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Abstract—This paper presents a theoretical study of the effects of topological factors (density of thylakoid
packing in grana) on the efficiency of energy coupling in chloroplasts. The study is based on a mathematical
model of electron and proton transport processes coupled to ATP synthesis in chloroplasts. The model was
developed by the authors earlier, and the nonuniform distribution of electron transport and ATP synthase
complexes in the membranes of granal and intergranal thylakoids was taken into account in the model. The
results of numerical experiments enabled the analysis of the distribution of lateral profiles of the transmembrane pH difference and the concentrations of mobile plastoquinone and plastocyanin electron transporters
in granal and intergranal thylakoids and the dependence of this distribution on the metabolic state of class B
chloroplasts (photosynthetic control state or the conditions of intensive ATP synthesis). Moreover, the influence of topological factors (the density of thylakoid packing in grana and the degree of thylakoid swelling)
that affect the rate of diffusion of protons and mobile electron carriers in the intrathylakoid space and in the
interthylakoidal gap was investigated. The results of numerical experiments that involved the variation of geometric parameters of the system revealed the influence of thylakoid thickness and the distance between the
granal thylakoids on the lateral pH profiles inside the thylakoids (pHi) and in the interthylakoidal gap (pHo).
Acidification of the intrathylakoid space characterized by the pHi value increased concomitantly to the
increase of the width of the interthylakoidal gap lo and decreased concomitantly to the increase of the width
of the intrathylakoidal space li.
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INTRODUCTION
Photosynthesis stands out among the large variety
of biological processors, since it is a unique combination of photophysical, photochemical, and biochemical processes that involve energy transformation
according to various mechanisms, such as absorption
of light quanta by pigments of the light-harvesting
antennas, energy migration to photoreaction centers,
primary photochemical reactions, electron-transport
processes, and numerous biochemical reactions of
organic substance synthesis from atmospheric CO2
and water [1, 2]. Functioning of the photosynthesis
machinery is currently well characterized at various
levels of structural and functional organization,
including the level of individual enzyme systems and
macromolecular complexes [3, 4]. The entire set of
photosynthetic processes can be divided into two
phases. The “light” phase of photosynthesis involves
the breakage of chemical bonds in the primary electron donor molecule (water in the case of oxygenic

systems) and the formation of ATP and NADPH. The
energy of absorbed light quanta provides the energy
demands of this phase. The subsequent “dark” phase
involves the reduction of carbon dioxide to form sugars within the reducing pentose phosphate cycle [5, 6].
Energy accumulated in ATP and NADPH molecules
is used during this phase.
Mathematical modeling of photosynthesis has
been used for a long time and has laid the foundation
for detailed quantitative analysis of feedback relationships in a branched network of intracellular metabolic
processes and research on the regulatory mechanisms
that provide the optimal functioning of the photosynthetic apparatus and its adaptation during the energy
transformation processes inside a living cell [7–12].
However, quantitative description of bioenergetic processes in photosynthetic systems is complicated by a
high degree of compartmentalization of the photosynthetic apparatus at different levels of structural organization. Nonuniform distribution of electron transport
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and ATP synthase complexes in the thylakoid membranes is one of the puzzling features of the structural
and functional organization of the photosynthetic
apparatus in photosynthesizing organisms of the oxygenic type (cyanobacteria and chloroplasts of higher
plants). This feature is especially distinct in the case of
higher plant chloroplasts [13, 14]. Most of the complexes of photosystem 2 (PS2) are reportedly localized
in the membranes of closely apposed granal thylakoids. In contrast to PS2, the complexes of photosystem 1 (PS1) and ATP synthase complexes are located
in parts of the thylakoid membrane exposed to the
stroma region (intergranal thylakoids and butt-ends of
granal thylakoids). Cytochrome b6 f-complexes are
distributed evenly between the granal and intergranal
thylakoids [15].
Modeling of electron and proton transport processes with the complex structural features of chloroplasts taken into account can play an important role
for the analysis of the influence of topological factors
on the processes of energy coupling in chloroplasts. As
often assumed [16, 17], functional and morphological
heterogeneity of the lamellar system of the chloroplasts may be the reason for the difference between the
pH values in the different compartments (for example,
inside the granal and intergranal thylakoids). The heterogeneity of the thylakoids, along with their small
size, is a considerable hindrance for the measurement
of local pH values in different parts of the chloroplast.
Therefore, mathematical modeling that takes the distinctive features of the spatial structure of the chloroplast into account can serve as one of the tools in the
research on the influence of diffusion restrictions on
the distribution of pH along the thylakoid membrane
and the analysis of the effect of topological factors
(spatial organization of thylakoids) on the rate of electron and proton transport and ATP synthesis in the
chloroplasts.
Our earlier studies involved the construction of
mathematical models that took key diffusion-controlled stages of noncyclic electron transport in class B
chloroplasts into account, as well as the processes of
transmembrane proton transfer into the thylakoids
coupled to the above-mentioned processes [18–22].
The buffering properties of the thylakoid membrane
were taken into account for the first time in these studies as the processes of transmembrane proton transfer
into the thylakoids were analyzed. Moreover, the lateral heterogeneity of the lamellar system of the chloroplasts was taken into account as the diffusion-controlled stages of electron and proton transfer were
described.
The present study summarizes the results of
numerical experiments devoted to analysis of the
influence of geometric parameters of the system (the
degree of thylakoid compression in the grana and the
size of the intrathylakoid space) on the spatially inhomogeneous distribution of pH and mobile electron

