
ELECTRON TRANSPORT IN OXYGENIC

PHOTOSYNTHETIC SYSTEMS

Alternative routes of electron transfer in photosyn-

thetic systems of oxygenic type. In oxygenic photosyn-

thetic systems (chloroplasts of higher plants, cyanobacte-

ria, algae), two photosystems (PS) I and II under sequen-

tial light-driven functioning provide electron transfer

from water, splitted by PS II, to NADP+, the terminal

physiological acceptor of PS I (Fig. 1). The electron

transport reactions are coupled to generation of the trans-

membrane difference in electrochemical potentials of

hydrogen ions serving as an energy source for the opera-

tion of ATP synthase complexes providing the ATP syn-
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Abstract—This review considers the state-of-the-art on mechanisms and alternative pathways of electron transfer in photo-

synthetic electron transport chains of chloroplasts and cyanobacteria. The mechanisms of electron transport control

between photosystems (PS) I and II and the Calvin–Benson cycle are considered. The redistribution of electron fluxes

between the noncyclic, cyclic, and pseudocyclic pathways plays an important role in the regulation of photosynthesis.

Mathematical modeling of light-induced electron transport processes is considered. Particular attention is given to the elec-

tron transfer reactions on the acceptor side of PS I and to interactions of PS I with exogenous acceptors, including molec-

ular oxygen. A kinetic model of PS I and its interaction with exogenous electron acceptors has been developed. This model

is based on experimental kinetics of charge recombination in isolated PS I. Kinetic and thermodynamic parameters of the

electron transfer reactions in PS I are scrutinized. The free energies of electron transfer between quinone acceptors A1A/A1B

in the symmetric redox cofactor branches of PS I and iron–sulfur clusters FX, FA, and FB have been estimated. The second-

order rate constants of electron transfer from PS I to external acceptors have been determined. The data suggest that byprod-

uct formation of superoxide radical in PS I due to the reduction of molecular oxygen in the A1 site (Mehler reaction) can

exceed 0.3% of the total electron flux in PS I.
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thesis from ADP and Pi. Products of the light stage of

photosynthesis – NADPH and ATP – enable the assimi-

lation of carbon dioxide and the synthesis of carbohy-

drates in the Calvin–Benson cycle (CBC). The optimal

balance between ATP and NADPH molecules

(ATP/NADPH = 3/2), necessary for operation of the

CBC, is achieved by fine regulation of electron flux parti-

tioning between alternative paths of electron transport

(noncyclic, cyclic, and pseudocyclic [1-4]). The key role

in the distribution of electrons is played by the acceptor

side of PS I [5]. Under metabolic conditions, when the

CBC is active, the main electron flux from PS I is direct-

ed from ferredoxin (Fd) to NADP+ through ferredoxin-

NADPH reductase. However, during the initial stage of

the induction period of photosynthesis, when the CBC

enzymes are inactivated after dark adaptation, the out-

flow of electrons from PS I is slow due to low consump-

tion of NADPH in the CBC. In this case, the contribu-

tion of alternative electron transport pathways – cyclic

electron flow around PS I and pseudocyclic electron

transfer – is known to increase (Fig. 2). Electron transfer

along the “short” route from the acceptor site of PS I to

the plastoquinone (PQ) pool occurs with the participa-

tion of ferredoxin-quinone reductase (FQR) and the

cytochrome b6 f complex [6-8]. The “long” route of cyclic

electron transport around PS I is associated with electron

transfer through NAD(P)H-dehydrogenase [9-12].

Genetic and biochemical studies demonstrated the par-

ticipation of various proteins in the cyclic electron trans-

port (see, for example, review [4]).

The concept of cyclic electron transport in photo-

synthetic systems was introduced in the literature in 1963,

when Arnon et al. [13] demonstrated that Fd can serve as

a cofactor of so-called “cyclic phosphorylation”. It is

believed that competition for reduced Fd is one of the

major mechanisms for redistributing electron fluxes on

the PS I acceptor side [14-16]. More than half a century

has passed since the publication of that article [13], but

questions concerning the mechanisms of Fd-dependent

cyclic electron transport are still a subject of scientific dis-

cussions. In 1995, Bendall and Manasse [17] suggested

the existence of FQR, which provides a cyclic pathway of

electron transfer around PS I: PS I → Fd → FQR →
PQ → b6 f → Pc → P700. Later, genes whose products pro-

Fig. 1. Schemes of noncyclic and cyclic pathways of electron transport in chloroplasts.
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vide for cyclic electron transport were found in

Arabidopsis chloroplasts [4, 6, 18]. These genes are PGR5

(proton gradient regulation 5 protein gene) and PGRL1

(PGR5-like protein 1 gene). Expression of these genes is

necessary for inducing nonphotochemical quenching of

the excited state of chlorophyll (Chl) and for protecting

the photosynthetic apparatus from photodegradation. It

has been shown that the PGR5 and PGRL1 proteins can

be involved in Fd-dependent electron transport around

PS I [6, 7, 18-22]. This suggests that PGR5 and PGRL1

can be considered as the FQR components. However, the

exact role of the PGR5/PGRL1 proteins (direct partici-

pation or regulatory functions) remained unclear, until it

was established that PGRL1 can accept electrons from Fd

and reduce PQ [20]. PGRL1 is a redox-regulated protein,

its activity is associated with the presence of a Fe-con-

taining cofactor and six cysteine residues. The PGR5

protein is required for transfer of electrons from Fd to

PGRL1.

There is also a notion that the Fd-dependent cyclic

transport pathway is associated with the reduction of the

PQ molecule in the Qi site of the cytochrome b6 f com-

plex, oriented toward the stroma. It is assumed that the

electrons accepted by the cytochrome complex from PS I

come directly from ferredoxin:NADP oxidoreductase

(FNR) (see, for example, the review [23]). The formation

of the FNR–b6 f supercomplex should facilitate this reac-

tion.

FNR can be included in cyclic electron transport,

either directly (PS I → Fd → FNR → PQ) or through the

NADH dehydrogenase complex (NDH) (Fig. 2). This

pathway is considered to be linked to NADPH (or

NADH) oxidation. The presence of NDH has been

demonstrated by chloroplast genome sequencing for

Nicotiana tabacum and Marchantia polymorpha [24, 25].

NDH has also been found in cyanobacteria [26, 27].

Genetic and biochemical analysis convincingly showed

involvement of chloroplast NDH in cyclic transport of

electrons around PS I [12, 28, 29]. This is also indicated

by NDH localization in stromal regions of thylakoid

membranes enriched with PS I complexes [9]. There is

evidence that NDH and PS I can form a supercomplex in

Fig. 2. Electron transport chain in oxygenic photosynthetic systems (Z-scheme of photosynthesis). APX, ascorbate-peroxidase; SOD, super-

oxide-dismutase.
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plant chloroplasts [10, 11] and in cyanobacterial cells

[30]. The nature of the electron donor for NDH is a sub-

ject of discussions [4]. It is believed that NADPH can

serve as the electron donor for NDH (PS I → Fd →
FNR → NADPH → NDH → PQ → b6 f ). However, dif-

ferent point of view was discussed in [31-33]. Johnson

[31] suggested that Fd can donate electrons to the plasto-

quinone pool bypassing the NDH complex (Fig. 1).

