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Abstract— Summarized results of investigation of regulation of electron transport and associated processes in the photo-
synthetic membrane using methods of mathematical and computer modeling carried out at the Department of Biophysics, 
Faculty of Biology, Lomonosov Moscow State University, are presented in this review. Detailed kinetic models of processes 
in the thylakoid membrane were developed using the apparatus of differential equations. Fitting of the model curves to the 
data of spectral measurements allowed us to estimate the values of parameters that were not determined directly in experi-
ments. The probabilistic method of agent-based Monte Carlo modeling provides ample opportunities for studying dynamics 
of heterogeneous systems based on the rules for the behavior of individual elements of the system. Algorithms for simplified 
representation of Big Data make it possible to monitor changes in the photosynthetic apparatus in the course of culture 
growth in a photobioreactor and for the purpose of environmental monitoring. Brownian and molecular models describe 
movement and interaction of individual electron carrier proteins and make it possible to study electrostatic, hydrophobic, 
and other interactions leading to regulation of conformational changes in the reaction complexes. Direct multiparticle models 
explicitly simulate Brownian diffusion of the mobile protein carriers and their electrostatic interactions with multienzyme 
complexes both in solution and in heterogeneous interior of a biomembrane. The combined use of methods of kinetic and 
Brownian multiparticle and molecular modeling makes it possible to study the mechanisms of regulation of an integral system 
of electron transport processes in plants and algae at molecular and subcellular levels. 
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INTRODUCTION

Living systems are far from thermodynamic equilib-
rium and are open systems exchanging matter and energy 
with their surroundings. In photosynthetic membrane, 
light energy is absorbed, which initiates a complex series 
of interdependent processes based on electron transport 
along the photosynthetic electron transport chain. In the 
first stages, oxidation of the photoactive pigment leads to 
charge separation and primary accumulation of energy in 

the form of a transmembrane electric potential. Further 
electron transfer along the photosynthetic chain is asso-
ciated with proton transport and formation of the trans-
membrane electrochemical potential. Reduced NADPH 
compounds formed as a result of linear electron transport 
are the most important cofactors of the Calvin–Benson 
carbon fixation cycle; protons “pumped” into the lumi-
nal space are used by the ATP-synthase molecular ma-
chine to synthesize ATP from ADP and inorganic phos-
phate [1-10].
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Mathematical and computer models enable evalu-
ation of the values of the parameters of photosynthetic 
apparatus based on experimental data and to study the 
mechanisms of regulation of matter and energy transfor-
mation processes during photosynthesis. For the primary 
processes of photosynthesis, the rate constants of indi-
vidual elementary stages were experimentally determined 
both in solutions and in native systems [10]. Kinetics of 
electron transfer along the photosynthetic chain and as-
sociated processes of energy conversion in the photosyn-
thetic membrane can be directly recorded upon excitation 
by short powerful f lashes of light using spectral methods 
(differential spectroscopy, f luorescence methods, elec-
tron paramagnetic resonance method). These methods 
make it possible to determine in real time the rates of rap-
id changes in the states of individual components of the 
system at the initial stages of photosynthesis. The ability 
to directly estimate rate constants of the elementary reac-
tions is a significant advantage of the primary photosyn-
thetic processes system in comparison with most biolog-
ical processes, for which determination of rate constants 
of the individual reaction stages is a difficult task. Thus, 
kinetics of ordinary enzymatic reactions recorded in bio-
chemical experiments ref lects only the stages of formation 
and decomposition of the enzyme–substrate complexes, 
but not elementary interactions in them, which proceed 
according to quantum chemical mechanisms within a 
nanosecond time scale.

Main participants of the photosynthetic electron 
transport  –  multienzyme complexes of photosystem  II 
(PSII), cytochrome complexes (Cyt  b6 f), complexes of 
photosystem I (PSI) – are imbedded into the bilayer lipid 
membrane and facilitate directed electron transfer across 
the photosynthetic membrane (Fig. 1). Plastocyanin (Pc) 
protein molecules diffusing in the lumen serve as media-
tors between Cyt b6 f and PSI. Reduction of NADP mol-
ecules required in the carbon fixation cycle is carried out 
by ferredoxin-NADP+-reductase (FNR) complexes tak-
ing electrons from small mobile ferredoxin (Fd) proteins 
in the stroma. Complex shape of the granal and stromal 
lamellae, as well as heterogeneous distribution of PSII, 
PSI, and Cyt  b6 f complexes, have been actively studied 
recently with the help of electron tomography and cryo-
genic microscopy [11-14].

The first kinetic models of photosynthesis [15, 16], as 
well as models of other biochemical processes, were based 
on the mass action law, which states that the rate of inter-
action of two substances is proportional to the product of 
concentrations of these substances. This law is valid only 
in the case of rapid complete mixing, when a sufficiently 
large number of molecules of each substance freely dif-
fuse in the volume. In this case, the reaction rate can be 
considered proportional to the probability of collisions 
between two molecules of different types.

Notions about the structure of photosynthetic mem-
brane were formed as a result of numerous experimental 

studies. It has been recognized since late 1960s that the 
components of photosynthetic chain do not f loat free-
ly in the cytoplasm. Photosynthetic reaction centers are 
multienzyme complexes built into the membrane, and 
interaction of photosystem  II (PSII) and photosystem  I 
(PSI) is realized via mobile carriers. These ideas gave rise 
to the models, where the photosynthetic reaction center 
is considered as a whole entity. In the first such models 
[17, 18], electron transfer within the PSII photosynthetic 
reaction center was considered as a strictly ordered transi-
tion between the states of the complex differing in charges 
on individual components of this complex, while electron 
transition from the donor to the acceptor side of the com-
plex was initiated by light. Monograph by A.  B.  Rubin, 
V. P. Shinkarev [19] presented mathematical background 
and methods for analyzing electron transfer in the mul-
tienzyme complexes. Application of this method to de-
scribe processes in the isolated complexes of bacterial re-
action centers and photosystems I and II is described in 
numerous articles [20-22] and monographs [23-26].

