equal to 0.5 in the cal-
culations. The constant parameters marked with sub-
script “0”, are the maximal concentrations of the rel-
evant variables. In formulating Eq. (1), it was assumed
that thioredoxin is an enzyme which is oxidized by
molecular oxygen. The first term in Eq. (1) describes
the Tr reduction by Fd–. It is possible to affect the thi-
oredoxin redox dynamics under illumination by vary-
ing the constant kFT. The last term in Eq. (1) reflects
the TrH2 oxidation rate due to its interaction with O2;
the parameter kTO is an effective rate constant of the
electron flow from TrH2 to O2.

Proton transport. Electron transport via ETC is
associated with generation of the transmembrane pH
difference (ΔpH). The transmembrane proton gradi-
ent is formed in thylakoids as a result of the photosyn-
thetic proton transfer and performs an important ener-
getic role [2–5], as well as regulatory and signaling
functions [53]. Photoinduced changes of pH in the
chloroplast compartments have an appreciable effect
on the kinetics of electron transfer in the photosyn-
thetic ETC, non-photochemical quenching of chloro-
phyll f luorescence, reversible redox transformation of
xanthophylls (the so-called violaxanthin cycle), func-
tional state of the ATP synthase and the activity of the
enzymes of the dark phase of photosynthesis. The
accumulation of protons inside thyilakoids occurs as a
result of light-induced decomposition of water in PSII
and plastoquinone (PQH2) oxidation by cytochrome
b6 f complex. The model takes into account that the
hydrogen ions, localized inside (lumen) and outside
(stroma) of thylakoids, may bind to proton acceptor
(buffer) groups, the number of which significantly
exceeds the number of the electron carriers. The influ-

( ) ( )

( )

( )

2
FT o 0 0 2

ATP 2
Tr

1 1 0 2

CBC 2
Tr TO 2 2

2 2 0 2

[TrH ] [H ] [Fd] [Fd] [Tr] [TrH ]

[TrH ]
[Tr] [TrH ]

[TrH ] [O ][TrH ].
[Tr] [TrH ]

d k
dt

k

k k

+= − −

−
η + μ −

− −
η + μ −

o[Η ]+

ATP
Trk CBC

Trk
www.manaraa.com

EMBRANE AND CELL BIOLOGY  Vol. 12  No. 3  2018



MODELING OF ELECTRON AND PROTON TRANSPORT 291
ence of buffer groups has a significant impact on the
kinetics of achieving the steady state of the system, but
the steady state values of model variables should not
depend on the buffer capacity of chloroplasts [54].

The outflow of protons from the thylakoid into the
stroma can occur in two ways: through the ATP syn-
thase (the proton f low JATP coupled with ATP synthe-
sis) and by passive leakage of protons not associated
with ATP synthesis (the proton f low Jpass). The model
also takes into account the exchange of protons
between the stroma and the cytosol (the proton flow
Jcell). It was assumed that the concentration of hydro-

gen ions in the stroma [ ] and in the intrathylakoid
space [ ], as well as the concentration of all electron
carriers does not depend on spatial coordinates that is
equivalent to the condition of “rapid mixing”. The
value of pH in the cytosol (the space between the chlo-
roplast envelope and the cell membrane) is considered
to be constant (pHc 8) due to the high buffering capac-
ity of the cytoplasm.

For the simulation of the transport of protons
through the thylakoid membrane, the functions,
describing the “active” and “passive” proton flows,
were used, which depend on the difference of concen-
tration of hydrogen ions [ ] and [ ]. The “active”
flow of protons JATP also depends on the ratio of the
concentrations of ADP and ATP, the substrate and the
product of the reaction catalyzed by the ATP synthase.
The rationale of how the function describing the
transmembrane transport of protons through the ATP
synthase, as well as a description of functions and con-
stants, which determine the f lows Jcell and Jpass can be
found in the previous works [37, 44]. As was men-
tioned above, thioredoxin may reduce the thiol groups
of the ATP synthase, thereby increasing its activity. In
this paper, the formula describing the proton flow
through the ATP synthase has been modified by add-
ing a multiplier (η1 + μ1[TrH2]). The modified func-
tion that describes the proton flow through the ATP
synthase, coupled with synthesis of ATP is