There are indications that in chloroplasts, NDH accepts

electrons from reduced Fd, but not from NAD(P)H [32,

33]. Genetic and biochemical analysis demonstrated that

NDH transfers electrons to PQ from stromal donors [34].

Redistribution of electron fluxes between alternative

pathways can be controlled by the redox state of the

chloroplast electron transport chain. Intensive reduction

of thioredoxin occurs under excess of reducing agents on

the acceptor side of PS I, thereby activating thioredoxin-

dependent enzymes [35-37]. In particular, the light-

induced activation of CBC enzymes contributes to an

increase in the outflow of electrons from PS I to the CBC

[38-40].

Besides the alternative ways of cyclic transport of

electrons described above, the so-called pseudocyclic

electron transport contributes to chloroplast functioning,

in which water molecule oxidized   by PS II serves as the

direct electron donor. On the other hand, the water mol-

ecule is formed as the terminal product as a result of elec-

tron transfer from PS I to molecular oxygen O2 (H2O →
PS II → PS I → O2 → H2O) (for more details, see below

in the section “Pseudocyclic transport of electrons in

chloroplasts (“water–water” cycle)”).

The literature on the functional role of alternative

pathways of electron transport is contradictory [3, 41-46].

It is considered, for example, that the fraction of pseudo-

cyclic transport of electrons is small (∼10%) compared to

the total flux of electrons coming from PS II. The trans-

fer of electrons along alternative paths is accompanied by

the generation of a transmembrane difference in electro-

chemical potentials of hydrogen ions, which allows ATP

synthesis during initial stages of the induction period of

photosynthesis, when the CBC is inactive. With light-

induced activation of the CBC, noncyclic (linear) elec-

tron flux increases, and the relative contributions of the

alternative paths of electron outflow from PS I decrease.

According to various estimates, even a relatively small

branching of the electron flux to the cyclic electron trans-

fer chain and oxygen, ∼10-15% of the noncyclic flow to

NADP+, can provide the required stoichiometry of

ATP/NADPH [1, 47, 48].

Regulation of electron transport. Let us briefly con-

sider some aspects of regulation of electron transport in

chloroplasts. The ability of photosynthetic organisms to

respond rapidly to changes in external conditions deter-

mines their productivity and survival under extreme

conditions. Rapid changes in light intensity and temper-

ature can damage the photosynthetic apparatus [48-56].

In plants, two strategies are present for protecting the

photosynthetic apparatus (PSA) from light stress caused

by excess solar energy: (i) rapid response of the PSA to

light fluctuations and (ii) relatively slow plant response

linked to changes in content of various PSA components

during a decrease or amplification of light intensity or

temperature and gas composition of the environment.

Structural and functional reorganization of the PSA in

response to changes in external conditions is achieved by

various feedbacks; these processes occur in the time range

from a few seconds to several tens of minutes (rapid PSA

regulation) or several hours/days (slow PSA rearrange-

ment).

Mechanisms of rapid regulation of the PSA are asso-

ciated with the following processes: (i) pH-dependent

control of electron transport due to photoinduced

changes in pH inside the thylakoid and stroma, (ii) redox-

dependent activation/inactivation of CBC enzymes, (iii)

redistribution of absorbed light energy between PS II and

PS I, (iv) redistribution of electron fluxes between the

alternative pathways, and (v) chloroplast movements

within the plant cell, shielding them from excessive light.

Rapid mechanisms of regulation are seen most clearly

when studying the induction phenomena of photosynthe-

sis [37, 48, 50, 53, 54, 57-64].

Even though the molecular structure of the PSA has

been rather thoroughly studied, questions about alterna-

tive electron transfer pathways in oxygenic photosynthetic

systems are still contentious. These are, for instance, the

question of the interaction of molecular oxygen (O2) with

the electron transport chain of oxygenic photosynthetic

organisms [42, 43, 65]. Below, we describe the electron

transport reactions on the acceptor side of PS I, paying

attention to the mechanisms of PS I interaction with

exogenous electron acceptors, and with molecular oxygen

(O2) in particular. Mathematical modeling is a useful tool

for quantitative analysis of electron transport processes in

photosynthetic systems, and it is given special attention in

this review. Molecular oxygen is an acceptor with redox

potential Em = –0.155 V relative to the normal hydrogen

electrode at pH 7.0 and concentration of [O2] = 1 M [66],

capable of accepting electrons from low-potential accep-

tors of PS I (Mehler reaction [67], Fig. 2). This results in

formation of superoxide radical (O2
•–) and other reactive

oxygen species (ROS) [41-43, 65, 68]. Superoxide radicals

O2
•– dismutate, forming hydrogen peroxide H2O2

(2 O2
•– → H2O2 + O2) [67, 69]. In intact chloroplasts,

H2O2 is converted into water by interacting with ascorbate,

catalyzed by peroxidase [41, 42, 70, 71]. The major elec-

tron donors for O2 in chloroplasts are electron carriers on

the acceptor side of PS I. The sections “Mathematical

modeling of electron transfer reactions in pigment–pro-

tein complex of photosystem I” and “Pseudocyclic elec-

tron transport in chloroplasts (“water–water” cycle)” of

our review are devoted to experimental studies and math-

ematical modeling of the interaction of O2 with PS I.
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General principles of mathematical modeling of elec-

tron transport processes of photosynthesis. Mathematical

modeling is an effective tool for analyzing electron trans-

port processes in photosynthetic systems (see, for exam-

ple, [72, 73]). Below we briefly consider the basic princi-

ples for constructing mathematical models that describe

the light stages of oxygenic photosynthesis.

Deterministic description of the processes of electron

transport is based on the use of chemical kinetics equa-

tions that establish the relationship between the concen-

trations of interacting electron carriers by the law of mass

action, sometimes supplemented by the Michaelis–

Menten equations to describe the individual stages of

electron transport. In the fast mixing approximation, the

time-dependent concentrations of reagents can be con-

sidered as variables independent of spatial coordinates. In

this case, a system of ordinary differential equations can

be used to describe the interaction of metabolites (or

electron carriers). The application of the law of mass

action for describing the interaction between the reacting

components is justified if the encounter of spatially sepa-

rated reagents occurs by their rapid diffusion. In this case,

the rates of individual reactions can be considered (in first

approximation) proportional to the products of the react-

ing substances:

Jij(t) ~ kij × ci (r
→

, t) × cj (r
→

, t) ,          (1)

where kij is the apparent (effective) rate constant for inter-

actions of reactants with concentrations of ci(r
→

, t) and

cj(r
→

, t). We emphasize that the concentrations of the

reacting components at different points in the system can

depend on the spatial coordinate r
→

. Simulation of the

electron and proton transport processes in chloroplasts

has shown that such an approximation can be useful, for

example, if rapid diffusion of PQ and plastocyanin (Pc)

allows efficient interaction between spatially separated

pigment–protein complexes of PS II, PS I, and

cytochrome b6 f complex [73, 74].