Most models of electron transfer processes within 
PSII are based on the model of a reversible radical pair 
[27-29], in which it is assumed that, under illumination, 
the molecule of the photosynthetic reaction center P680 
is in exciton equilibrium with the antenna chlorophyll 
molecules. Interactions in the acceptor part of PSII are 
described according to the concept of a two-electron gate 
model (TEG-model) [30-31].

Concentrations of the states of photosynthetic reac-
tion center are considered as variables [32-37]. Compar-
ison with the experiment is carried out according to the 
f luorescence induction curves recorded under different 
illumination conditions. In a number of works, the linear 
and cyclic pathways of electron transfer through PSI are 
modeled [38-44], as well as the processes of interaction 
with the Calvin–Benson cycle of carbon fixation [45-49]. 
The models of photosynthetic electron transport and as-
sociated processes are reviewed in detail in the works of 
Stirbet, Govindjee, et al. [10, 50].

In the works of our group we used ordinary differen-
tial equations for describing the probabilities of the states 
of these complexes in the processes of electron transfer 
within the multienzyme complexes embedded in a pho-
tosynthetic membrane [39-41, 51-55]. The states of the 
complex are distinguished by the redox states of individual 
components of the complex, by the presence of non-oc-
cupied or occupied sites where mobile electron carriers 
can be anchored (as in the case of the QB site of PSII), 
and by the presence of protonated groups.

Rate constants of transitions between the states of 
the complex may be different for the complexes in differ-
ent conformational states, for the complexes localized in 
the granal or stromal parts of the thylakoid, and may also 
depend on other variables and parameters of the system 
(temperature, transmembrane electric potential, external 
electric field, etc.). Rate constants of the transition be-
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tween the states also depend on the photoinduced elec-
tric potential. Transitions between the states of the sys-
tem are characterized by a directed graph of transitions 
between these states. The equations for the probabilities 
of the states are linear with respect to the probabilities of 
these states. But the rate constants of transitions between 
the states could depend on illumination conditions, on 
electric charges on individual carriers that make up the 
photosynthetic reaction center [56, 57], as well as on pro-
ton concentrations in the lumen and stroma, or on the 
concentrations of mobile carriers (concentration of mole-
cules of the plastoquinone pool (PQ) on the acceptor side 
of PSII, Pc – on the luminal side of PSI, and Fd – on 
the stromal side of PSI). Therefore, in the general case, 
the equations describing transitions between the states of 
photosynthetic multienzyme complexes are non-linear. 
Concentration of a certain state of the entire multienzyme 
complex is equal to the product of probability of this state 
and concentration of the complex. A detailed description 
of the state graph construction method is presented by 
Rubin and Riznichenko [22], the algorithm for construct-
ing the enzyme–substrate complex state graph using the 
example of the Cyt b6 f complex containing 256 states is 
given by Ustinin et al. [58].

Another type of interaction between the compo-
nents of the electron transport chain manifests itself in 
those parts of photosynthetic electron transport chain, 
where mobile carriers take part in the electron transfer. 
These involve interaction of the PSII complex with the 
cytochrome complex at the level of plastoquinone, of the 
cytochrome complex with the PSI complex at the level of 
plastocyanin, participation of ferredoxin and FNR in the 
linear and cyclic electron transport on the stromal side 
of PSI. In the thylakoid membrane, kinetic parameters 
of the interaction of complexes with the mobile carriers 
are determined both by the diffusion time of the mobile 
carrier to the corresponding complex and by the proba-
bility of “correct” landing (docking) of the mobile carrier 
at the corresponding site on the donor or acceptor side of 
the complex. Diffusion parameters of the mobile carrier 
in the corresponding compartment (PQ, inside the mem-
brane, Pc, in the lumen, Fd, in the stromal space) play 
here an important role, as well as geometry of the reaction 
volume. Effectiveness of the interaction is mainly deter-
mined by the electrostatic interactions of the local charges 
of atomic groups on the surface of the donor and acceptor. 
In these areas the electron transfer rate depends on spa-
tial organization of the membrane, which is regulated at 
the whole-cell level. To describe the nature of interaction 
of the mobile carriers with photosynthetic multienzyme 
complexes, direct (agent-based) methods of computer 
simulation, which are capable to describe motion of the 
individual macromolecules and their ensembles, rather 
than kinetic methods, seem to be more adequate. In gen-
eral, the system of electron transport of the primary pro-
cesses of photosynthesis is a complex multilevel system. 

The processes occurring in it are of different nature and 
differ greatly in time scale. Modeling of various processes 
in a single system of primary processes of photosynthe-
sis requires different mathematical and computer-based 
approaches.

In this review, we do not claim to give a complete 
presentation of all the methods of mathematical and 
computer modeling currently used to describe the prima-
ry processes of photosynthesis. The detailed analytical re-
view of the history of the development of the most widely 
developed kinetic modeling and modern kinetic models 
of primary processes is given in the work by A.  Stirbet 
et al. [10]. In this review, using the results of the work of 
the Mathematical Modeling Group of the Department 
of Biophysics, Faculty of Biology, Lomonosov Moscow 
State University, we are trying to show the possibilities of 
kinetic, stochastic, multiparticle, and molecular model-
ing for in silico reconstruction of characteristics of the pri-
mary processes of photosynthesis, which could be verified 
with the available experimental data.

MODEL OF PHOTOSYNTHETIC ELECTRON 
TRANSPORT AND ASSOCIATED PROCESSES 
IN THE THYLAKOID MEMBRANE OF GREEN 

PLANTS AND MICROALGAE

Most of the early models of photosynthetic electron 
transport described the process of electron transfer within 
PSII, which is the main source of f luorescence [32, 33, 
36-38, 59-61].

In our group a detailed PSII model was developed 
[54, 55, 62]; for identification of the parameters we used 
the f luorescence data recorded after illumination of the 
object with a short (ns) saturating laser f lash. The fit of 
the simulation results to the experimental data made it 
possible to estimate parameters of the system that cannot 
be determined with experimental approach, such as rate 
constants of nonradiative relaxation in the PSII reaction 
center, which significantly depends on the illumination 
intensity [63]. At high light intensities, conversion of the 
energy into heat can be up to 30% of the light energy ab-
sorbed by the photosynthetic object [63], protecting the 
system from accelerated formation of reactive oxygen spe-
cies. The PSII model allows us to reproduce real chang-
es in the kinetics of the rising part of the f luorescence 
induction curve over the time range from microseconds 
to seconds.

