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Abstract—Basic mechanisms of kinetic regulation of photosynthetic processes are considered. These
mechanisms provide strict light-dependent regulation of electron transport in photosynthetic reaction centers
and more flexible regulation at the level of interaction between photosystems, transmembrane fluxes of
tons, and coupling with dark reactions of the Calvin cycle. A generalized mathematical mode! was con-
structed. This model consolidates the modern knowledge about photosynthetic processes in higher plants.
The general principles of multilevel regulation of photosynthetic processes are discussed.
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INTRODUCTION

The regulatory properties of biological processes
are determined by their spatial and temporal hierar-
chy. For example, the time span of photosynthetic
processes ranges from 10-?s (absorption of light
quanta by chlorophyil melecules, primary charge sep-
aration) to several days (whole plant growth).

Biological systems of all levels of hierarchy are
far from thermodynamic equilibrium. They are also
open for fluxes of matter and energy. The kinetic pro-
cesses taking place in biological systems are nonlin-
ear. Therefore, in addition to relaxation processes.
various spatiotemporal behavioral patterns (including
multistationary, oscillation, and quasi-stochastic) can
be implemented in these systems. Implementation of a
given regulation mechanism is determined by its spe-
cific place in the spatiotemporal hierarchy and by the
characteristics of the effector.

In kinetic models, the process of photosynthesis
is regulated by modification of system parameters
(usually, the rate constants of individual reactions) in-
duced by external or intemal factors. Internal factors
may change at different hierarchial levels. For example.

Abbreviations: PS, photosystem: PRC, photosynthelic reaction cen-
ter(s).

they can be determined by the genetic program or by
the changes in the physiological state of the plant. In a
mathematical model, this corresponds to changes of
variables of another (usually, slower) level of the tem-
poral hierarchy. From the standpoint of the process of
interest, these slow vanables are regulatory parame-
ters. This change in mode! parameters can be associ-
ated with regqulatory mechanisms of two types.

According to the first mechanism, the rate con-
stants are modified to provide changes in the steady-
state concentrations of reagents and relaxation times
against the background of invariable qualitative char-
acteristics of system behavior. According to the sec-
ond mechanism, variation of parameters brings the
system to a bifurcation border, thereby changing the
qualitative characteristics of the system behavior.
This can be implemented as a step transition from one
stationary state to another or transition from the relax-
ation behavior pattern to oscillating or quasi-stochas-
tic. The qualitative changes in the system behavior
can also be caused by transition through a separatrix
in phase space. This can cause stepwise changes in
the steady-state parameters of the system or himiting
cycle amphmnde in the autooscillation system.

It is probable that the system response to external
factors is determined by the degree of the system com-
plexity and &ts incorporation into more sophisticated
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systems of regulation. Further in this work we con-
sider phosynthesizing organisms. These systems have
been studied at the Department of Biophysics, Biol-
ogy Faculty, Moscow State University, for many
years.

The system of the primary processes of photo-
synthesis is located in chloroplast thylakoids of algae
and higher plants or in bacterial chromatophores. This
system is one of the most comprehensively studied bi-
ological systems. In recent decades, the fine details of
the structural and functional organization of this sys-
tem have been discovered. The three-dimensional
structure of many components of the photosynthetic
electron transpott chain was reconstructed with atomic
resolution from the X-ray diffraction data {1]. In re-
cent years the mechanism of the functional activity of
ATP synthase was suggested. This enzyme transforms
the energy of the photosynthetic transmembrane gra-
dient of protons into the energy of chemical bonds of
ATP [2].

The majority of experimental studies on the mo-
lecular elements of the photosynthetic system were
performed using isolated structural fragments: bacte-
rial photosynthetic reaction centers (PRC), photo-
systems I and II {PS I and PS II, respectively). These
studies provided information about the sequences of
electron transport reactions along the photosynthetic
chain and their correlation with electron-vibrational
interactions.

The photosynthetic system fragments are inte-
gral pigment-protein cornplexes. Interaction between
components of these complexes can be described by
sets of simultaneous differential equations (linear
with respect to the probability of the states of these
complexes) [4, 5]. There are methodological ap-
proaches to univalent identification of the parameters
of such modeis [6]. The rate constants of electron
transfer at individual segments of the electron trans-
port chain were estimated in such reduced systems.