Equation (1) is known as the law of mass action. On

its basis, a kinetic model has been developed that

describes key reactions of electron transfer and trans-

membrane proton transfer in chloroplasts [73-75].

Quantitative analysis of the model revealed the key func-

tional role of PS I in regulation of pH levels and ATP con-

centration in thylakoids, providing pH-dependent activa-

tion of the Calvin– Benson cycle and regulation of PS II

activity. It has been shown that pH-dependent regulatory

processes change the distribution of electron fluxes on the

acceptor side of PS I and control the electron transfer rate

between PS II and PS I. In general, light-induced activa-

tion of the Calvin–Benson cycle results in a significant

increase in the electron flux from PS I to NADP+ and a

decrease in the electron flux to molecular oxygen [75].

Therefore, the biochemical processes in thylakoid mem-

branes and chloroplast stroma are regulated by complex

systems of feedbacks, in which PS I is a key node; quan-

titative analysis of these reactions is impossible without a

detailed kinetic model of PS I [73]. Recently, a hierarchi-

cal model of PS I was developed that describes the inter-

action of the pigment–protein complex with the native

donor (Pc) and acceptors (plastoquinone-NAD(P)H

reductase and ferredoxin-NADPH reductase) of elec-

trons in detail [76]. Within the framework of this model,

a qualitative description of PS I transition dynamics was

performed. However, this model did not consider the

interaction of PS I with oxygen; the kinetic parameters

characterizing the interaction of iron–sulfur clusters were

taken from an article by Santabarbara et al. [77], who

inaccurately describe the thermodynamics of electron

transfer reactions on the acceptor side of PS I [78].

To describe diffusion-controlled photosynthetic

reactions in spatially heterogeneous photosynthetic sys-

tems (for example, PQ diffusion in thylakoid membrane

or Pc diffusion in intrathylakoid space), mathematical

tools are required that are based on partial differential

equations. This is because diffusion restrictions can affect

the kinetic characteristics of the system. Integral protein

complexes can significantly retard PQ diffusion in the

thylakoid membrane [79, 80]. Restricted diffusion of Pc

in the narrow lumen space may slow down electron trans-

fer from the cytochrome b6 f complex to PS I [81]. The

high concentration of buffering groups on the surface of

thylakoid membranes significantly decelerates the proton

diffusion in the near-surface layer [46, 82-86]. The slow-

ing of ion diffusion in the near-surface layer of lipid

membranes is caused, in part, by the presence of a barri-

er due to structuring of surface water layers near the

charged interface [87, 88]. Correct description of diffu-

sion-controlled electron transport reactions in chloro-

plasts requires considering the spatial heterogeneity of the

lamellar system. Within the deterministic approach to

finding concentrations of reagents in relation to their spa-

tial coordinates ci(r
→

, t), the mathematical apparatus of

partial differential equations is commonly used, and the

mathematical task is related to integration of the system

of diffusion-type equations (2):

(2)

where Di is the diffusion coefficient of the i-th compo-

nent, and the function Fik characterizes its interaction

with the other reagents of the system. As an example of

modeling the diffusion-controlled processes of electron

transport in chloroplasts, we refer to studies in which het-

erogeneous lateral pH profiles inside and outside the thy-

lakoids were shown to form under conditions of intense

ATP synthesis [74, 86]. The results of mathematical mod-

eling are in good agreement with the experimental data

on transmembrane pH difference (∆pH) in chloroplasts,
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and they also suggest that alkalization of the space

between closely adjacent thylakoids in grana can be one

of the factors of attenuation of PS II activity [46, 82].

A more complete review on the utilization of the

deterministic approach for description of electron and

proton transport processes in chloroplasts can be found in

recent articles [72-74].

Stochastic modeling of diffusion-controlled bioener-

getic processes in the cell has recently become more rele-

vant. The unusually complex topology of the spatially

inhomogeneous lamellar system of chloroplasts greatly

complicates the task of correct consideration of the diffu-

sion-controlled stages of electron and proton transport

within the framework of the deterministic approach. New

perspectives are given by using the Monte Carlo method,

based on considering spatial movement of diffusing

metabolites or electron carriers by the random walk

method. The productivity of this approach for describing

photosynthetic processes in complex supramolecular

bioenergetic systems is obvious, since the “scene” on

which these processes are played may be as odd as possi-

ble. Without dwelling on the particulars of the description

of photosynthetic systems by stochastic dynamics, we will

only refer the reader to some original articles and reviews

on this topic [72, 79, 89-94].

STRUCTURAL AND FUNCTIONAL

ORGANIZATION OF PHOTOSYSTEM I

Molecular organization of photosystem I. Photosys-

tem I is one of two key pigment–protein complexes of the

electron transfer chain of oxygenic photosynthesis. This

complex is localized in the thylakoid membranes of

cyanobacteria, algae, and plants and carries out light-

dependent electron transfer accompanied by oxidation of

Pc (or cytochrome c6 in cyanobacteria) on the donor side

and reduction of Fd or flavodoxin (Fld) on the acceptor

side. PS I includes large light-harvesting antenna consist-

ing of Chl and carotenoids molecules. The central part of

the complex contains the photosynthetic reaction center

catalyzing the formation of transmembrane difference of

electrical potentials [95-97].

The X-ray crystallographic structure of the trimeric

PS I complex with 2.5 Å resolution was first obtained for

the cyanobacterium Synechococcus elongatus [98].

Recently, the PS I structure of plant origin [99] has also

been deciphered. Each monomer of cyanobacterial PS I

has molecular mass of ∼320 kDa and consists of 12 sub-

units. The electron transfer cofactors and most of the

chlorophyll (Chl) molecules and carotenoids of the light-

harvesting antenna are localized within two large trans-

membrane subunits, PsaA and PsaB, and on a small

external subunit PsaC. Ninety molecules of Chl and 22

molecules of carotenoids serve as an antenna. Six mole-

cules of Chl a, two molecules of phylloquinone (PhQ),

and three iron–sulfur clusters (Fe4S4) participate in the

primary stages of electron transfer and subsequent reduc-

tion of the external electron acceptors – Fd or Fld. These

cofactors implement electrogenic electron transfer

through the coupling membrane.

The light-induced primary charge separation is asso-

ciated with transfer of an electron from an excited pri-

mary electron donor, which is a dimer (a special pair) of

Chl a molecules, designated P700, to the primary electron

acceptor A0 (two pairs of Chl a molecules). Then, the

electron is sequentially transferred from A0 to the phyllo-

quinone acceptor A1 and further to Fe4S4 clusters FX, FA,

and FB.

The photoreduced terminal cluster FB was shown to

directly reduce Fd and Fld [100-103]. The electron trans-

fer cofactors on the acceptor side of PS I are localized in

the PsaA and PsaB protein subunits and are organized in

the form of two symmetrical branches A and B. The sym-

metry axis extends from the P700 dimer on the lumen side

to the FX cluster located on the stromal side. Each of the

branches includes two Chl a molecules (A0A and A0B) and

a PhQ molecule (A1A or A1B). Both branches were shown

to participate in electron transfer [104] (see also the

reviews [77, 105]) at room temperature at ratio ∼3 : 1 in

favor of branch A in cyanobacterial PS I complexes [106-

108].