(2)

where kATP/m is a normalizing coefficient. Coeffi-
cients α and β in Eq. (2) are determined by pKA of a
protonated group and by the ratio of the effective rate
constants k1 and k2:  and

. Constants k1 and k2 characterize the effec-
tive rate of transfer of hydrogen ions to the protonated
groups of the ATP synthesis (A–) on the inner and
outer sides of the thyilakoid membrane, respectively.
Given that the acidic groups A– of the ATP synthase
rotor may be in different positions relative to the mem-
brane a subunit, the values of the k1 and k2 constants
are, generally speaking, may vary. Note that the ratio
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 is a model parameter, which determines the
dependence of the proton flow on the transmembrane
pH difference (ΔpH = pHout – pHin). For certain val-
ues of the parameters α and β, the JATP dependence on
ΔpH has sigmoid form that reflects the threshold
nature of the work of the ATP synthase (it is known
that a notable ATP synthesis is observed only after
exceeding a certain threshold of the proton potential
[55]). It is also known that the energy threshold is
reduced upon the chloroplast ATP synthase activation
due to reduction of the thiol groups of the γ subunit
[56]. Equation (2) takes into account the effect of acti-
vation of the ATP synthase due to the TrH2 formation.

To describe the ATP and NADPH consumption in
the CBC, a semiempirical function

 was used. The
detailed description of the function and justification of
its choice are given in [37, 43]. The dependence of the
function  on the
stromal pH allows phenomenological description of
the light dependent activation of the CBC reactions.
To take into account the thioredoxin effect on the
CBC activity, a new multiplier (η2 + μ2[TrH2]) was
added to the function kCBC, which allows simulation of
the Tr-dependent modulation of the CBC activity.
Here η2 and μ2 are the parameters of the model. Given
the above, the NADP and ATP consumption in the
CBC is described in generalized form by the following
function:

(3)

The first factor in the formula is a function phenome-
nologically describing the pH-dependent activation of
the CBC enzymes due to the photoinduced alkaliza-
tion of the stroma. It was chosen according to the lit-
erature data on the CBC activation dependence on the
stromal pH [1, 5].

Rate constants and the model parameters. The sys-
tem of kinetic equations, describing the dynamics of
the concentration changes of the electron carriers,
ATP and hydrogen ions, as well as the methodology of
the choice of the effective rate constants of electron-
transport processes shown in Fig. 1 have been
described in detail [37, 44]. The rate limiting stage of
electron transfer between PSII and PSI is the PQH2
oxidation by the cytochrome b6 f complex [49, 50]. The
rate of this reaction is known to depend on the con-
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centration of hydrogen ions inside the thylakoids [ ]
[57, 58]. In the model, the rate of PQH2 oxidation is

described by the function kQ([PQ],[Pc],[ ]) = 1/τQ,
where τQ is the characteristic time of the PQH2 oxida-
tion, which is determined by the rate of PQH2 interac-
tion with the cytochrome b6 f complex, the time of
electron transfer within the b6 f complex and the time
of plastocyanin (Pc) reduction. The choice of the
kQ([PQ],[Pc],[ ]) function was made on the basis of
comparison of experimental and theoretical depen-
dencies of the post-illumination kinetics of the 
reduction on the intrathylakoid pHi (see [34, 36, 54]
for details).

The values of other rate constants that characterize
the different stages of electron transfer in the ETC
from the water-splitting complex of PSII to various
acceptors of PSI ( ,   , , kFN, kNH,

), were chosen on the basis of the literature data on
the kinetics of partial reactions of electron transport in
different segments of the ETC [37, 44]. The agreement
of the theoretical curves with the experimental values
of the electron transfer rate between PSII and PSI and
intrathylakoid pH (pHin) and the pH of the stromal
(pHout) in metabolic states 3 (the conditions of inten-
sive ATP synthesis) and 4 (the state of photosynthetic
control) were used as a criterion for the adequate
choice of the rate constants. It was accepted, in partic-
ular, that, in metabolic states 3 and 4, the stationary
intrathylakoid pH values were pHin ≈ 6.0–6.2 and
pHin ≈ 5.4– 5.6, respectively [53, 58, 59].