Information value of the f luorescence induction 
curve is not limited to its rising part. Shape of the f luo-
rescence induction curve in the course of culture growth 
and under unfavorable living conditions of autotrophic 
organisms also changes significantly in the slower de-
creasing part of the curve. For correct interpretation of 
the changes in the f luorescence yield over long time in-
tervals, it is necessary to take into account the processes 
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of electron transfer not only within PSII, but also along 
the further linear path of the electron through the cyto-
chrome complex and PSI, cyclic electron f low around 
PSI, and other alternative electron transfer pathways, as 
well as the processes accompanying electron transport, 
especially non-photochemical quenching. These pro-
cesses with varying degrees of detail are included in the 
models of Stirbet [10, 34], Lazar [38], Belyaeva et al. [39-
41], and Ebenhof [42]. The scheme of processes in the 
photosynthetic thylakoid membrane, taken into account 
in the kinetic model developed in our research group, is 
shown in Fig. 1 and described in detail in Belyaeva et al. 
[39,  40]. Earlier versions of the model are presented in 
papers [22, 25].

The model of processes in the thylakoid mem-
brane (TM) includes a detailed submodel describing tran-
sitions between the PSII states and submodels of transi-
tions between the states of the Cyt b6 f and PSI complexes 

[39, 40, 56]. Transfer of an electron from Cyt b6 f to PSI is 
carried out by the Pc carrier mobile in the lumen, which 
accepts electrons from Cyt f (the subunit of Cyt b6 f facing 
the lumen) and donates electrons to the photoactive pig-
ment P700. Fd molecules, which are mobile in the stroma 
and take part in the linear and cyclic electron transport, 
accept electrons from PSI. Interaction of the donor and 
acceptor components of the complexes with mobile car-
riers is described using the mass action law. The equa-
tions for proton concentration on the stromal and luminal 
sides of the membrane describe coupling of the electron 
transfer with transmembrane proton transition, and op-
eration of ATP synthase; the role of buffer groups is also 
taken into account. The model by Belyaeva  et  al. [40] 
includes non-photochemical quenching and regulation 
associated with activation of FNR mediating both linear 
electron transport to NADH and partially cyclic electron 
f low around PSI. To fit the model, experimental curves of 

Fig. 1. Scheme of the processes considered in the generalized kinetic model of the primary processes of photosynthesis. Designations: PSI, PSII, pho-
tosystems I and II; bf, cytochrome b6 f complex; Chl, antenna chlorophyll; P680 and P700, pigments of the reaction centers of photosystems II and I; 
QA, PSII primary quinone electron acceptor; bL and bH, low- and high-potential cytochrome heme b; FeSR, Riske iron-sulfur center; f, cytochrome f; 
FeSI, PSI acceptor complex; PQ, plastoquinone; PQH2, plastoquinol; Fd,  ferredoxin; Pc, plastocyanin; R–COO, buffer groups. The signs “+” 
and “–” show that, as a result of the light-induced processes, the thylakoid lumen is positively charged, and the chloroplast stroma is negatively 
charged. Wavy arrows denote f luxes of incident light quanta and f luorescence. Thin-line arrows show transfer of the electrons along the electron 
transport chain and f luxes of H+, K+, and Cl– ions after switching on illumination [40]. Reprinted with modifications by permission from Springer 
Nature, Photosynthesis Research, 140, 1-19, doi: 10.1007/s11120-019-00627-8, “Analyzing Both the Fast and the Slow Phases of Chlorophyll a 
Fluorescence and P700 Absorbance Changes in Dark-Adapted and Preilluminated Pea Leaves Using a Thylakoid Membrane model”, authors: 
Belyaeva, N. E., Bulychev, A. A., Riznichenko, G. Yu., Rubin, A. B. © 2019.
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P700 redox transformations over the times from millisec-
onds to 30 seconds were used together with the f luores-
cence induction curves (Fig. 2a).

Figure 2b, along with fitted experimental curves of 
f luorescence induction and redox transformations of the 
photoactive pigment P700, shows time dependencies of 
the electric potential across the membrane, pH of the lu-
men and stroma, and rate constant of non-photochemical 
quenching. The model makes it possible to track dynam-
ics of the ratio of these values and test the existing hypoth-
eses about their regulatory role.

In recent years, various scientific groups have devel-
oped models that take into account the process of migra-
tion of the outer part of the PSII light-harvesting antenna 
to PSI and vice versa. These processes, called “State tran-
sition”, occur mainly at high light intensity. By reducing 
effective size of the antenna and, as a result, number of 
energy quanta reaching the reaction center, they prevent 
destructive effect of the intense radiation. It becomes pos-
sible to qualitatively reproduce the shape of the decreasing 
part of the f luorescence induction curve in the model by 
considering these processes [34, 42, 44].

In our work [41], the processes in the thylakoid mem-
brane of cyanobacteria, where the content of PSI com-
plexes is much higher than of PSII complexes, are consid-
ered taking also into account the process of transfer of the 
mobile part of the light-harvesting antenna from PSII of 

the granal part of the thylakoid to PSI in its stromal and 
marginal part. The specific light-harvesting antennae of 
cyanobacteria (phycobilisomes) are highly mobile, which 
allows these microorganisms to ensure efficient photo-
synthesis and prevent photodegradation in a wide range 
of light intensities. Incorporation of these processes in the 
model made it possible to describe the kinetics of f luores-
cence and phototransformations of P700 of cyanobacte-
ria Synechocystis sp. PCC 6803 at high (3000 μM m–2·s–1 
photons) and medium (1000 μM m–2·s–1 photons) illumi-
nation over the periods of time from milliseconds to sev-
eral minutes [41, 64].

Thus, kinetic models based on differential equations 
for the probabilities of states of photosynthetic pigment–
protein complexes and equations of chemical kinetics for 
mobile carriers and transmembrane ion f luxes enable 
in  silico reproduction of the dynamics of the parameters 
not observed experimentally, in particular, proton con-
centration on the inner and outer side of the membrane, 
as well as to describe regulatory processes of the switching 
of electron f lows and non-photochemical quenching of 
f luorescence.