Kinetics and thermodynamics of electron transfer

reactions in photosystem I. In study of primary stages of

electron transfer in the reaction center, the use of laser

technology that allows recording of fast electron transfer

processes plays a crucial role.  Upon laser flash excitation,

charge separation occurs between P700 and the chloro-

phyll acceptor A0 to form the primary ion-radical pair

P+
700A

–
0A (and/or P+

700A
–
0B) within <100 fs [109]. Then, the

electron is sequentially transferred, first to the quinone

acceptor A1A/A1B (30 ps), and then to the iron–sulfur

cluster FX (200 ns), from which the electron is transferred

to the terminal iron–sulfur clusters FA/FB (<1 µs). In the

absence of exogenous electron acceptors, charge recom-

bination between [FA/FB]– and P+
700 occurs with a charac-

teristic time τ ≈ 30-100 ms. In the absence of FA/FB, the

recombination of the P+
700FX

– pair occurs in the 0.5-5 ms

range. In PS I complex lacking all three Fe4S4 clusters,

the reduced quinone acceptor A1
– and the electron

“vacancy” (“hole”) in P+
700 recombine with a characteris-

tic time of 20-200 µs [95, 105, 110].

The free energy difference ∆G of electron transfer

between A0 and A1 is more than 420 meV, while ∆G of the

subsequent electron transfer from A1 to FA/FB is approxi-

mately 200 meV [77, 105, 111]. At room temperature, the

direct transfer of an electron from A1 to FX occurs along

the two alternative branches. Electron transfer along

branch A (A1A → FX) is characterized by lifetime τ ≈
300 ns and activation energy of 110 meV, and electron

transfer along branch B (A1B → FX) occurs faster (τ ≈ 11-

17 ns) and is almost temperature-independent [108, 112].
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It was shown that charge recombination of the ion-radi-

cal pair P+
700[FA/FB]– in the reaction P+

700[FA/FB]– →
P700[FA/FB] is characterized by activation energy

∼220 meV [113], and charge recombination involving ter-

minal cluster FX (P+
700FX

– → P700FX) is also temperature-

dependent and occurs through intermediate state P+
700A1

–

[95, 114].

MATHEMATICAL MODELING OF ELECTRON

TRANSFER REACTIONS IN PIGMENT–PROTEIN

COMPLEX OF PHOTOSYSTEM I

Biochemical reactions in the thylakoid membranes

of chloroplasts and in the coupling membranes of photo-

synthetic bacteria and algae are characterized by complex

spatial structural organization and many regulatory cross

couplings between enzyme complexes. To analyze quan-

titatively regulation of energy flows in chloroplasts, meth-

ods of chemical kinetics and mathematical modeling are

widely used [73]. In their physical nature, electron trans-

fer processes between cofactors of pigment–protein com-

plexes differ from reactions in solutions by the absence of

diffusion processes of reagents, and therefore their math-

ematical description is usually based on probability mod-

els whose dynamic properties can be characterized by a

system of ordinary differential equations.

One of the key elements of the regulation of oxygenic

photosynthesis that determines the direction of biochem-

ical fluxes is the PS I complex; therefore, a considerable

amount of both experimental [107, 112, 113, 115-120]

and theoretical studies have been devoted to its mathe-

matical modeling [76-78, 111, 114, 121-123]. PS I is one

of the most intricately organized pigment–protein photo-

synthetic complexes (see section “Molecular organiza-

tion of photosystem I”). Functionally, PS I is a molecular

electric generator that converts light energy of the visible

part of the sunlight spectral range into directed electron

flux through the photosynthetic membrane. When a light

quantum is absorbed, the primary processes of photoin-

duced charge separation proceed with participation of the

special pair of Chl molecules P700 and four additional Chl

molecules organized symmetrically around the rotation

axis passing through the dimer P700 perpendicular to the

membrane plane (Fig. 1). Electron transfer from P700 to

quinone acceptors A1A and A1B occurs within ∼25 ps, and

the rate of these reactions does not decrease upon lower-

ing temperature. Since this stage of electron transfer does

not limit subsequent reactions, it is usually not included

in the mathematical model when analyzing slower pho-

toinduced processes.

Redox potentials of the electron transfer cofactors in

the PS I reaction center are significantly lower compared

to cofactors of the similar PS II and the bacterial reaction

center, which, on one hand, causes difficulties in experi-

mental determination of their midpoint redox potentials,

and, on the other hand, gives rise to incidental reactions

in the process of functioning due to the escape of an elec-

tron to molecular oxygen with the formation of toxic

superoxide oxygen radical. The reaction of molecular

oxygen reduction to superoxide anion radical in water at

1 atm pressure of gaseous oxygen has potential –0.33 V

relative to the standard hydrogen electrode (SHE) [124].

In air, the oxygen partial pressure is 0.2 atm, and the equi-

librium concentration of dissolved oxygen in the water is

∼250 µM [125]. The reduction of molecular oxygen to the

superoxide anion usually occurs in thermodynamically

nonequilibrium conditions, when the resulting superox-

ide rapidly interacts with other substances or is removed

in vivo by superoxide dismutase. In these cases, to char-

acterize the metabolic flux, it is important to know the

probability of electron transfer during a bimolecular col-

lision from the donor to molecular oxygen; this probabil-

ity is more consistent with the redox potential of molecu-

lar oxygen calculated for conditions when its concentra-

tion in water is 1 M, and this value is given in Table 1.

In Table 1, the first column represents oxidation-

reduction state pair of PS I cofactors and various electron

acceptors interacting with PS I. The second column char-

acterizes the midpoint potential (Em) of this compound

relative to SHE, and the third column shows the Em val-

ues relative to the saturated calomel electrode (SCE) in

dimethylformamide (DMF). It should be noted that the

extremely low values of redox potentials of electron carri-

ers of PS I makes their direct electrochemical determina-

tion possible only for terminal acceptors – iron-sulfur

clusters FA and FB [126]. The redox potentials of FA and

FB are close and almost indistinguishable upon titration at

room temperature; therefore, in Table 1 they are denoted

together as a joint FA/FB cluster. Redox potentials of

other cofactors and their interaction with protein matrix

can only be estimated on the basis of various electrostatic

models and quantum chemical calculations (section

“Redox potential calculation of electron transfer chain

cofactors in photosystem I”), molecular dynamics mod-

eling (section “Modeling of photosystem I cofactor inter-

action with protein environment using molecular dynam-

ics”), and also on the basis of the kinetics of various elec-

tron transfer reactions within PS I complexes (section

“Kinetic modeling of electron transfer in PS I”) and the

interaction of PS I with exogenous electron acceptors

(section “Interaction of photosystem I with exogenous

electron acceptors”).