RESULTS AND DISCUSSION

It is assumed that at the initial moment of time the
system is considered to be in an “energy saving” mode:
the CBC enzymes and the ATP synthase are inactive.
It is also assumed that the initial concentrations of
NADPH and TrH2 are close to zero. At the beginning
of the induction phase, when the CBC enzymes are
still inactive, the Fd and NADP pools become quickly
reduced. Accordingly, the f low of electrons from Fd–

to thioredoxin is increased, promoting the activation
of the CBC and the ATP synthase. Below it will be
considered how the inclusion of these regulatory rela-
tionships may be manifested in the kinetics of the P700
photooxidation. Analysis of the kinetics of P700 redox
transients is of particular interest because the kinetics
of this process can be relatively easily recorded in chlo-
roplasts in vivo and in situ [60–64]. In the computa-
tion of the kinetic curves, the variable parameters of
the model were kFT, μ1, and μ2. The dimensionless
“reference” values of these parameters in the model,
from which their increase was calculated, were taken
to be unity.

iH+

iH+

iH+

700P+

2H Ok P680,k Pck P700k
FOk
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Figure 2 shows how the concentration of the
reduced thioredoxin changes over time. The behavior
of the system at different rates of electron transfer from
Fd– to thioredoxin specified by the kFT constant
(curves 1–3) was considered. A sharp rise of [TrH2]
was due to the fact that, at the beginning, when the
outflow of electrons from Fd– in the CBC is limited
because of the low activity of the CBC enzymes, a sig-
nificant portion of electrons goes from Fd– to thiore-
doxin. At the same time, TrH2 starts the activation of
the CBC enzymes and the ATP synthase, resulting in
accelerated consumption of NADPH. The main elec-
tron transport flow (PSI → Fd → NADP → CBC)
increases, and the TrH2 concentration decreases (Fig. 2).

Figure 3 shows the calculated curves, demonstrat-
ing how the activation of the CBC and the ATP syn-
thase may affect the kinetics of photoinduced changes
of the   concentration. The theoretical curves pre-
sented in Fig. 3 were obtained at different values of the
model parameters μ1 and μ2. The figure also shows a
typical experimental curve of P700 photooxidation
obtained earlier by the EPR method for Tradescantia
fluminensis leaves [65]. The results of calculations
indicate a relatively rapid growth of [ ] (stage O–A)
immediately after switching on the light, followed by a
decline of [ ] to an intermediate level B. Such a
non-monotonic transition (O–A–B), characteristic of
the first stages of the  induction, is observed in
experiments on measurements the kinetics of the P700
oxidation in leaves of higher plants using an optical
method (see, for example, a detailed analysis of this
phenomenon in the work of Bulychev and Vredenberg
[52]). As it was shown earlier [44, 45], the height of the
O–A peak depends on initial conditions: the peak is
higher in the case of the initial oxidized plastoquinone
pool than in the case of the reduced pool. The depth of
A–B depends on the stoichiometry of PSII and PSI
(data not shown), and the values of variable parame-
ters μ1 and μ2, which reflect the degree of thioredoxin
influence on the processes of the CBC and the ATP
synthase activation. Figure 3 shows, as an example, the
kinetic curves of the  concentration computed for
different values of μ1 = μ2 ≡ μ. It is seen that at the ini-
tial stage of the induction process, the higher is the
value of parameter μ, the higher the “plateau” level C
is. This result can be explained by the fact that outflow
of electrons from PSI at the initial stage of the induc-
tion period is the limiting step in the chain of non-
cyclic transport of electrons due to the low CBC activ-
ity. At the same time, the redundant reduction of the
carriers at the acceptor site of PSI occurs due to the
low rate of NADPH consumption. Therefore, the
enhancement of the redox-dependent CBC activa-
tion, characterized by the parameter μ increase, pro-
motes the growth of the  concentration at the ini-
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Fig. 2. The kinetics of thioredoxin reduction at various values of the parameter kFT. Curve 1, a high rate of thioredoxin reduction