Despite the large number of parameters in the mod-
el, only a few of them can be varied without restrictions 
to match the experimental curves. A large number of 
parameters of the detailed models of electron transfer 
within the PSI, PSII, Cyt  b6 f complexes were estimat-

Fig. 2. Results of fitting the model of processes in the thylakoid membrane  (a). Experimental curves of chlorophyll  a f luorescence (-  -  -  -  -) 
and absorption curves of ΔA810 (∙∙∙∙∙∙∙) were recorded using whole leaves of Pisum sativum adapted for 15 min in the dark under red light illumination 
of 200 μM photons m–2 s–1 (radiation maximum 650 nm). Registration time was 30 s. Model kinetic curves of f luorescence induction (FL, ––––) 
and redox transformations of the photoactive pigment PSI (P700+, – ∙ – ∙ –) reproduce well experimental data over the time interval of up to 30 s. 
b) Model dynamic curves of characteristics of the energized state of the photosynthetic membrane after switching on the light. Curves of f luores-
cence induction (FL, ––––) and redox transformations of P700 (– – –) were fitted to the experimental data (see Fig. 2a and its caption). ΔΨ(t) is 
electric transmembrane potential (– ∙ – ∙ –), pH of the lumen (∙∙∙∙∙∙∙∙∙), pH of the stroma (-------). Dependences of the rate constants of regulatory 
processes on time are also shown: rate constant of the energy dissipation reaction in the antenna kDAnt (- - - - -) and rate constant of the interaction 
of Fd with FNR on the acceptor side of the PSI (kFNR, – ∙ ∙ – ∙ ∙ –) [40]. Reprinted with modifications by permission from Springer Nature, Pho-
tosynthesis Research, 140, 1-19, doi: 10.1007/s11120-019-00627-8, “Analyzing Both the Fast and the Slow Phases of Chlorophyll a Fluorescence 
and P700 Absorbance Changes in Dark-Adapted and Preilluminated Pea Leaves Using a Thylakoid Membrane Model”, authors: Belyaeva, N. E., 
Bulychev, A. A., Riznichenko, G. Yu., Rubin, A. B., © 2019.
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ed in the course of independent experiments on isolated 
complexes and are reported in the literature. The ranges 
of their changes are known for different species and dif-
ferent experimental conditions [65]. The values of such 
parameters can be fixed when modeling processes in the 
integral photosynthetic chain. This significantly limits 
the range of possible parameter variation in the course 
of fitting model curves to experimental data, and makes 
the results of parameter identification based on the fitting 

results more reliable. Thus, in the work of Belyaeva et al. 
[40], the parameters of the processes within the complex-
es of PSII and PSI reaction centers were selected from 
the ranges reported in the literature. Based on the fit of 
the model, parameters of the time-dependent constants 
that determine heat loss during f luorescence quenching 
in the PSII antenna and FNR characteristic activation 
time, as well as concentration of buffer groups, were es-
timated.

Fig. 3. a)  General scheme of the electron transport chain used in the model; b)  PSII internal structure; c)  Cyt b6 f complex internal structure; 
d) PSI internal structure. LHC2, PSII light harvesting complex; OEC, oxygen-evolving complex; YZ, tyrosine Z (electron donor for P680-chloro-
phyll of PSII reaction center); P680, PSII reaction center chlorophyll with absorption maximum at 680 nm; Pheo, pheophytin – an electron acceptor 
involved in the charge separation in PSII; QA, primary electron acceptor of PSII; QB, PSII two-electron acceptor; PQ, plastoquinone; PQ1, PQ pool 
interacting directly with PSII; PQ2, PQ pool interacting with the Cyt b6 f complex; QO, PQH2 binding site; QI, PQ binding site; bL, low potential 
heme b; bH, high-potential heme b; FeS, Riske iron-sulfur center; Pc, plastocyanin; P700, PSI reaction center chlorophyll with absorption maximum 
at 700 nm; LHC1, PSI light harvesting complex; A0 is the primary PSI acceptor; pool of the acceptor part of PSI – a set of PSI electron carriers 
following the primary acceptor; Fd, ferredoxin. Reprinted with modifications from Maslakov [72], licensed under CC BY, © 2020 Maslakov, A. S.
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The systems of differential equations underlying the 
suggested kinetic models are given in the original pa-
pers [39-41, 62, 63].

Taking into consideration non-photochemical 
quenching processes, cyclic electron transport around 
PSI, Mehler reaction, connection with the carbon fix-
ation cycle, and other alternative electron f lows in the 
models makes it possible to qualitatively describe features 
of the f luorescence induction curves for different photo-
synthetic species, including those under stress conditions 
[43, 49, 66-70, 71].

PROBABILISTIC MODELS 
OF MONTE CARLO TYPE

In any experiment, a signal is recorded from a set of 
processes occurring in a cell suspension. Moreover, each 
cell contains millions of electron transport chains. In each 
of these chains, the process of electron transfer between 
the corresponding carriers, emission of a f luorescence 
quantum, and capture of a proton occur with a certain 
probability. The Monte Carlo simulation method allows 
you to reproduce the processes of interaction between the 
system components (agents), which are stochastic in na-
ture. Frequency of the events leading to a change in the 
state of agents (transfer of an electron from one compo-
nent to another, emission of a f luorescence quantum, 
protonation) can be characterized by a certain probabil-
ity. In the “agent-based”, “corpuscular”, “atomistic” 
modeling method, general properties of a complex sys-
tem are derived on the basis of the properties and mech-
anisms of interaction of the “agents” that make up these 
systems  –  some simple objects, constituent elements of 
this system. As early as in 1958, Garfinkel used the Monte 
Carlo method to model electron transfer in the mitochon-
drial complex. The model reproduced electron transfer 
along the chain, each of the 17,000 chains was represented 
by a number of cytochrome molecules, which can react 
with each other with some probability and be transformed 
into an oxidized, reduced, and inhibited state.

Simulation of the processes in individual photo-
synthetic chains of ensembles consisting of hundreds of 
thousands and millions of electron transport chains has 
become possible due to the use of modern computer tech-
nology. Total signal from the simulated ensemble imitates 
the signal obtained in the experiment with a suspension of 
cells (chloroplasts) using optical measurements.