transporters. Variation of geometric parameters of the
system was shown to exert a significant effect on the
acidification of the intrathylakoid space and the alkalization of the narrow interthylakoid gap and thus to
affect the overall rate of electron transport in chloroplasts.
DESCRIPTION OF THE MODEL
Let us consider a mathematical model of electron
transport in chloroplasts with a heterogeneous distribution of PS1 and PS2 complexes in the thylakoid
membrane. This model also takes the transmembrane
proton transfer and the processes of ATP synthesis
into account. A chloroplast is considered a spatially
inhomogeneous system with an uneven distribution of
electron-transport complexes between the granal and
intergranal thylakoids.
The Geometric Characteristics
of the Thylakoid System of the Chloroplasts
The spatial arrangement of electron transport complexes in granal and intergranal thylakoids is schematically shown in Fig. 1. A flattened cylinder of the
radius a is used to depict a granal thylakoid in the figure. An intergranal thylakoid is depicted by a wider
cylinder of the radius b that extends into the stroma
region beyond the granal thylakoid. The outer cylinder
of the radius b includes a granal thylakoid (cylinder of
the radius a) that forms a continuous structure with
the intergranal thylakoid. The distance li between the
internal surfaces of the thylakoid and the distance lo
between the adjacent thylakoids of the grana are the
geometric parameters of the model.
Electron-Transport Processes
We have considered the processes of linear (noncyclic) transport of electrons from water to an external
acceptor Aext mediated by photosystem 1 (PS1) and
photosystem 2 (PS2). We assume that the terminal
acceptor Aext is present in excess, because this is characteristic of isolated class B chloroplasts in the presence of an exogenous electron acceptor. The location
of electron transport and ATP synthase complexes in
the thylakoid membrane is shown in Fig. 1b. The distribution of PS1 and PS2 protein complexes among
the granal and intergranal thylakoids is reportedly
nonuniform [13, 23]. Our model uses the assumption
that all PS2 complexes are located in the granal region
A, and the PS1 complexes are located in the membranes of the intergranal thylakoids exposed to the
stroma (region B). Cytochrome b6 f-complexes are
uniformly distributed between regions A and B. Macromolecular protein complexes PS1, PS2, and b6 f are
assumed immobile; thus, their position in the thylakoid membrane is fixed. Plastoquinone and plastocyanin, the mobile electron transporters that connect
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PS2 to b6 f-complexes and theb6 f-complexes to PS1,
respectively, can move in the lateral direction. The
plastoquinone molecules (PQ) diffuse in the plane of
the thylakoid membrane, whereas the molecules of
plastocyanin (Pc) move in a relatively narrow gap of
the intrathylakoid space (Fig. 1).
Mathematical description of electron-transport
+
kinetics involved the following variables: P700
(r, t) ≡
+
+
+
[ P700 ] and P680 (r, t) ≡ [ P680 ] for the local concentra+
+
tions of oxidized PS1 (P700
) and PS2 (P680
) reaction
centers, respectively, Pc(r, t) ≡ [Pc], the local concentration of oxidized plastocyanin, and Q(r, t) ≡ [Q], the
local concentration of oxidized plastoquinone. All
these functions were defined as local concentrations of
the corresponding components in a neighborhood of a
point r at the time point t. A more detailed description
of the model was given in [21, 22].
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The variables Hi(r, t) ≡ [ H i+ ] and Ho(r, t) ≡ [ H o+ ]
that correspond to the local concentrations of hydrogen ions inside a thylakoid and in the interthylakoid
space of the grana were used to describe the proton
transport processes. Hydrogen ions present in the system can diffuse in the aqueous phase of the intrathylakoid volume and in the narrow gap of the interthylakoid space of the grana. The model we developed
addresses the processes that lead to a change in the
activity of hydrogen ions in the interthylakoid gap and
in the intrathylakoid space. Proton transport processes
that take place outside the thylakoids include the
uptake of protons from the interthylakoid gap coupled
to plastoquinone reduction on the outer (acceptor)
side of PS2 and the diffusion of protons from the
stroma into the interthylakoid gap. The liberation of
protons inside the thylakoids occurs due to lightinduced decomposition of water in PS2 and due to the
oxidation of plastoquinol (PQH2) by the cytochrome
b6 f-complex (Fig. 1). Release of protons from the
thylakoids is taken into account along with proton
transport into the thylakoids. The release of protons
involves proton flux through the ATP synthase
( J HATP
(r)) and passive leakage of protons through the
+
thylakoid membrane ( J Hp + (r)).
Hydrogen ions present in the system under consideration can diffuse in the aqueous phase of the intrathylakoid volume and in the narrow gap of the interthylakoid space of the grana (Fig. 1). The interaction of
hydrogen ions with proton acceptor groups fixed on
the inner and outer surfaces of the thylakoid membrane (H+ + M– ↔ MH) is taken into account in this
case as well. The pH value in the stroma (pHs) is
assumed constant. The condition of pHs ≈ const is fulfilled in the case of class B chloroplasts due to the high
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Fig. 1. The geometry of the thylakoid system simulated by
the model and the pathways of proton transfer (a) and the
electron transport chain considered within the model (b).
The location of the electron transport and ATP synthase
complexes of the thylakoid membrane considered within
the model is shown schematically with the lateral heterogeneity of the thylakoids taken into account.