 = 10; curve 2, a moderate rate  = 5; curve 3, a low rate kFT = 
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tial stage of the induction process. Then, after a lag-
phase, more intensive growth of [ ] occurs from
level C to a stationary value D. The latter is because of
two reasons: activation of the CBC reactions due to an
increase in the stromal pH (pHo↑) and the attenuation
of electron flow from PSII to PSI due to the pH
decrease in the intrathylakoid space (pHi↓) (for
details, see [43, 44]). When the rate of reduced thiore-
doxin interaction with the ATP synthase and the CBC
enzymes increases, the lag phase prior to [ ] growth
is shortened significantly, and the phase of slow [ ]
growth (stage C–D) shifts to the left, indicating a
marked acceleration of P700 photooxidation. Note that
the accounting of the thioredoxin-dependent CBC
activation allows a realistic description of the P700 pho-
tooxidation curve. As can be seen from Fig. 3, the
experimental curve accurately falls into the “fork”
between the two computed curves obtained for μ = 7
and 10. Thus, the results of our simulations prove that

700P+

700P+

700P+
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thioredoxin-dependent activation of the CBC
enzymes may exert a significant effect on the kinetics
of the P700 photooxidation, because these processes
influence the increase of the electron flows at the
acceptor site of PSI.

The results of the simulation of the electron f lows
distribution of electron flows at the acceptor site of
PSI during the induction period shown in Fig. 4 also
demonstrate the influence of the thioredoxin-depen-
dent activation of the CBC on the photosynthesis
induction processes. On the acceptor side of PSI, the
electron flux splits into three parts: a linear electron
transport from Fd− to NADP+ and further into the
CBC (curve JCBC); cyclic transport via FQR, in which
the electrons return to the ETC at the level of plas-
toquinone pool (curve JSC), and the f low of electrons
to oxygen (curve ). Changes in the electron fluxes
and their ratio are determined by several factors: (i) the
dependence of the PSII activity on the intrathylakoid
pHin and the stromal pHout; (ii) activation of the CBC

2OJ
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Fig. 3. The computed kinetics of photoinduced changes of the relative concentrations of oxidized reaction centers  in the
chloroplasts at various parameters μ1 and μ2. The values of parameter μ = μ1 = μ2 are indicated in the figure. The kinetic curve

of photoinduced changes of the EPR signal from  of Tradescantia fluminensis leaves, which is a modified fragment of Fig. 8
from [65], is shown for comparison with the computed data.
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enzymes as a result of the photoinduced alkalization of
the stroma and the thioredoxin-dependent CBC regula-
tion; (iii) the influence of pHin on the rate of ATP synthe-
sis, and (iv) activation of the ATP synthase by thiore-
doxin. It can be seen from Fig. 4a that at the initial
moment of time, when the CBC is not active, the f low
of electrons to NADP+ is small (curve JCBC) and the
main f low of electrons from PSI is directed to the
chain of the cyclic transport around PSI through FQR
(curve JSC). In these conditions, the f low of electrons
to oxygen also occurs (the Mehler reaction, curve

). Over time, after ADP exhaustion (the system is
in metabolic state 4), the JSC and  f lows weaken
because of deceleration of electron transfer between
PSII and PSI due to the acidification of the intrathyla-
koid space and also due to the diversion of electrons to

2OJ

2OJ
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the non-cyclic (linear) pathway of electron transfer in
the CBC. In the stationary state, the electron flux to
oxygen is not more than 10–15% of the f low to the
CBC that corresponds to previously published data
[46, 48]. For comparison, the kinetic curves shown in
Figs. 4a and 4b were obtained for values of parameters
μ1 and μ2 differing tenfold. The comparison of time
dependencies for the three electron flows (JCBC, the
flow of electrons to the CBC; JSC, the “short” cycle,
and , the f low of electrons to oxygen) shows that
accounting of the processes of thioredoxin-dependent
activation of the CBC and the ATP synthase enhances
the main electron flow to the CBC (JCBC) and is
accompanied by some attenuation of the alternative
flows JSC and . At the same time, as can be seen in
Fig. 4b, the accounting of thioredoxin-dependent reg-