Transfer of an electron between the components, pro-
tonation, emission of a f luorescence quantum at each step 
of the calculation, occurs with a probability specified in 
accordance with the experimental data on the character-
istic times of the ongoing processes, using a random num-
ber generator. The number of similar events (emissions of 
a f luorescence quantum, or acts of oxidation of a pho-
toactive pigment) over a certain time interval is summed 

up. The model kinetic curve corresponds to the curve ob-
served in the experiment. Thus, we obtain a kinetic curve 
for an ensemble of photosynthetic chains by introduc-
ing data on interaction of the components of individual 
representatives of this ensemble (agents) into the model. 
Figure  3 shows a diagram of the processes occurring in 
each of the several million electron transport chains mod-
eled in the studies by Antal et al. [70] and Maslakov [72]. 
Explanations are given in the figure caption.

Based on the given rules of transitions between the 
states of elements, the “Rule-based Monte Carlo” meth-
od of building a model makes it easy to modify the struc-
ture of the simulated electron transfer chains, to take into 
account differences in the individual chains, and to com-
bine the photosynthetic reaction centers of photosystems 
into the groups (energy exchange). We first applied this 
method to assess the ratio of alpha and beta (QB-non-
reducing) PSII centers in the control and heat-treated 
green microalgae Chlamydomonas reinhardtii [73].

Note that modeling changes in the structure of pho-
tosynthetic chain carrier bonds in the traditional way 
using systems of differential equations for the probabili-
ties (concentrations) of the possible states of the system 
requires a multifold increase of a number of equations 
describing the system. Any modification of the simulated 
circuit requires here a change in the form of many equa-
tions of the system, which is a laborious task. By setting 
individual rules of behavior for all “agents” of the system 
and rules of interaction for any pairs of carriers, we can 
take into account any kind of heterogeneity of the sys-
tem in an agent-based Monte Carlo model. Comparison 
with the experiment was carried out using f luorescence 
induction curves after turning on the light in the control 
and the detergent-treated samples, as well as kinetics of 
P700 (A820) redox transformations [70]. The number of 
electron transport chains in the model ranged from several 
hundred thousand to several million and was comparable 
to the number of photosynthetic chains in a microalgae 
cell. The model probabilistically reproduces the processes 
in individual photosynthetic chains.

Kinetic curves of f luorescence induction (Fig.  4, 
panels (a), (b) curve  1) are shown together with the ki-
netic curves for individual components of photosynthet-
ic chains, including total concentration of QA

– [panel (a), 
curve 2], which is usually assumed to be proportional to 
the number of closed reaction centers. It can be seen from 
the model that, at stage J, almost 90% of photosynthetic 
reaction centers are in the closed state (QA

–), which corre-
sponds to the experimental estimate of the transition of 
90% of PSII to the closed state after a single f lash [74]. 
At the same time, the f luorescence yield does not exceed 
half of the maximum level. This difference is due to the 
lack of direct proportionality between the level of f luores-
cence and the redox state of QA, in particular, associated 
with f luorescence quenching by oxidized forms of PQ, 
which is taken into account in this model.
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Fig. 4. Model f luorescence induction curves, OJIP curves (curve  1, a and b), and time dependencies of QA
– (a, curve  2), P680+ (a, curve  3), 

Pc+ (b, curve 2), P700+ (b, curve 3). Reprinted with modifications by permission from Springer Nature, Photosynthesis Research, 138, 191-206, 
doi: 10.1007/s11120-018-0564-2, “Simulation of Chlorophyll Fluorescence Rise and Decay Kinetics, and P700-Related Absorbance Changes by Using 
a Rule-Based Kinetic Monte-Carlo Method”, authors: Antal, T. K., Maslakov, A. S., Yakovleva, O. V., Krendeleva, T. E., Riznichenko, G. Yu., 
Rubin, A. B., © 2018.

The results obtained so far by the Monte Carlo meth-
od can in principle be obtained in kinetic models using 
systems of differential equations [61, 71, 73, 75], while the 
Monte Carlo method requires more resources. However, 
rapid development of the experimental methods for 
studying the structure and complex notions on organiza-
tion of the photosynthetic apparatus [76, 77] would en-
able modeling of the processes in complex heterogeneous 
systems, for which the agent-based Monte Carlo meth-
od is undoubtedly more adequate. Rapid development of 
computational approaches and increase of efficiency of 
computers performance would make it possible to use this 
method more widely to adequately reproduce processes in 
a living cell.

ANALYSIS OF FLUOREMETRY BIG DATA 
FOR BIOTECHNOLOGICAL 

AND ENVIRONMENTAL MONITORING

Advantage of the detailed models of electron transfer 
processes described above, is the fact that their parameters 
are the rate constants of the elementary stages of charge 
transfer between the individual components of the photo-
synthetic electron transport chain. However, such models 
are too complicated for mass processing of experimental 
data, since identification of the parameters of these multi-
component models using standard procedures often turns 
out to be inefficient, and careful fitting of experimental 
curves requires laborious manual processing. Simplified 
models are more suitable for mass processing of experi-
mental data. Models aimed at describing relationship 
between the primary processes and longer metabolic pro-
cesses in a plant cell do not require such a detailed repro-
duction of experimental curves of f luorescence induction 

over short times. These models also use simplified models 
to describe the primary processes of photosynthetic elec-
tron transport [45, 49, 66].

Development of the methods for automatic record-
ing of data makes it possible to obtain hundreds and 
thousands of f luorescence induction curves during cul-
ture growth in a photobioreactor [73], or in the process 
of automatic observation of natural systems. In order to 
understand what changes occur in the photosynthetic 
apparatus of the photosynthetic objects over time it is 
necessary to analyze the shape of these curves. For auto-
matic analysis of large data arrays, it is convenient to use 
simplified models.

Phase analysis of the fluorescence induction curve. 
The chlorophyll f luorescence induction curve is usually 
considered to consist of two or three phases (or stages), 
which are usually separated by the observed inf lection 
points on the induction curve. The first fast stage (up to 
hundreds of milliseconds) is best studied, denoted in the 
literature by the letters OJIP (Fig.  5a). Standard desig-
nations on the curve: O (origin, starting point), the first 
minimum f luorescence level, J and I, are intermediate in-
f lections, P (peak) is the maximum value of f luorescence 
intensity. Unlike subsequent slower stages, the rising 
part of OJIP is fairly well reproduced. That is why in the 
majority of cases analyses of the f luorescence induction 
curves are focused on model reproduction of the shape of 
the OJIP curve, which is reliably observed in experiments.