buffering capacity of the external environment and the
chloroplasts themselves [21].
The function J HATP
(r, t) that described the proton
+
flux through ATP synthase was defined by the following expression
ATP
J H + (r, t) = J 0

H o(r, t )[10 ΔpH − 1]
.
α + H o(r, t )[10 ΔpH + β]

(1)

The choice of this expression for J HATP
(r, t) was jus+
tified in [19, 21]. The variable Ho(r, t) ≡ [ H s+ ] in the
equation (1) is constant and corresponds to the local
concentration of hydrogen ions outside the thylakoid
(in the stroma), and ΔpH is the transmembrane pH
difference (ΔpH(r, t) = pHs(r, t) – pHi(r, t)). The
coefficients α and β in the equation (1) are determined by the pKA value of the protonated group and
by the ratio of the effective rate constants that characterize the functioning of ATP synthase (see [21] for
details). If the function J HATP
(r, t) is known, one can
+
easily determine the total proton f lux through the
No. 3
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ATP synthase and infer the rate of ATP formation
from the former:
b

k
JATP(t) = ATP ⋅ 2 2π 2 J HATP
+ (r , t )rdr .
m b −a

∫

(2)

a

The coefficient kATP in the equation (2) is a parameter of the model that is determined by the number of
active ATP synthase complexes located in the stromal
part of the thylakoid membrane (a ≤ r ≤ b) and m is the
stoichiometric coefficient (H+/ATP).
The system of equations that describes the behavior
of electron carriers and the changes of proton concentration inside the thylakoid [Hi+ ] and in the interthylakoid gap [Ho+ ] assumes the following form:
+
∂[P680
(r, t )]
+
= L2 ⋅ k P680 ⋅ ([P680 ]0 − [P680
(r, t )])
∂t
+
× [PQ(r, t )] ⋅ [H o+ (r, t )] − k H2O[P680
(r, t )],

(3)

+
∂[P700
(r, t )]
= L1 ⋅ kP700 ⋅ [ Aext ] ⋅ ([P700 ]0
(4)
∂t
+
+
− [P700(r, t )]) − kPc ⋅ ([Pc]0 − [Pc(r, t )]) ⋅ [P700 (r, t )],

∂[Pc(r, t )]
= DPc∇ 2[Pc(r, t )] + k Pc ([Pc]0
∂t
+
− [Pc(r, t )]) ⋅ [P700 ] − σ bf kQ([PQ(r, t )],

(5)