2OJ
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Fig. 4. The electron f lows on the acceptor site of PSI in chloroplasts, in the conditions of redox-dependent activity regulation of
the CBC and the ATP synthase by thioredoxin. (a) Slight activation of the thioredoxin-dependent CBC enzymes and the ATP
synthase; (b) tenfold increase of the activation parameters μ1 and μ2. Curve JCBC, the electron flux from NADPH in the CBC;
curve , the electron flux from ferredoxin to oxygen (Mehler reaction); curve JSC, the electron flux from ferredoxin to quinone
(the “short” cycle).
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Fig. 5. The kinetics of photoinduced changes of the relative values of the variables [PQH2] (a) and [ATP] (b): curve 1, a slight
activation of the thioredoxin-dependent CBC enzymes and the ATP synthase; curve 2, a tenfold increase of the activation param-
eters μ1 and μ2.
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ulation leads to a noticeable reduction in the duration
of the induction phase.

The computed kinetics of photoinduced redox
transformations of plastoquinone and ATP concentra-
tion changes are shown presented in Fig. 5. Note that
within the first 10 s after turning on the light, the plas-
toquinone pool becomes quickly reduced and then
relatively slowly reoxidizes (within minutes), reaching
the steady state level (Fig. 5a). A tenfold increase of
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
parameters μ1 and μ2 produce some changes in the
kinetic curves indicating acceleration of this process.

A different pattern is observed for the ATP concen-
tration (Fig. 5b). The increase of the activation rate of
the CBC enzymes and the ATP synthase by reduced
thioredoxin leads to a pronounced non-monotonic
dependence of ATP concentration on the time of illu-
mination (Fig. 5b, curve 2). Upon the activation of the
ATP synthase, the intrathylakoid space is less acidi-
fied, as evidenced by the computed curves shown in
www.manaraa.com
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Fig. 6. The kinetics of photoinduced changes of intrathylakoid pHi and pHo in the stroma: curve 1, a slight activation of the thi-
oredoxin-dependent CBC enzymes and the ATP synthase; curve 2, a 5-fold increase of the activation parameters μ1 and μ2; curve
3, a tenfold increase of the activation parameters μ1 and μ2.
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Fig. 6. It can also be seen in Fig. 6 that the non-mono-
tonic dependence of intrathylakoid space acidification
correlates with the course of the kinetic curves for
ATP. Thus, the effects of the redox-dependent activa-
tion of the CBC and the ATP synthase relatively
weakly affect the shape of the curves of pHin changes,
resulting in a slight increase by 0.2 units in the steady
state pHin. At the same time, as noted above, the 
induction kinetics and the proportion of alternative
electron flows at the acceptor site of PSI are more sen-
sitive to the processes of redox regulation.

CONCLUSIONS

Simulation of the electron transport processes,
conducted within the previous mathematical model
taking into account the pH-dependent regulation of
the key stages of electron transport, made it possible to
describe a number of patterns of complex kinetics of
the electron transport processes in intact chloroplasts
(see, e.g., review articles [37, 38]). In particular, it was
shown that the multiphase kinetics of P700 photooxida-
tion is determined by the change-over of the rate-lim-

700P+
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iting step: switching of electron fluxes on the acceptor
side of PSI and the inhibition of electron transfer
between PSII and PSI due to the acidification of the
intrathylakoid space. The model plausibly describes
the change of the metabolic state of chloroplasts
caused by changes of the phosphate potential due the
work of the membrane ATP synthase. At the same
time, the mechanisms of photosynthesis regulation
related to the redox-dependent activation of the CBC
and the ATP synthase, mediated by the thioredoxin
action, was not considered in the previous work. The
results of the numerical experiments performed in this
work allowed simulation of the impact of these factors
on the kinetics of electron transport in native chloro-
plasts adapted to darkness.

The issue of verification of the comparatively com-
plex kinetic model containing a large number of
parameters requires comparison of the model predic-
tions with experimental data. To this end, we com-
pared the results of computations with the experimen-
tal data on  induction in the higher plant leaves
obtained by the EPR method. The advantage of EPR
is that it allows direct recording of the status of the PSI

700P+
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reaction centers (P700) in chloroplasts in situ (leaves)
by the magnitude of the characteristic signal from the
oxidized  centers [62]. The simulation of the redox
transformations of P700 revealed a variety of kinetic
patterns of the P700 photooxidation observed in the
experiment [62]. It is known, for example, that the
duration and quantitative relations between the phases
of the kinetic curve of P700 oxidation may vary sub-
stantially, depending on the intensity and spectral
composition of the acting light [38].