Mathematical models of electron transfer reac-
tions were constructed and identified on the basis of
experimental studies of PSI and PS II fragments of
higher plants, chromatophores and reaction centers of
photosynthesizing bacteria. The results of mathemati-
cal simulation showed that there are at least two types
of organization and regulation of photosynthetic elec-
tron transport chain, which differ from one another in
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the character of interaction between coastituent com-
ponents [6-91.

The first type is the light-induced regulation
within multienzyme pigment-protein complexes of
photosynthetic reaction centers. The structure and
functions of these complexes were brought to an opti-
mum level during evolution. Both structural and func-
tional parameters of these systems are stable, and the
pigment—protein complexes isolated from biological
membranes by various methods maintain native activ-
ity within a broad range of environmental factors.
Their kinetic characteristics (including the ability to
undergo conformational transitions) are highly stable,
because they are embedded into a protein-lipid core.
Light is the main factor of regulation of the activity of
these systems. Absorption of a light quantum causes
charge redistribution over the primary photoactive
pair and triggers conformational transition of the pro-
tein components of the system. This transition pre-
vents electron transfer reverston and energy dissipa-
tion by fluorescence.

In all photosynthetic objects studied thus far
(PS I and PS II fragments of higher plants, chromato-
phores and reaction centers of photosynthesizing bac-
teria of ‘various species) transition from dark to light
conditions was accompanied by an increase in the ef-
ficiency of electron escape from the primary photo-
synthetic pair. Obviously, light-induced regulation
may play a physiologically significant role. Like
allosteric regulation of enzymatic catalysis, the light-
induced regulation of photosynthetic activity is medi-
ated by the conformational mobility of enzymes.

Another type of regulation of photosynthetic ac-
tivity is implemented at the site of interaction be-
tween the PS I plastoguinone and cytochrome com-
plex and between the PS T plastocyanin and cyto-
chrome complex, i.e., at the electron transport chain
sites mediated by mobile carriers. Diffusion processes
play a crucial role in the electron transfer regulation at
these sites. Under variation of external conditions, the
electron transfer rate constanis at these sites may
change by several orders of magnitude. The electrop
transport rate at these sites is regulated by such
intracellular factors as cell matrix viscosity, pH, en-
dogenous inhibitors, metabolites, etc.

Thus, the physiological state of a biological or-
ganism can be changed not only at the level of
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Fig. 1. Different kinetic patterns of chlorophyll fluorescence induction kinetics (slow phase) as recorded in individual cenobia of
the green alga Scenedesmus quadricauda. Schematic typical chlorophyll a fluorescence induction curve and conventional nota-

tion of its phases are shown in the insert.

biosynthesis (e.g., biosynthesis and degradation of
chlorophyll molecules) but also at the level of
changes of intracellular parameters. In terms of ki-
netic models, this regulation is manifested as changes
in the rate constants of interaction of PRC complexes
with secondary donors and acceptors. In other words,
this regulation corresponds to changes in the input
and output rate constants, i.e., the rate constants deter-
mining the steady-state levels and kinetics of individ-
ual PRC states. Therefore, characteristics of PRC pro-
cesses (fluorescence, delayed luminescence, etc.) can
be used as indicators of the state of the photosynthetic
organism in general.

ANALYSIS OF FLUORESCENCE KINETICS

The fluorescence induction curve is a well-
known indicator of the functional state of the photo-
synthetic apparatus. Prompt fluorescence increase
segments (millisecond time range) are thought to be
associated with the processes in the PS II reaction
center [1, 10], whereas slow fluorescence decay (sec-
ond time range) are usually associated with the pro-
cesses of generation of the transmembrane electro-
chemical gradient of protons on thylakoid mem-
branes. This gradient was found to modify the elec-
tron distribution over the photosynthetic electron

transport chain, thereby affecting the fluorescence in-
tensity and activity of the Calvin cycle enzymes.