Redox potential calculations of electron transferring

cofactors in photosystem I. Direct quantum-chemical cal-

culation of redox potentials of PS I cofactors by ab initio

methods [127] requires consideration of various electro-

static interactions, which are usually analyzed within the

phenomenological Poisson–Boltzmann equation [128,

129]. However, several simplifying assumptions were

made, so the total error of such calculations exceeded

0.5 V [111]. A potentially more accurate approach is semi-
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empirical electrostatic calculations in which the midpoint

potentials of cofactors in a protein are compared with

known electrochemical potentials of these compounds in

polar aprotic solvents, such as DMF or nitrobenzene

[111, 130-132]. In terms of its physical-chemical proper-

ties, DMF is close to peptide groups of the protein core,

so the interaction of the cofactor with DMF in solution is

similar to its interaction with the protein environment in

the binding site, which simplifies the analysis compared

to ab initio calculations. However, the use of semiempiri-

cal models faces several methodological difficulties. First,

in such calculations the values of redox potentials

obtained in nonaqueous solvents must be brought to SHE

in water, which cannot be done without special assump-

tions [111]. Second, semiempirical methods do not allow

unambiguous determination of the value of the dielectric

constant and require detailed conformational analysis of

the microscopic structure of the protein [133-135].

To compare data obtained in different solvents,

redox potentials of ferrocene and cobaltocene are used in

electrochemistry, which are not sensitive to the chemical

characteristics of solvent molecules. Conversion of

potentials obtained in DMF relative to SCE to potentials

in water relative to SHE can be carried out in two stages:

first, the potential is calculated with respect to pair

Fc/Fc+, and then transition to the potential relative to

SHE in water is performed with the correction

of +430 mV; this value corresponds to the Em value of the

Fc/Fc+ pair relative to the SHE in water [111]. For exam-

ple, the redox potential of phylloquinone PhQ0/1 relative

to SCE in DMF is –709 mV, and Em of the Fc/Fc+ pair

under the same conditions is +524 mV [136], so the

potential of PhQ relative to Fc is –1233 mV. Thus, with a

correction of +430 mV, the value of Em(PhQ0/1) relative to

SHE in water is –803 mV. The third column in Table 1

shows the Em values in DMF determined relative to aque-

ous SHE. These values are closest to the redox potentials

of the cofactors in the protein environment (the corre-

sponding values are indicated in Table 1 by bold font).

In several studies [130, 132], the authors take the Em

of PhQ in DMF relative to SHE equal to –405 or

–455 mV, which is 0.4 V higher than the value obtained

against the Fc/Fc+ pair; such a large error arises from

ignoring the interfacial jump in the potential between

water and DMF, which can be as high as several

hundred mV. In a study by Ptushenko et al. [111], it was

shown that a consistent calculation of the redox poten-

tials of cofactors in the protein matrix of PS I also

requires, in addition to the interfacial potential jump,

consideration of heterogeneous distribution of the dielec-

tric constant of the protein complex, which can be carried

out by molecular modeling methods that are discussed in

the next section of this review.

Modeling of photosystem I cofactor interaction with

protein environment using molecular dynamics. Molecular

dynamics approaches are widespread in biochemical and

biophysical studies, and their use in the last decade has

become almost universal. However, although the atomic

structure of PS I has been known for more than fifteen

years [98], molecular dynamics have not been practically

used for the study of PS I until recently. Molecular

dynamics modeling was used to study the interaction of

trimeric PS I with a layer of detergent molecules of n-

dodecyl-β-D-maltoside toroidally distributed around the

complex [137]. Within the same model, the interaction of

PS I and [Fe-Fe]-hydrogenase in a complex capable of

Acceptor

A1B (PhQ0/1–)

A1A (PhQ0/1–)

A1A (PQ0/1–)

FX
2+/1+

FAFB
2+/1+

MV2+/1+

PhQ0/1– in solution

PQ0/1– in solution

O2
0/1–

Cl2NQ0/1–

Fd2+/1+

Fld0/1–

Em (SHE, DMF)*, mV

–474

–803 [111]

–714

–765 [155, 156]

–371

Table 1. Midpoint redox potentials of internal and exogenous electron acceptors of PS I in protein matrix, aqueous

environment, and dimethylformamide (DMF)

Em (SCE, DMF), mV

–380 [153]

–709 [136]

–620 [136]

–306 [158]

Em (SHE, H2O), mV

–850**

–680 [78]

–560 [78]

–630 [78]

–500 [126]

–448 [66]

–170 [154]***

–165 [154]***

–155 [66]

–98 [157]

–412 [152]

–210 [159]

* Values of Em in DMF relative to aqueous SHE were calculated by the method described by Ptushenko et al. [111].

** This value is based on Em estimate of quinone A1A in Milanovsky et al. [78] and difference of –170 mV between Em of sites A1B and A1A, calcu-

lated by Ptushenko et al. [111].

*** Data for water-soluble PhQ and PQ analogs.
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photocatalytic generation of molecular hydrogen was

studied [138]. The details of the molecular interaction of

the PsaC and PsaD subunits in the stromal portion of PS

I from rice chloroplasts (Oryza sativa L.) were studied

using molecular dynamics and bioinformatics methods

[139]. The molecular mechanism of primary reactions of

photoinduced charge separation in PS I from the

cyanobacterium Thermosynechococcus elongatus was ana-

lyzed by combined methods of molecular dynamics, con-

tinual electrostatics, and quantum chemistry [140].

Molecular dynamics modeling allowed us to follow in real

time the conformational changes taking place in the pro-

tein during the electron transfer reactions along the two

branches of the cofactors. A map of the structural mobil-

ity of PS I pigment–protein complex was calculated,

which included a relatively rigid hydrophobic core and

more mobile peripheral regions. The molecular dynamics

model made it possible to calculate the dielectric

response of the system accompanying the primary and

secondary charge separation reactions, while the direct

chemical interaction of the chlorophyll and quinone mol-

ecules at the A0 and A1 sites with the nearby protein envi-

ronment was calculated ab initio by quantum chemistry

methods. The calculation of the reorganization energy of

charge separation reactions was carried out with a combi-

nation of molecular dynamics methods and continual

electrostatics. Factors that could lead to asymmetry

between the two branches of the electron carriers in PS I

were analyzed. Based on the calculation of the redox

potentials and the reorganization energy of the formation

of the primary P+
700A0

– and secondary P+
700A1

– ion radical

pairs, it was shown that a small difference in the redox

potentials between the primary electron acceptors A0A

and A0B in A and B branches leads to an asymmetry of

electron transfer in ratio of 70 : 30 in favor of branch A

[106]. The quinone reduction reactions in A1 sites are

thermodynamically irreversible in the sub-microsecond

range and are accompanied by additional increase in

asymmetry between the cofactor branches of PS I. A

comparison of redox potentials of cofactors in PS I pig-

ment–protein complexes of cyanobacteria and plants was

carried out by combined methods of molecular dynamics,

continual electrostatics, and quantum chemistry [132].

The calculations showed that the protonated state of the

carboxyl group of Asp-B575 can be different in plants and

cyanobacteria, which should reduce the redox potentials

of quinones at binding sites A1A and A1B in plant PS I

compared to cyanobacteria.