In many cases, the rising part of the OJIP f luores-
cence induction curve can be fairly well approximated by 
the sum of three exponents [78-81]. Strasser, R. [82] pro-
posed a formalized method for calculating characteristics 
of the energy f lows (JIP-test) based on the amplitudes of 
the phases of the induction curve, using the values of the 
amplitudes at fixed times (2 ms for OJ and 30 ms for JI), 
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Fig. 5. An example of application of the multiexponential approximation method for the analysis of f luorescence induction curves of chloro-
phyll a in a nitrogen-starved culture of Chlorella vulgaris. a) OJIP curve and (b)  the result of its expansion into exponentials at the beginning of 
cultivation; c) representation of the multiexponential expansion amplitudes as a heatmap column. Characteristic times of the identified phases are: 
τOK ~ 0.15-0.25 ms, τOJ ~ 0.4-0.5 ms, τJI ~ 2.6-4.2 ms, τIP ~ 55-130 ms. d) Heat map of the component composition of the OJIP curves during culti-
vation; the abscissa shows time in hours. Width and shading of the bands ref lect amplitude and lifetime of the exponential components of the induc-
tion curve. Ordinate on the left is the amplitude scale. Reprinted from [88] licensed under CC BY-NC-ND, © 2020 Plyusnina, T., Khruschev, S., 
Degtereva, N., Konyukhov, I., Solovchenko, A., Kouzmanova, M., Goltsev, V., Riznichenko, G., Rubin, A.

as well as slope of the curve at the initial moment of time. 
The values calculated employing this method are widely 
used to assess disturbances of the photosynthetic appara-
tus both for a culture in a photobioreactor [83, 84] and for 
agricultural crops [85].

Review by Stirbet et al. [86] discusses the possibility 
of using the JIP test to assess resistance of photosynthetic 
organisms to various stress factors. One of the limitations 
of its application is that the times of individual phases of 
the induction curve are not fixed. Therefore, although the 
OJIP test works quite well for green plants, it cannot al-
ways be applied to algae and cyanobacteria, in which the 
shape of induction curve differs significantly from the 
classical one [50].

Plyusnina and Khrushchev [87] developed a more 
versatile method for analyzing large arrays of induction 
f luorescence induction curves, the Multiexponential Ap-
proximation Method (MEA) and the pyPhotoSyn soft-
ware. Instead of semi-empirical staging used previously 

in most of the studies, MEA allows introduction of more 
rigorous and universal criteria for estimating phases. 
The basis of the method is decomposition of the record-
ed signal into exponents and its representation as a series 
of exponents. The f luorescence induction kinetic curve is 
approximated by a series of N exponents with fixed char-
acteristic times τn:

where FO is the minimum value on the f luorescence induc-
tion curve F(t), An ref lects contribution of the n-th expo-
nent with characteristic time τn to the total signal, t is time.

The result of approximation is a set of amplitudes An, 
each of which corresponds to the selected fixed time  τn 
(spectrum). For the case when the input signal F(t) is a 
sum of exponential functions, the spectrum has the form 
of individual bands with groups of times close to the char-
acteristic times of the exponents that make up the input 

F(t) = FO + ΣN

n = 1 An(1 − e −t /τn), (1)
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signal. Bandwidth is determined by the properties of the 
chosen numerical approximation method and presence 
of noise in the input signal. The characteristic times of 
individual stages of electron transfer in the photosynthesis 
chain differ significantly, and the bands are well resolved. 
The characteristic times of individual components of the 
series can be compared with the specific electron transfer 
processes in the photosynthetic electron transport chain.

Monitoring of photosynthetic activity of microalgae 
culture using MEA. Automatic methods for recording 
f luorescence induction curves developed at the Depart-
ment of Biophysics make it possible to study changes 
occurring in the photosynthetic apparatus by measuring 
kinetic curves of the chlorophyll f luorescence induction 
directly in photobioreactor without disturbing physiolog-
ical state of the cells [88]. Fluorescence induction curves 
are recorded at relatively short time intervals and ulti-
mately constitute a large amount of data. Such observa-
tion of culture growth becomes especially relevant when 
solving biotechnological problems of targeted synthesis, 
when conditions for the growth of cultures enriched in 
lipids, carotenoids, or molecular hydrogen are selected.

MEA was used to analyze changes in photosynthetic 
apparatus during cultivation of the microalgae Chlorella 
vulgaris under nitrogen deficiency [89] and Chlamydo-
monas reinhardtii under sulfur deficiency [84]. Nutrient 
deficiency leads to the change in the functional state of 
photosynthetic apparatus and is manifested as a change 
in the shape of the f luorescence induction curves. 
Figure 5 shows the f luorescence induction curve for the 
nitrogen-starved culture of Chlorella vulgaris, recorded 
immediately after the start of incubation (Fig. 5a), its de-
composition into exponential components obtained by 
the method of multi-exponential approximation using the 
pyPhotoSyn package (Fig. 5b), and representation of this 
decomposition as a heat map column (Fig. 5c). Figure 5d 
shows a heat map illustrating dynamics of the changes in 
the contributions of exponential components over time.

The ability to analyze a large array of induction 
curves is very promising for further study of the dynamics 
of transient processes during mineral starvation and the 
action of other stress factors. Comparison with the results 
of the analysis using the JIP test, parallel additional mea-
surements of the composition of the medium and cellular 
components (starch, lipids, carotenoids) will make it pos-
sible to correlate the phases of the induction curves with 
the physiological processes of the cell with greater certain-
ty and use this information in future to conduct an express 
analysis of the changes in the state of the cell under stress.