In the preceding work [11] we studied the slow
induction phase patterns of fluorescence of individual
algal cells during culture growth. Typical curves of
fluorescence induction as measured within the time
scale of several minutes are shown in Fig. 1. Curves /
and /” have one sharp maximum P, which is followed
by a phase of exponential decline of the fluorescence
intensity. These cells can be attributed to an active
type of photosynthesis. Curves 3, 3" and 4, 4" contain
one or two minima S and a high steady-state plateau
of fluorescence intensity, which is indicative of low
photosynthetic activity. These cells can be attributed
to a less active type of photosynthesis. Curves 2 and
2’ belong to an intermediate type of photosynthesis.

The results of microfluorescence analysis of the
distribution of fluorescence induction curve patterns in
populations of microalgae obtained by Pogosyan et al.
[11] can be regarded as an example of regulation of
photosynthetic activity of individual algal cells during
culture growth, The initial stage of culture growth is
characterized by significant diversity of the fluores-
cence induction curve shapes. Cells with both simple
relaxation kinetics and low steady-state level of fluo-
rescence (active photosynthesis) and nonmonotonic
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relaxation kinetics and high steady-state level of fluo-
rescence (inactive photosynthesis) are observed at this
stage of culture growth. At the stage of unlimited lin-
ear growth, most cells are characterized by active
photosynthesis. At the stage of stationary growth, the
diversity of patterns of the fluorescence kinetics in-
creases again. The population of cells with nonmono-
tonic relaxation kinetics and high steady-state level of
fluorescence increases.

Analysis of a simple mathematical model [12,
13] revealed that transition from active to inactive
photosynthesis can be associated with electron trans-
port decoupling from carbon assimilation in the Cal-
vin cycle. Detailed simulation of coupling between
the primary photosynthetic reactions and CQ, fixation
confirmed this suggestion and allowed calculation of
some quantitative parameters of this process. The re-
sults of model analysis showed that ion fluxes are the
main contribution to the fluorescence induction curve
pattern formation. Efficiency of ion fluxes determines
the degree of coupling between electron transport and
generation of the transmembrane potential. It is well
known that the transmembrane potential of protons is
an energy source for ATP synthase and the cycle of
photosynthetic reactions of CO, fixation.

GENERAL MODEL
OF PHOTOSYNTHETIC PROCESSES

To provide more accurate evaluation of the con-
tribution of individual reactions (electron transpon,
transmembrane ion transport, generation of trans-
membrane electrochemical potential of protons, and
coupling between light and dark photosynthetic reac-
tions) we constructed a detailed mathematical model.
This model is based on the contemporary concepts of
structure and functions of the photosynthetic apparatus.

A broad range of mathematical models of indi-
vidual fragments of the complicated system of photo-
synthetic reactions are described in the literature. For
example, there are mathematical models of superfast
(102107 s} processes of light absorption, migration
of excited states, and primary charge separation
i15-17]. Other mathematical models consider less
fast (millisecond) processes of electron transport
through so-called two-electron gates at the level of the
secondary quinone acceptor of PS II (Qy) [18]. There
are alse models of proton transport through the
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thylakoid membrane [19]. Calvin cycle enzymatic re-
actions were simulated in [20, 21]. All these models
contain detailed description of photosynthetic reac-
tions of specific time ranges. The other photosynthe-
tic reactions are simplified more or less significantly.
In addition, viriually none of the presently available
mathematical models take into account the depend-
ence of some primary photosynthetic reactions on the
electrochemical transmembrane potential. Ion fluxes
through the thylakoid membrane are also often disre-
garded. However, these processes may have a signifi-
cant effect on various parameters of the primary pho-
tosynthetic reactions [22]. The most comprehensive
model of the processes of generation of the transmem-
brane electrochemical potential on the thylakoid
membrane and its dissipation in the system of the pr-
mary photosynthetic reactions was suggested in [23].
However, ion fluxes are described in this model by an
empirical expression, whereas the light reactions of
photosynthesis are simulated using the simplified
model suggested in [18].

We suggest a new approach to the problem of
simulation of photosynthetic processes 1a chloroplasts
of higher plants. This approach is based on detailed
kinetic description of the catalytic cycles of major
pigment—protein complexes involved in the system of
the primary photosynthetic reactions. The dependence
of some stages of electron transfer on the electro-
chemical transmembrane potential and the pH gradi-
ent on the thylakoid membrane is taken into account
in this model, The analysis of the model is based on
the principle of the theory of metabolic control [24].