Kinetic modeling of electron transfer in PS I upon

flash excitation. The mathematical description of the reg-

ulation of electron flow in photosynthetic complexes is

largely facilitated by the fact that electron transfer

processes can be initiated by short light pulses, and subse-

quent reactions can be recorded by various physical

methods, for example, using spectral measurements. The

kinetic and thermodynamic parameters thus obtained are

used in the construction of a general kinetic model for the

regulation of photosynthetic electron flows.

In one of the first mathematical models of PS I,

kinetics of P700 recombination was analyzed for complex-

es in which the site of the secondary electron acceptor A1

was occupied either by native PhQ or by PQ (mutant

strain menB), and the complexes contained different

numbers of iron–sulfur clusters FX, FA, and FB [121]. In

later works, kinetic models considered the presence of

two symmetrically arranged quinone binding sites A1A and

A1B, whose reactions with nearby cofactors P700, A0, and

FX proceeded at different rates [77, 78, 122, 123]. In the

study of Milanovsky et al. [78], simulation of photoin-

duced electron transfer reactions in the acceptor part of

PS I was carried out using the kinetic scheme shown in

Fig. 3. In this scheme, the secondary ion-radical pair

P+
700A1

– was considered as the initial state for kinetic mod-

eling, with electron flux being distributed between

branches A and B, reaching quinones A1A and A1B with

probabilities δ and (1 – δ), respectively. The kinetics of

electron transfer in the complex itself and its interaction

with exogenous acceptors is described by the following

system of ordinary differential equations:

,      (3)

,      (4)

,             (5)

,       (6)

.   (7)

Here kij denote rate constants of monomolecular

electron transfer reactions from cofactor i to cofactor j;

indices 0, 1, 2, and 3 correspond to electron carriers P700,

A1, FX, and [FA/FB]; kdonor is the rate constant of P+
700

reduction by the external electron donor 2,6-

dichlorophenolindophenol (DCPIP); kiY denote rate

constants of electron transfer from various PS I cofactors

to exogenous electron acceptors, in particular, molecular

oxygen or methyl viologen (MV). Reactions with external

acceptors were modeled using the Michaelis–Menten

equation; in this approximation, the rate of electron

transfer from PS I cofactor to external acceptor (kext)

depends on its concentration [EA] nonlinearly:
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,                       (8)

where Vm is the maximum reaction rate, and Km is the

Michaelis constant (equal to the dissociation constant of

the external acceptor–PS I complex). If [EA] << Km, the

reaction rate is a linear function of the concentration

[EA]; therefore, the parameter ka = Vm/Km can be con-

sidered an effective bimolecular rate constant for the

interaction of the exogenous acceptor with PS I.

The rate of electron transfer reactions between

cofactors decreases exponentially as a function of dis-

tance between them; therefore, electron transfer

between distant cofactors is usually carried out in steps

with participation of intermediate carriers between

which thermodynamic equilibrium is established. For

example, the recombination reaction of the ion pair

P+
700[FA/FB]– occurs through activation reduction of

acceptors FX and A1 [141], so experimentally observed

recombination rate k30 can be expressed through rate

constant k10A of direct recombination of the ion pair

P+
700A–

1A and two equilibrium constants of intermediate

reactions K23 and K12A:

,                    (9)

Fig. 3. Kinetic model of PS I used for interpretation of P+
700 recombination kinetics. P+

700 recombination pathways are marked by dashed lines.

Reaction rate constants are noted above the corresponding arrows as ki. Direct interaction of FX with exogenous electron acceptors was only

considered for FX–core complexes (dashed lines). Estimates of redox potentials of cofactors participating in different stages of charge separa-

tion and external acceptors are shown on the right; references to studies from which the values were taken are given in square brackets.

External donor

Em, mV

ext
m

m

m
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,                             (10)

.                              (11)

In this case, only recombination through quinone in

branch A is considered, since the midpoint potential of

quinone A1A is at least 100 mV more positive than the

potential of quinone A1B [111, 130], which makes the

FX
– → A–

1A path more likely than intermediate reduction

of quinone A1B (values of redox potentials of cofactors FX,

A1A, and A1B are given in Fig. 3 and Table 1).

The main kinetic and thermodynamic parameters of

PS I characterizing electron transfer reactions between

cofactors A1A, A1B, FX, and FA/B, are given in Table 2. The

rate of direct electron transfer between FX and FA/B clus-

ters is not measured directly, but the data obtained by

Diaz-Quintana et al. [100] indicate that direct electron

transfer reactions in the acceptor part of PS I are limited

by the A1A → FX stage, so rate constant k23 can be esti-

mated as 107 s–1. The asymmetry factor δ was assumed to

be 80% [107, 108].

Interaction of photosystem I with exogenous electron

acceptors. Recently, we studied the interaction of various

samples of PS I complexes from cyanobacterium

Synechocystis sp. PCC 6803 with exogenous electron

acceptors: MV, the high-potential derivative of naphtho-

quinone 2,3-dichloronaphthoquinone (Cl2NQ), and

molecular oxygen [120]. The efficiency of the interaction

of PS I with the acceptors was determined by measuring

laser-induced absorption changes at wavelength 820 nm,

which reflects the reduction kinetics of the photooxidized

chlorophyll dimer P700. Four types of PS I samples were

investigated: (i) intact complexes from wild-type

cyanobacteria (WT) containing native PhQ and a full set

of redox cofactors; (ii) FX–core-complexes devoid of

iron–sulfur clusters FA/FB and external subunits PsaC,

PsaD and PsaE; (iii) complexes from mutant cyanobac-

terium strain menB with PQ in the A1 binding site, and

(iv) complexes from menB mutant with high-potential

Cl2NQ in the A1 site.

Exogenous Cl2NQ was shown to efficiently accept

electrons from reduced terminal iron–sulfur clusters

FA/FB in PS I samples from the wild strain of

Synechocystis sp. PCC 6803 and from the menB mutant,

and less efficiently from the reduced FX cluster in

FX–core samples. In all cases, the efficiency of interac-

tion between Cl2NQ and PS I was significantly higher

than that of the conventionally used artificial acceptor

MV. In addition, the interaction of MV with PS I sam-

ples from menB containing Cl2NQ in the A1 site was

studied. In this case, the effect of MV on the kinetics of

charge recombination in PS I was significantly different

from the effect observed in the other three types of sam-

ples.

The data were analyzed using a kinetic model con-

sidering electron transfer reactions between P700, quinone

acceptor A1, iron–sulfur clusters, and exogenous electron

donor and electron acceptors, including MV, Cl2NQ, and

molecular oxygen [78]. The kinetic parameters of the for-

ward and backward electron transfer reactions were

obtained by deconvolution (decomposition into compo-

nents) of the reduction kinetics of P+
700. In accordance

with the model, the acceleration of charge recombination

in the reaction P+
700[FA/FB]– → P700[FA/FB] observed

upon substitution of PhQ by PQ in the A1 site indicates

that the backward electron transfer from terminal accep-

tors to P+
700 occurs through the transient reduction of

quinone at the A1 site.