It was of interest to study how redox-dependent
regulation of such key processes of photosynthesis as
the ATP synthesis and the CBC functioning can man-
ifest itself in the kinetics of P700 photooxidation. Com-
parison of the kinetic curves computed for various μ
values showed that a relative contribution of the B
phase increases and its duration decreases with
increasing μ (Fig. 3). Low level of the  signal
recorded by different methods (EPR spectroscopy and
optical methods) at the initial stage of induction is typ-
ically associated with slowed operation of the CBC
and the increased contribution of cyclic electron flow,
through which electrons are diverted from the accep-
tor site of PSI to  [60, 66]. A realistic description of
the multiphase kinetics of P700 photooxidation in
leaves of higher plants was obtained by taking into
account the redox-dependent activation of the CBC
(μ = 7–10) (cf. theoretical curves with the experimen-
tal dependence shown in Fig. 3). As was noted above,
the variation of the model parameters responsible for
the activation of the ATP synthase affects the kinetics
of P700 photooxidation to a lesser extent. The latter can
be explained by the fact that the processes of the light-
induced acidification of the intrathylakoid spaces are
less sensitive to variation of the parameters related to
the ATP synthase activation compared with the CBC.

Thus, the analysis of the results of the numerical
experiments performed within the framework of the
model developed has proved that, along with the reg-
ulation of the electron transfer between PSII and PSI
(the attenuation of PSII activity due to non-photo-
chemical quenching of chlorophyll excitation in the
light-harvesting antenna of PSII, slowing PQH2 oxi-
dation by the cytochrome b6 f complex and alkalization
of the narrow gap between adjacent thylakoids of gra-
num), thioredoxin-dependent activation of the CBC
enzymes also affects the induction processes and the
distribution of electron fluxes on the acceptor side of
PSI. Hopefully, further development of the model
aimed at scrutinizing the processes of the electron
transfer in PSII and PSI will allow extension of the
model applicability to the description of the chloro-
plast interactions with other metabolic systems of the
plant cell, including the interaction of chloroplasts
with mitochondria through common metabolites of
carbon and nitrogen metabolism. The creation of ade-
quate models of photosynthesis will ensure the devel-
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opment of a reliable and efficient tool for in-depth
analysis of light-dependent energy conversion in
nature in a wide range of times, from fractions of sec-
onds to tens of minutes.

APPENDIX

To describe the electron transport processes, a sys-
tem of ordinary differential equations has been consid-
ered describing the behavior of the following variables:

 is the concentration of the oxidized centers of
P700 (primary electron donor in PSI),  is the con-
centration of the oxidized centers of P680 (primary
electron donor in PSII), [Pc] is the concentration of
the oxidized carriers which are the immediate electron
donors for the oxidized centers of P700 (plastocyanin
and/or cytochrome c6), [PQ] is the concentration of
oxidized plastoquinone, [Fd+] is the concentration of
oxidized ferredoxin, [N+] and [NH] is the concentra-
tion of NADP+ and NADPH, the terminal electron
acceptors of PSI in the oxidized and reduced forms,
respectively, [O2] is oxygen concentration in the
medium. The variable [ATP] describes changes in the
concentration of ATP.

The initial system of equations, describing the
behavior of the electron carriers, the change in the
concentration of protons inside the thylakoid  and
in the stroma , the processes of emission and con-
sumption of molecular oxygen and the change in the
concentration of ATP, which accounts for thiore-
doxin-dependent activation of the CBC and the ATP
synthase, was described previously [42–45]. This sys-
tem has the following form:
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(S5)

(S6)

(S7)

(S8)

(S9)

(S10)

(S11)