The model considered in this work describes the
photosynthetic processes in three compartments of
chloroplasts: thylakoid membrane, intrathylakoid lu-
men, and chloroplast stroma. The majority of compo-
nents of the photosynthetic electron transport chain
are attributed to specific chloroplast compartments.
For example, the thylakoid membrane contains PS I,
PSTI, and all intermediates of the Q-cycle; the
chloroplast stroma contains ATP, ADP, NADP(H),
and all intermediates of the Calvin cycle; and the
intrathylakoid lumen contains plastocyanm, a mobile
electron carrier. The primary processes of electron
transfer along the photosynthetic electron transport
chain are accompanied by transport of both positively
and negatively charged ions through the thylakoid
membrane. The transmembrane transport of ions may
play a significant role in energy transformation in
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Fig. 2. Diagram of a comprehensive mathematical mode! of photosynthetic processes in chloroplasis of green plants.

photosynthesis, because it is directly associated with
generation of the transmembrane electrochemical po-
tential on the thylakoid membrane. The model consid-
ered in this work allows for transmembrane transport
of Cl, K*, and H* between stroma and lumen. The
volumes of these compartments differ from one an-
other. The volume ratio of stroma:thylakoid mem-
brane:lumen is 10:1:1.

PS2,

P-3

State diagram for photosystem I

The diagram of the mathematical model of inter-
action between the processes of photosynthetic elec-
iron transport, generation of the ransmembrane elec-
trochemical potential, and cycle of CO, assimilation
is shown in Fig. 2.

The mathematical model shown in Fig. 2 was
constructed taking into account the fact that the reac-
tnon centers of PST and PSII are integral multi-
enzyme complexes. The state of the electron transport
chain within PRC was described using the probability
equations of the states of these complexes [5, 6].

The interaction between the model components
at the diffusion-controlled sites was described using
the acting mass equations or the Michaelis-Menten
equation. The ATP-synthase reaction rate equation
was based on the minimal kinetic scheme of reactions
of ATP synthesis and hydrolysis. The electrogenic
transmembrane transport of CI- and K* was described
using equations derived in [253-27] within the frame-
work of Eyring's model of 1on transport through a
three-barrier channel.

"BIOPHYSICS  Vol45 No.3 2000
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Fig. 3. Catalytc cycle catalyzed by reaction center of photosystem IL

A detailed scheme of the catalytic cycle of the
photosynthetic reaction center of PSII is shown in

Fig. 3 as an example of such models.

If the hierarchy of the reaction rates of this sys-
tem is taken into account, the scheme shown in Fig. 3
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can be reduced to the four-state diagram displayed on
the preceding page.

In this diagram each state PS2; comesponds to
the sum concentration of several states represented in
the general scheme (Fig. 3). In other words:
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The corresponding set of simultaneous differential equations for the PS2; states can be wrirten as:

BIOPHYSICS Vol 45 No.3 2000



446

A¥, mV

1004 0.08

i 0.07

80 |

T, 006f

601 & 005
L]

o £ oo

3 0.03

0t 2 0.02

0.01

0r 0.00}

RIZNICHENKO et al

12.0

Time, s

Concentration, mM

A¥, mv [Cll, mM

1004
80+
64 3
401
20t

ok

(K], mM
18; 760
|
1.7r i
i 50
1.67:

1.5-F 1 140
1.4~ {30
: 2

l.:.li‘
1.2t 20
L.if
1.0L 10
09‘ | | 0
] 1
Time, s

Fig. 4. (a) Initial segment of chiorophyli fluorescence induction curve calculated from reduced model of FS I O, I, D, and P are
the main kinetic phases of the initial segment of the chlorophyll fluorescence induction curve (see insert wo Fig. 1). Ay and Q are
kinetic curves of the transmembrane electrical potential and sum conceatrations of the PS II states with reduced acceptor com-
plex Q4Qg. (b) Kinetic curves of the transmembrane electrical potential Ay and concentrations of K* and CI™ ions (K, Cly} in

thylakoid lumen.