The results of kinetic modeling of electron transfer

reactions in PS I at various concentrations of exogenous

acceptor MV are shown in Fig. 4. The experimentally

observed kinetics of reduction of photooxidized P700 is

marked by black dots and simulated kinetics by thin black

line (1). In the absence of external acceptor (Fig. 4a), two

components can be discerned in the kinetics, which are

associated with charge recombination from terminal

acceptors of PS I (line 2) and P+
700 reduction by external

donor DCPIP (line 3), which compensates for electron

transfer from the terminal acceptors of PS I to molecular

oxygen dissolved in the incubation medium (line 4).

Upon addition of exogenous acceptor, competing with

oxygen for electron transfer from terminal acceptors

(Fig. 4b, line 5), progressively fewer electrons recombine

from intra-protein acceptors of PS I, and at 50 µM MV

concentration the recombination kinetics of P700 becomes

completely determined by electron transfer from reduced

DCPIP (Fig. 4c).

k23, s
–1

FX → FA/B

107

[100]

k10B, s–1

A1B → P700

4 · 105

[78]

k10A, s–1

A1A → P700

9.1 · 103

[78]

k12B, s–1

A1B → FX

4 · 107

[161]

k12A, s–1

A1A → FX

3.2 · 106

[104, 119, 160]

Parameter

Reaction

Value

Reference

K23

FX ↔ FA/B

170

[78]

Table 2. Kinetic and thermodynamic parameters of electron transfer reactions between PS I cofactors

K12A

A1A ↔ FX

7

[78]

Note: Reaction rate constants kij are given in accordance with the scheme in Fig. 3; equilibrium constants Kij were calculated according to Eqs. (3)-

(7). The data are for room temperature.
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The kinetic model indicated that ∆G of electron

transfer reaction FX → FA/FB for native PS I is –130 meV,

and ∆G values of reaction A1 → FX are –50 and –220 meV

for the branches A and B, respectively. In the case of PS I

complex isolated from the menB mutant containing PQ

molecule in the A1 binding site, the reaction A1 → FX was

shown to be endergonic (∆G0 = +75 meV). The interac-

tion of PS I with exogenous electron acceptors MV and

Cl2NQ was quantitatively described by Michaelis–

Menten kinetics. The second order rate constants of the

electron transfer from FA/FB and FX to Cl2NQ were cal-

culated. The model indicates that the probability of inci-

dental formation of superoxide anion radical in the A1 site

due to reduction of molecular oxygen by PS I during the

normal functioning of the complex (the Mehler reaction)

may exceed 0.3% of the total electron flux. Since molec-

ular oxygen is one of the main products of oxygenic pho-

tosynthesis, it is necessary to prevent its interaction with

cofactors of the electron transport chain. Obviously, the

high rate of electron transfer from PhQ in the A1 site to

terminal Fe4S4 clusters (characteristic time <10–6 s) in the

native system is necessary to prevent the interaction of

PhQ with molecular oxygen.

The kinetic and thermodynamic parameters of reac-

tions of PS I with exogenous acceptors are summarized in

Table 3. The effective bimolecular rate constants ka and

dissociation constants of protein–acceptor complexes

Km, determined in accordance with Eq. (1), are shown.

Comparison of the rates of interaction between exoge-

nous acceptors and different types of PS I samples con-

taining different quinones and different amounts of

iron–sulfur clusters made it possible to determine that the

Fig. 4. Effect of different concentrations of MV as exogenous

acceptor on reduction of P+
700 in wild-type PS I. The experimental

reduction kinetics of P700 are shown by black dots, and the mod-

eled kinetics is a solid black line (1); fractions of reduced P700 are

shown by thick dashed lines (simple dashed line 2 for reduction by

terminal acceptors and dot-dashed line 3 for external DCPIP

donor); reduced external acceptors are shown by colored dot lines

(red, 4 for molecular oxygen and blue, 5 for MV).
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Fig. 5. Structure of acceptor side of PS I. Phylloquinone mole-

cules A1A and A1B are shown in blue (oxygen atoms are red); Fe

and S atoms of iron–sulfur clusters FX and FA are shown in blue

and yellow, respectively. The intra-protein cavities that are con-

nected with the aqueous phase in the interface between the

PsaA/PsaE and PsaB/PsaC subunits are indicated in purple.

Secondary structure of the protein is shown by gray spirals.
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interaction of PS I with native water-soluble Fd and Fld

acceptors occurs on the surface of the PsaC subunit near

iron–sulfur clusters FA and FB, whereas reactions with

less polar molecular oxygen and artificial acceptor MV

are more efficient within the A1 site itself but lower than

the rate of transfer from A1 to FX [78]. Molecular oxygen

and the oxidized form of ascorbic acid were previously

shown to directly oxidize PQ and Cl2NQ in the A1 site

under continuous illumination [68]. Analysis of PS I

molecular structure [98] revealed two symmetrically

arranged cavities partially filled with water near the A1A

and A1B sites on the inwardly facing surface of the lipid

bilayer of the PsaA/PsaB heterodimer [78]. These cavities

are indicated in Fig. 5 with purple spheres. The cavities

are connected with aqueous phase at the interface of

PsaA/PsaE and PsaB/PsaC subunits, respectively, and

they have sufficiently high volume to accommodate two

benzene rings of the MV molecule ∼0.6 nm from the oxy-

gen atoms of the quinones in the A1A and A1B sites.

Through the same channels, molecular oxygen from the

aqueous phase can approach the A1A and A1B sites.

Taking into account the second-order rate constant

of electron transfer from Cl2NQ in the A1 site of PS I to

oxygen (Table 3), the oxygen concentration in water, the

significantly more negative value of the midpoint redox

potential of PhQ as compared to Cl2NQ (Table 1), and

the rate constant of electron transfer from A1 to FX [112],

it is possible to estimate the probability of oxygen reduc-

tion in the A1 site (bypassing the iron–sulfur clusters FX,

FA, and FB) with the formation of superoxide radical,

which is >0.3% under experimental conditions. A direct

indication of the possibility of oxygen reduction directly

by phylloquinone A1 was demonstrated on isolated PS I

complexes [142]. Oxygen is one of the main products of

photosynthesis; therefore, it is necessary to prevent its

interaction with the redox cofactors of PS I for effective

functioning of the complex. Apparently, this factor is

responsible for the evolutionary significance of the high

rate of electron transfer from phylloquinone A1 to termi-

nal iron–sulfur clusters FA/FB and further to native

exogenous acceptors, Fd and Fld (see Table 3). However,

it should be noted that with deficit of exogenous electron

acceptors and with high illumination (when the PS I

acceptor pool is partially reduced), the flux of electrons to

molecular oxygen with formation of superoxide radical

increases [143]. Under these conditions, to prevent dam-

age to the photosynthetic apparatus by reactive oxygen

species, a pseudocyclic pathway of electron transfer

involving superoxide dismutase is activated (Fig. 2). The

mechanism and features of this path of electron transfer

are discussed in the next section.