Constants ω1 and ω2 express the stoichiometry of pro-
ton transfer through the ATP synthase and consump-
tion of ATP and final electron acceptor NADPH in
the reactions of the Calvin cycle and are equal to 14/3
and 3/2, respectively. The parameter L1 and the func-
tion L2 (pHi) describe the number of quanta of light
falling per unit time upon the reduced reaction centers
of P700 and P680, respectively. Constants marked with a
subscript “0” are the maximal concentrations of the
relevant variables. [N]0 and [ADN] are the total con-
centrations of all forms of NADP and adenine nucle-
otides, respectively. Constant σbf is the surface density
of the b6/f complexes in the membrane; , kP680, kQ,
kPc, kP700, kFQ, kFO, kFN, kNH, kN-, kCC and kNQ are the
effective rate constants of the reactions shown in Fig. 1.
kRC is the effective rate constant of the NADP+ reduc-
tion due to nonphotosynthetic metabolic processes
(for example, due to pentosophosphate pathway of
glucose oxidation [1]). The set of model parameters
Ki, Ko and Bi, Bo characterizes the buffer properties of
the system. Here, Ki and Ko are the equilibrium con-
stants for the reaction of proton binding by buffer
groups inside and outside of the thylakoid membrane,
respectively; Bi and Bo are the concentrations of these
buffer groups (for details, see [54]). The model param-

eters li and lo characterize the thickness of the lumen
and the distance between the thylakoids of the stroma.

Plastoquinone oxidation and consequent intra-
thylakoid space acidification can be produced not only
by the b6/f complex, but also by the terminal oxidase of
the bd type. Cytochrome c6 can serve as the primary
electron donor for both PSI and the cytochrome oxi-
dase of aa3 type. The constants kOX1 and kOX2 charac-
terize the activity of the respective terminal oxidases of
bd and aa3 type. In addition, it is assumed that PSI can
donate electrons to molecular oxygen.

The values of the rate constants, which character-
ize different stages of the electron transfer along the
ETC from the water splitting complex of PSII to vari-
ous PSI acceptors, were chosen on the basis of the
published data on the kinetics of partial reactions of
electron transport in different segments of the chloro-
plast ETC. The characteristic times of intermediate
redox electron transfer reactions in the photosynthetic
electron transport chain are given in Table 1S.

The chosen rate constants of electron-transport
processes, as can be seen from Table 1S, are in the
ranges of characteristic times obtained experimentally.
To refine the constants used in the model, the results
of computations were compared with the experimental
data obtained for various photosynthetic systems of
oxygenic type (chloroplasts of higher plants and cya-
nobacteria) (see [37] for details). As a criterion of ade-
quacy of the choice of rate constants, the agreement
has been used of the theoretical curves with the exper-
imental data of the electron transfer rate between PSII
and PSI, as well as the intrathylakoid space pH (pHi)
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Table 1S. Characteristic times of intermediate redox electron transfer reactions in the photosynthetic electron transport chain

Electron transfer reaction Rate constant
Characteristic time, τ1/2, s References

on experim. datamodel experiment

H2O → P680 10–4 10–6–6 × 10–4  [57, 67]

P680 → PQ kP680 6 × 10–4 6 × 10–4  [57, 67]
Pc → P700 kPc 2 × 10–4 2 × 10–4  [57, 67]
P700 → Fd kP700 10–4 10–2 –7 × 10–1  [57, 67]

Fd → NADP kFN, kNH 10–2 2 × 10–4 –10–2  [68]

Fd → PQ kFQ 2 × 10–2 10–2 –7 × 10–1  [60]

Fd → O2 9 × 10–2 2 × 10–2 –7 × 10–1  [47]

2H Ok

2Ok
and pH of the stroma (pHo) at metabolic states 3 (the
conditions of intensive ATP synthesis) and 4 (the state
of photosynthetic control). It was accepted, in partic-
ular, that at metabolic states 3 and 4 pHi ≈ 6.0–6.2 and
pHi ≈ 5.4–5.6, respectively [19, 59].