PS2,
PS2,
PS2,
PS2,

¥y =palHyly: +pays [PQIH; " —(p, +x[PQH. Dy,

'Y

-

SYs

Vi

Rate constants p are functions of the rate con-
stants of slow stages (k,, .. j=1, ..., 6: k=4, 5) and

S k .
equilibrium constants X, = k—' of fast stages (notation

=i

and numeration of rate constants correspond to those
in Fig. 3):

Pa=

Xz/Rz

P

- Xi/Rl
K,

P =

Ll

KZKJKS’

P =k ; /Rv

T KKK K,

P, = l/RB XX X -akys
3=
KK, Ky % shake

Ps=%a /R:-

» P3 =Kes /Rz,

P =% -as

-5

Xs /R
K_/ ps =%s / Rs.

where

R

R,

=p.v, +ps ¥, [PQIH; T +poyiHy 1 -(po [H; I +ps[PQH, ] = p2 )ys,s
=p.v, +p i [PQH, ) +p[H; v, —(p_, [H; 1+p.[PQIH; I +p5 )y,
=p,v; +ps[PQH, 1y, —(p .4 [H;]+ps[PQ][H;]] )Y

EUUN S

5

.Jr,

L ko (1+K,)
K\ K, K K 1K

[l

I i
+ +
KSKIO K?KSKIU

I kL +Kg)
+ ,—+~ k]
KKK K, ) T

i 1
+

‘i'kLG(l +K14) +

=]+

KlJ KIZKIS X—S

+ 1 xfxsx-4f<u_
KKKy Ak ske

Within the framework of the PS II model consid-
ered as part of a multicomponent compartmentatized

"BIOPHYSICS Vol 45

No. 3

2000



LEVELS OF REGULATION OF PHOTOSYNTHETIC PROCESSES

model of photosynthesis, we managed to demonstrate
the role of transmembrane ion fluxes in the formation
of the pattern of the initial segment of the chlorophyll
fluorescence induction curve (Fig. 4). The method of
construction and study of subsystems in this model of
PS II is described in more detail elsewhere [14, 28].

About 100 model parameters were estimated
quantitatively. Some of them were directly measured
in independent experiments or calculated indirectly.
Some parameters were identified in model experi-
ments.

This model is planned to be used to assess the
photosynthetic apparatus changes induced by unfa-
vorable conditions. These calculations will be per-
formed using experimental data on chlorophyll fluo-
rescence in various physiological states of plants.

CONCLUSION

Comparison of the results of detailed mathemat-
ical simulation of individual photosynthetic com-
plexes {3, 4, 15, 17] with mathematical simulation of
these complexes incorporated into a sophisticated sys-
tem of interacting components {5, 8, 28] and with re-
duced models of interaction between photosynthetic
processes [12, 14, 23] showed that the regulatory
properties of these systems depend on the complexity
hierarchy level of the system. This conclusion is valid
for any complex hierarchial system.

Rigid control is typical of the level of photosyn-
thetic reaction centers. A quantum of light induces a
strictly determined succession of events of charge re-
distribution and conformational changes. These pro-
cesses are directed toward effective and fast transfer
of an electron outside the primary photosynthetic pair.
The PRC structure is sufficiently standard. Photosyn-
thetic reaction centers of PSI, PSII, and bacterial
photosystem are similar to each other. External pa-
rameters (pH, redox potential, medium viscosity, etc.)
have little if any effect on the PRC activity. Usually,
the kinetic patterns of the PRC reactions are reduced
to simple relaxation.

More flexible regulation is observed at the level
of interaction between PS I and PS II. Diffusion stages
of this regulation significantly depend on pH, redox
potential, medium viscosity, etc. Therefore, the pro-
cesses of interaction between photosystems can be
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regulated during plant growth both at the cellular
level and at the level of the whole organism. Kinetic
patterns of these processes are more elaborate. They
may contain several maxima, giving rise to typical
shapes of fluorescence induction curve within the
time span of several minutes.

Even more fine and sophisticated mechanisms
are involved in regulation of interaction between the
primary processes of photosynthesis and the Calvin
cycle of CO, assimilation. Oscillation dynamics of
some variables in this case implies the presence of
pools and feedback loops. These properties allow for
the dark reactions of CG, fixation and biosynthesis of
sugars regardless of the presence of background illu-
mination. These processes can be supported by the
ATP energy accumulated both in the primary pro-
cesses of photosynthesis and during respiration.
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