DIRECT MULTIPARTICLE 
COMPUTER SIMULATION

Kinetic models built on the basis of mathematical 
apparatus of ordinary differential equations proceed from 

the assumption of a homogeneous distribution of the sys-
tem components in space. In the kinetic models of pro-
cesses in a photosynthetic membrane, it is assumed that 
the multienzyme complexes PSI, PSII, and cytochrome 
complexes interact with mobile carriers in accordance 
with the mass action law. Meanwhile, in the interior of 
the photosynthetic membrane, interaction of the pro-
teins does not correspond to the concept of free diffusion 
and random collisions in terms of reactions in solutions. 
Total number of the mobile carriers per grain as well as 
the number of reaction centers with low mobility in the 
membrane are from tens to hundreds of molecules, which 
is much less than the amount required to implement the 
concepts of free collisions and the mass action law.

The results obtained by electron microscopy indi-
cate dense arrangement of multienzyme complexes in the 
membrane, and the complexes protrude for a consider-
able distance into the luminal space [90-92]. This makes 
it impossible for free diffusion of PQ in the intramem-
brane space and limits movement of the molecules of the 
mobile Pc carrier in the lumen, which transfer electrons 
from the cytochrome complex to PSI. The same is true 
for diffusion in the stromal space, where Fd molecules are 
involved in the electron transport along a linear path and 
a cyclic path around the PSI.

To describe formation of the reaction complex of two 
interacting proteins in solution Brownian dynamics (BD) 
models are used to predict structure of the complex and 
estimate rate constant of its formation based on the math-
ematical apparatus of the Langevin equations, which de-
scribe translational and rotational motion of proteins un-
der the action of random Brownian force and electrostatic 
interactions [93-95]. However, in the interior of a photo-
synthetic membrane, it is necessary to consider ensembles 
of tens to hundreds of interacting molecules.

To explicitly describe Brownian diffusion of mobile 
protein carriers both in solution and in the interior of a 
biological membrane, we developed direct multiparticle 
Brownian models. In these models, proteins in amounts 
of tens to hundreds of molecules per reaction volume can 
be mobile, like Fd and FNR in the thylakoid stroma, or 
one of the proteins can be mobile, like Pc in the thylakoid 
lumen, and the other can be part of a relatively immobile 
membrane-embedded multienzyme complex (Cyt  f pro-
tein is a subunit of the cytochrome b6 f complex). Funda-
mentals of the method and the obtained results are de-
scribed in books [25, 26] and original papers [58, 96-107].

The direct multiparticle modeling method developed 
in our research group makes it possible to use advantages 
of the BD method, which takes into account the role of 
protein shape and electrostatic interactions in the electron 
transport processes, to study interaction of not the individ-
ual proteins, but their ensembles in the reaction volumes of 
complex shape. The model provides a clear three-dimen-
sional visual representation of the dynamics of process-
es in the system at different spatial and temporal scales, 
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Fig. 6. Model of multiparticle Brownian dynamics. A section of photosynthetic membrane, in which the mobile Pc protein transfers an electron 
from Cyt f, a subunit of the cytochrome complex, to the donor part of PSI. Reprinted with permission from John Wiley and Sons from [98].

ability to observe behavior of the individual components 
and obtain averaged statistical information over the entire 
ensemble. An example of the arrangements in the model 
of many-particle Brownian dynamics is shown in Fig. 6.

Protein molecules – electron carriers are subjected 
to Brownian motion in the medium and simultaneously 
experience electrostatic interactions with each other and 
with the charged surface of the photosynthetic membrane. 
As confirmed by the results of computational experiments, 
the process of electrostatic orientation significantly (by 
1-2 orders of magnitude) increases the observed kinetic 
constant of the total reaction rate compared to the case 
when proteins collide at random places on their surfaces 
as a result of purely Brownian motion without preliminary 
electrostatic mutual orientation [104].

When approaching, the donor and acceptor mol-
ecules are able to form a protein–protein complex. 
A detailed description of the algorithm for modeling for-
mation of the protein–protein complexes by the Brown-
ian dynamics method is given in the original papers 
[103, 104]. Models of Brownian dynamics, in which pro-
tein molecules are considered as solid bodies, are able to 
describe formation of preliminary (encounter) complex. 
The initially formed complex may eventually transform 
into the final complex, or fall apart under the action of 
the Brownian force. Formation of the final reaction com-
plex proceeds through a complex sequence of processes 
that ensure conformational correspondence of the donor 
and acceptor protein molecules. In the final complex, 
tunneling electron transfer between the reaction centers 
of the donor and acceptor proteins becomes possible. 
To describe conformational movements in such reaction 
complex, the methods of molecular dynamics should be 
applied, and to describe transfer of an electron from the 
reaction center of a donor molecule to the reaction center 
of an acceptor molecule inside the complex it is necessary 
to use the methods of quantum chemistry.

The role of electrostatic interactions in the formation 
of a redox complex of two proteins was studied in detail 
for a pair of photosynthetic electron carrier proteins, Pc 

and Cyt f [96, 104, 108]. These proteins are redox partners 
with clearly localized reaction centers – copper and iron 
atoms, respectively. Final configurations of the molecules 
in the group of the most frequently encountered trajec-
tories of Brownian dynamics, leading to formation of the 
preliminary complex, were next used as initial ones for 
calculations of the subsequent intramolecular dynamics. 
At this stage, in the course of molecular dynamics cal-
culations, formation of the final complex occurred (or 
did not occur), where the copper atom Pc and the iron 
atom Cyt f approached each other up to the distances at 
which the tunneling electron transfer occurs. Figure  7 
shows the results of molecular dynamics calculations of 
the interaction between Pc and Cyt f from the green alga 
C. reinhardtii [108].

The ensemble of structures formed in the process of 
diffusion motion with an internal energy of 8 kT is divided 
into three clusters. The first cluster (35% of structures) is 
significantly different from the other two. Its structures 
have an electrostatic contact formed by the oppositely 
charged Pc (D43, E44, D45, and D54) and Cyt  f (K188 
and K189) regions. The Pc region that forms an electro-
static bond with Cyt  f has low mobility relative to Cyt  f, 
while the opposite side of the Pc molecule undergoes large 
f luctuations, as evidenced by the distribution of B-factor 
values shown in Fig. 7a, I.