Derivation of the equation for the passive f low Jpass
was based on the assumption about the participation
of acidic groups of the thylakoid membrane in the pro-
cesses of transmembrane transfer of protons as media-
tors. There are indications in the literature that, at
physiological pH, the conductivity of lipid bilayer is
determined mainly by the presence of acidic groups in
the membranes [71–73]. The model of “acidic” carrier
was used to describe the passive leakage of protons in
thylakoids; it has been shown that it gives good agreement
with the experimental data on measurements of the pho-
toinduced uptake of protons by the chloroplasts [61].
According to the model considered in [61], a proton
inside the thylakoid first binds to an intramembrane pro-
ton-acceptor group M ( ), and then
dissociates into the stroma ( ). The
binding of hydrogen ions H+ inside the thylakoid to
the proton-acceptor groups M is characterized by an
effective rate constant ; the binding of hydrogen ions
taken from the external space is characterized by an
effective rate constant . The dissociation of protons
into the thylakoid and out of it is characterized by
effective rate constants  and , respectively. The
rate constants of the direct and reverse reactions are
related by the ratio = KM1 and  = KM2,
where KM1 and KM2 are the effective constants of the
proton equilibrium for the buffer group M and hydro-
gen ions inside and outside of the thylakoid, respec-
tively. It is reasonable to assume that, for the proton-
acceptor groups M, fixed in the membrane and
involved in the passive transfer of protons across the
membrane, equality KM1 = KM2 ≡ KM must be true. It
is easy to show (for details, see [61]) that the function
Jpass, describing the passive proton flow in the frame-

inH M MH+ ++ ↔

outMH M H+ +↔ +

1
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1 1
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' 'k k−
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work of the model, schematically shown in Fig. 1 on
the left, is as follows:

(S12)

It is obvious that the equation for the proton flow
through the ATP synthase, JATP, in general case, may
be different from Eq. (S12), since the transmembrane
proton transport, associated with ATP synthesis, has
additional stages due to the structural features of the
ATP synthase complex. The justification of the choice
of a function JATP for the ATP synthase channel of the
transmembrane proton transfer and a function Jcell of
the exchange of protons between the stroma and the
cytosol was given in [37]. Note that specific values of
the constants in the formulas for the proton flows JATP
and Jpass have been chosen by fitting the experimental
data so that to obtain the best agreement of the com-
puted and experimental values of pHi and the rate of
ATP synthesis at different pHo.

The function kPQ{[PQ],[Pc],[Hi]} = 1/τPQ, where

(S13)

was determined earlier [54]. This function is an effec-
tive rate constant, which characterizes the set of pro-
cesses associated with the oxidation of the plastoqui-
none molecule PQH2 dependent on the intrathylakoid
pHin. Here, kz is the binding constant of PQH2 to the
Qo center of the cytochrome b6f complex, Ti (i = 1, 2, 3)
are the characteristic times of transfer of two electrons
from the bound PQH2 molecule to the b6 f complex
and electron transfer within this complex, respec-
tively; ky is the rate constant of electron transfer to the
oxidized Pc molecule. The characteristic time of the
plastoquinone oxidation, τPQ, is determined by the
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rate of its direct interaction with the cytochrome b6 f
complex and the transfer time of an electron from the
b6 f complex to plastocyanin. The rate of PQH2 oxida-
tion depends on the concentration of hydrogen ions
inside the thylakoids (for details, see [38, 39]). The
parameters h1 and h2 are normalizing coefficients, the
magnitudes of which are determined by pK of the first
and second stages the of PQH2 oxidation.

For the simulation of non-photochemical quench-
ing, the constant L2, which characterizes a number of
light quanta exciting P680 per unit time, was phenome-
nologically given as L2 (pHi) function, parametrically
depending on pHi. By this means we took into account
that, during the acidification of the lumen, photo-
chemical activity of PSII is reduced. The function L2
(pHi) has the following form:

(S14)

Constants k, L0 and Lmin, are the model parameters.
pK characterizes the activation of non-photochemical
quenching of chlorophyll excitation in the light-har-
vesting antenna of PSII. The dependence of L2(pHi)
on pHi has a sigmoidal form, describing the L2
decrease in the range from pH 8 (where L2 = L0) to
pH 4 (where L2 = L0Lmin).

The NADP and ATP consumption in the Calvin–
Benson cycle is described in a generalized form by a
function proposed earlier [44]:

(S15)

The first factor in Eq. (15) is the Boltzmann func-
tion, phenomenologically describing the pH-depen-
dent activation of the Calvin–Benson cycle enzymes
due to the photoinduced stroma alkalizing. It has been
chosen according to the literature data on the depen-
dence of activity of some Calvin cycle enzymes on pH
of the stroma [1, 5].

Numerical integration of the system of differential
equations was performed by the Runge–Kutta method.
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