PSEUDOCYCLIC ELECTRON TRANSPORT

IN CHLOROPLASTS (“WATER–WATER” CYCLE)

The problem of interaction of molecular oxygen (O2)

with the electron transport chain of chloroplasts has been

the subject of discussions for many decades since the dis-

covery of the Mehler reaction [41-43, 67]. As mentioned

above, molecular oxygen is an effective electron acceptor

(Em = –155 mV) that can accept an electron from low-

potential acceptors of PS I. As a result of this reaction,

superoxide radicals (O2
•–) are formed, which then trans-

form into other ROS [41-43, 65]. Superoxide radicals O2
•–

dismutate with the formation of H2O2 (2O2
•– → H2O2 +

O2) [67, 69]. This reaction is catalyzed by the superoxide

dismutase bound to the thylakoid membrane [41]. In

intact chloroplasts, H2O2 molecules are converted to

water by ascorbate reducing H2O2 to water. This reaction

is catalyzed by ascorbate peroxidase: AscH– + 1/2

H2O2 → Asc•– + H2O, where AscH– and Asc•– denote

ascorbate and monodehydroascorbate [41]. Regeneration

of AscH– in chloroplasts can occur due to the reduction

of Asc•– by low-potential PS I acceptors [144-148]. In

addition to ascorbate, an important role in the protection

of plants from oxidative stress, which is initiated by the

ROS formation, is played by the glutathione pathway of

ROS inactivation [41, 42, 70, 71].

Considering the complete balance of O2 production

and O2 consumption reactions, associated with electron

transfer from water to PS I and then to O2, the total num-

ber of O2 released and absorbed molecules are equal. Two

electrons, donated by one water molecule splitted in PS

II, are transferred to the O2 molecule reduced by PS I.

Eventually, one molecule of water is formed. This flow of

electrons is sometimes called a water–water cycle:

H2O → PS II (1/2 O2 ↑) → (2e–) → PS I → O2 → H2O

Km, M

–

–

7.5 · 10–6

ka, M
–1·s–1

–

–

3.6 · 107

Km, M

–

–

4 · 10–7

ka, M
–1·s–1

–

–

3.5 · 108

Cofactor

A1

FX

FA/FB

Table 3. Parameters of interaction of PS I with external cofactors according to the kinetic model

Note: Definitions of constants are provided in “Mathematical modeling of electron transfer reactions in pigment–protein complex of photosystem I”.

Data for Fd and Fld are from Setif [162]; data for MV, Cl2NQ, and O2 are from Milanovsky et al. [78].

O2

ka, M
–1·s–1

5 · 106

1.2 · 106

7.5 · 104

Km, M

–

>>10–4

5.2 · 10–6

ka, M
–1·s–1

–

5 · 107

1.1 · 108

Km, M

–

–

10–5

ka, M
–1·s–1

1.5 · 109

5.2 · 106

1.6 · 107

Fd Fld MV Cl2NQ
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(1/2 O2 ↓). This pathway of electron transport has been

termed in the literature as the “pseudocyclic electron

transport” or “water–water” cycle [41]. Estimates of the

relative contribution of pseudocyclic electron transport

available in the literature are widely dispersed. It is gener-

ally believed that the contribution of this cycle in plants

does not exceed 10-15% of the noncyclic electron flux [3,

41-44]. However, there is some evidence that the electron

flux from PS I to O2 can be much higher. In higher plants,

under certain conditions, it reaches approximately 30%

of the total flux of electrons donated by PS II to the elec-

tron transport chain [41, 75, 149]. In other oxygenic pho-

tosynthetic organisms, electron flow from PS I to O2 can

reach 40-50% of the total electron flux [48, 143].

The nature of electron donors in the Mehler reaction

remains a matter of debates in the literature. A recent

review [143] considers the hypothesis that PhQ in the A1

site of PS I from plant thylakoids is the main electron

donor for molecular oxygen. 

The question of the physiological significance of

pseudocyclic electron transport involving O2 is debatable

[3, 41-46]. This cycle is not associated with the formation

of NADPH. However, its functioning, as in the case of

cyclic electron transport around PS I, is connected with

the operation of proton pumps generating a transmem-

brane difference in the electrochemical potentials of

hydrogen ions (∆µH+), which is the energy source for the

operation of ATP synthase complexes. This allows syn-

thesis of additional ATP molecules, providing the appro-

priate ATP/NADPH ratio [3, 41]. Simple estimates show

that even a relatively small contribution of pseudocyclic

electron transport (10%) to the total electron flux makes

it possible to maintain the stoichiometry of the products

of the light stage of photosynthesis ATP/NADPH = 3/2

which is necessary for optimal CBC functioning [47].

There are indications that the water–water cycle can play

the role of a “starter” that triggers energy-dependent

stages of photosynthesis in the initial stages of chloroplast

illumination [41, 42]. It is also assumed that the outflow

of electrons from PS I to molecular oxygen avoids the

accumulation of an excessive number of reduced carriers

on the acceptor side of PS I [44].

The flow of electrons from PS I to O2 is a dynamic

characteristic of chloroplasts; its value can vary during the

induction period observed after beginning of illumination

of chloroplasts adapted to darkness. After a sufficiently

long adaptation of the PSA to darkness (usually this time

is ≥10-20 min), key CBC enzymes become inactive [36,

40, 64, 150, 151], and therefore a rapid accumulation of

excess reduced NADPH occurs.   Accordingly, the out-

flow of electrons from PS I to the CBC slows down. For

effective CBC operation, regeneration of NADP+ – the

physiological acceptor of PS I – is required. Pseudocyclic

transport of electrons, ensuring generation of ∆µH+,

should promote synthesis of ATP, thereby creating condi-

tions for CBC functioning. For these reasons, at the

beginning of the induction period, the contribution of

pseudocyclic electron transport can be significantly high-

er than in the steady state, when the CBC enzymes are

active and noncyclic electron flux (PS I → CBC) domi-

nates over alternative pathways. Mathematical modeling

of such flow redistribution has been described earlier (see

reviews [73, 74]). As noted above, pseudocyclic electron

transport can be a link in the regulation of electron trans-

port, which, along with cyclic electron flow around the

PS I, allows optimal balance between the products of the

light stage of photosynthesis, ATP and NADPH. The

electron flux from PS I to O2 can serve as a kind of bypass

that draws away excess electrons from the acceptor site of

PS I to oxygen, thereby protecting the photosynthetic

apparatus from possible damage under stress conditions

(dehydration, excess light [44]).

Charge transfer through electron transport chains of

oxygenic photosynthetic organisms can be carried out

through noncyclic, cyclic, and pseudocyclic modes of

transport. This review describes the key role of the inter-

action of PS I with water-soluble electron acceptors in

the regulation of these flows. The electron transfer reac-

tions between redox cofactors of PS I and its interaction

with native and exogenous donors and acceptors of elec-

trons have been discussed. We have shown that kinetic

modeling of PS I during pulsed excitation of the complex

makes it possible to determine the kinetic and thermody-

namic parameters of charge transfer reactions and to esti-

mate the rate of reactive oxygen species generation in PS

I complexes under different environmental conditions.
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