The second cluster (25% of the structures) also has 
a one-point connection, but it is formed by other re-
gions different from the first case (b,  I). It is created by 
the positively charged loop (K188 and K189) of Cyt f and 
the negatively charged loop (D60, D62, and E86) of plas-
tocyanin. In this orientation, rotational motion of the Pc 
molecule is not able to turn it into an orientation provid-
ing small enough distance for electron transfer between 
the cofactors. In the third ensemble (9% of structures), 
Pc is reversed relative to its orientation in the functionally 
active complex (c,  I), and its movement is significantly 
limited by electrostatic interactions.

Further transformation of the central structures of 
these three ensembles was investigated by the method of 
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Fig. 7. Central structures of the first (a, I), second (b, I), and third (c, I) clusters of diffusion–collision complexes of plastocyanin and cytochrome f 
from the green algae C. reinhardtii with an electrostatic attraction energy of more than 8 kT. a, II, b, II, c, II) Distance between copper and iron atoms 
of plastocyanin and cytochrome f obtained based on molecular dynamics calculations with the initial central structure of the first (a, I), second (b, I), 
and third (c, I) clusters. a, III, b, III, c, III) Structures of the first (a, I), second (b, I), and third (c, I) final complexes obtained based on molecular 
dynamics calculations. Reprinted with permission from John Wiley and Sons from [108].

molecular dynamics. The molecular dynamics calcula-
tions, in which proteins at the initial moment of time have 
a mutual orientation as in the central structure of the first 
cluster, demonstrate formation of a stable complex with a 
distance between cofactors of about 1.2 nm, which occurs 
in the first 150 ns (Fig. 7a, II). Note that this final complex 
is similar to the final complex formed by the central struc-
ture of the “productive” cluster of higher plants [108]. 
Molecular dynamics calculations with the central struc-

tures of the second (Fig. 7b, III) and third (Fig. 7c, III) 
clusters led to formation of the stable complexes with rel-
atively large distances (about 3 nm) between the protein 
cofactors. Based on the molecular dynamics calculations, 
it can be concluded that the structures of the second and 
third clusters cannot easily achieve orientation with the 
distance of less than 2.5 nm between the cofactors, which 
is necessary for electron tunneling. Thus, only the first 
cluster is potentially productive (Fig. 7a).
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Fig. 8. Scheme of protein–protein complex formation for electron transport proteins plastocyanin and cytochrome f from higher plants and green 
microalgae. (1) Free diffusion of molecules; (2) mutual orientation due to electrostatic interactions; (3) formation of energetically favorable con-
formations; (4) transformation of the diffusion–collision complex into a metastable energetically favorable state; (5) formation of the final complex 
(functionally active configuration) through conformational changes within the protein–protein interface. Protein surfaces are colored according 
to their surface potential in the range from –100 to +100 mV. Reprinted with permission from John Wiley and Sons from [108].

General sequence of the steps in the process of for-
mation of the electron transport complex of proteins Pc 
and Cyt  f from higher plants and green microalgae is 
shown in the diagram in Fig. 8.

CONCLUSIONS

General goal of the dynamic modeling of complex 
systems is to reveal patterns of their behavior in time and 
time-dependent changes of the quantitative character-
istics of interacting components. The key condition for 
the model adequacy to a real object is correspondence 
between the structure of the model and the real system, 
as well as correspondence of the equations, mecha-
nisms, and parameters of the interaction of its constit-
uent elements. The mathematical apparatus used must 
correspond to the specific mechanisms of component 
interactions, such as free collision according to the mass 
action law, diffusion displacements in a viscous medium, 
intramolecular cooperative transitions in macromolecu-
lar complexes. All this can be adequately ref lected in the 
model only on the basis of independent experimental or 
observational data.

With deepening of our knowledge about the struc-
ture of photosynthetic apparatus, the arsenal of applied 
mathematical methods has changed and continues to 
change. This is the reason of transition from the ordinary 
system of differential equations describing kinetics in a 
homogeneous medium to equations in which, along with 
chemical reactions, diffusion of substances in a hetero-
geneous reaction space is also taken into consideration.

Modern powerful computers allow adequate simula-
tion of the processes occurring simultaneously in millions 
of chains of active proteins that interact with each other. 
In individual compartments of the cell, where relative-
ly small ensembles of molecules interact, the method of 
direct multiparticle modeling demonstrates its effective-
ness. Apparently, to elucidate the mechanisms of cellu-
lar processes different methods are useful, both models 
based on differential equations, detailed and simplified, 
allowing a qualitative study, and algorithmic stochastic 
Monte Carlo models, as well as agent-based multiparticle 
modeling methods that reproduce the movements and in-
teractions of individual mobile macromolecules in cells.

Computer reproduction of the Brownian diffusion 
approach of proteins is based on taking into account the 
action of random shocks experienced by protein mole-



RIZNICHENKO et al.1078

BIOCHEMISTRY (Moscow) Vol. 87 No. 10 2022

cules from the nearest environment. The effect of electro-
static interactions provides a significant correction to the 
“randomness” of the occurring collisions of the proteins, 
causing their beneficial mutual orientation. This actually 
means the presence of a factor of long-range interactions, 
which gives a “vector” character to the purely random 
paths of proteins. It can be assumed that this does not 
exhaust “vectorization” of the Brownian motion in a cell 
and that the existence of other long-range factors of inter-
actions in a cell is possible. For example, the question of 
what contribution to the selection of random shocks can 
be made by the shape of a protein globule in relation to 
the emergence of predominant resulting direction of its 
Brownian motion is legitimate. This may indicate pos-
sible existence of the features of elementary interactions 
of structural elements in a living system, hidden from us 
so far, which have been identified and “expediently” used 
in biology over millions of years of evolution at the lower 
structural levels of organization of living systems.

This issue of Biochemistry (Moscow) journal is 
dedicated to the memory of Vladimir Shuvalov, the Full 
Member of the Russian Academy of Sciences, a world-re-
nowned authority in the field of photobiology and prima-
ry processes of photosynthesis. The experimental data ob-
tained by him by the method of laser spectroscopy made 
it possible to understand the nature of ultrafast processes 
occurring in the femtosecond time range in the photosyn-
thetic apparatus, which have a directed nature and bio-
logical meaning. Taking into account these data will un-
doubtedly play an important role in modeling the whole 
set of the energy transformation processes over a wide 
range of times, including primary femtosecond processes.
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