[Pc(r, t )],[H i+ (r, t )]),

RESULTS AND DISCUSSION
Lateral pH Profiles

∂[PQ(r, t )]
= DPQ∇ 2[PQ(r, t )] − 0.5 ⋅ L2 ⋅ k P680
∂t
+
(r, t )])
× ([P680 ]0 − [P680
×

b6 f-complexes in the membrane, and kH2O , kP680, kQ,
kPc, and kP700 are the effective rate constants of the
reactions shown in Fig. 1. The set of model parameters
Ki, Ko, Bi, and Bo (i = 1, …, n) characterizes the buffer
properties of the system. Ki and Ko are the equilibrium
constants for the reaction of proton binding by the
buffer groups located inside and outside of the membrane thylakoids, respectively, and Bi and Bo are the
concentrations of these buffer groups (see [19] for
details). Model parameters li and lo characterize the
linear dimensions of the intrathylakoid space and the
interthylakoid gap.
The function kQ{[Q], [Pc], [Hi]} = 1/τQ that we
defined previously [19] is an effective rate constant
that characterizes the set of processes associated with
the oxidation of the plastoquinol molecule PQH2. The
characteristic time of plastoquinol oxidation τQ is
determined by the rate of direct interaction of the molecule with the b6 f-complex and the time of electron
transfer from the b6 f-complex to the plastocyanin
molecule [19]. The rate of oxidation of PQH2 depends
on the concentration of hydrogen ions inside the
thylakoids (for more details, see [19, 21]). The software developed by the authors earlier in collaboration
with Priklonskii [18] was used to perform the calculations.

(6)

([PQ(r, t )] ⋅ [H o+ (r, t )]
+

+ σ bf kQ([PQ(r, t )],[Pc(r, t )],[H i (r, t )]),
⎡
⎤ dH o+
K o Bo
1
+
= DH +∇ 2[H o+ (r, t )]
⎢
+ 2⎥
⎣ (K o + [H o ]) ⎦ dt
+
− 2 [Q][H o+ ]{L2kP680([P680 ]0 − [P680
])}
lo
− J H + (t ) − J ATP (t ),
⎡
⎤ dH i+
K i Bi
1
+
⎢
+ 2⎥
⎣ (K i + [H i ]) ⎦ dt
+
= DH +∇ 2[H i+ (r, t )] − 2 {kH2O[P680
]
li
+ 2σ bf kQ([Q],[Pc],[H i+ ]) − J H + (t ) − J ATP (t )}.

(7)

(8)

The parameters L1 and L2 describe the number of
light quanta that arrive to the reaction centers P700 and
P680, respectively, per unit time. The constant values
with a 0 index are the maximal values of the respective
variables. The constant σbf is the surface density of the

Lateral profiles of the pH inside the thylakoid
(pHi) and in a narrow gap between the granal thylakoids (pHo) are shown in Fig. 2. These profiles were
calculated for the metabolic states 3 and 4. The pH
value in the stroma was not changed during the subsequent calculations and was assumed constant (pHs =
8). The curves shown in the figure correspond to different values of the model parameters, namely, the
width lo of the interthylakoid gap and the width li, a
characteristic of the dimensions of the intrathylakoid
space. The effective diffusion coefficients of the protons DH and those of the mobile electron carriers DPQ
and DPc were not changed during the calculations
either. The initial pH values (prior to the illumination
of the chloroplasts) inside the thylakoids and in the
gap were the same as pHs, that is, pHi(0, r) = pHo(0,
r) = 8.
The profiles of intrathylakoid pHi(r) for the stationary states 3 and 4 differ markedly, as evident from
Fig. 2. The decrease of pH within the thylakoid under
the conditions of photosynthetic control (metabolic
state 4) is more pronounced than the decrease of pH
under the conditions of intense ATP synthesis (state 3)
when protons are transported out of the thylakoids by
the actively functioning ATP synthase complexes. A
homogeneous profile of the intrathylakoid pHi is
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Fig. 2. Lateral pH profiles inside (pHi) and outside (pHo) of the thylakoid in the stationary states 3 (a) and 4 (b), calculated for
different values of geometric parameters of the model (lo and li). 1, “reference” curve that corresponds to the lo/li ratio of 0.1;
2, after a tenfold increase of li; 3, after a tenfold increase of lo; 4, after a tenfold increase of both lo and li. The dimensionless variable R = 2r/b characterizes the distance from the center of the grana.

characteristic of the state 4. However, the profile
exhibits a considerable curvature near the border of
the granal and intergranal regions in the state 3 due to
additional flow of protons out of the thylakoids
through the ATP synthase complexes located in the
intergranal thylakoids. The outward flow of protons
through the ATP synthase complexes is not compensated by the influx of protons from the granal area of
the thylakoid due to decelerated lateral diffusion of
protons. As a result, the decrease of pHi in the granal
area of the thylakoid is more pronounced than that in
the stromal region of the intrathylakoid space that
loses protons due to intensive outward flow of protons
through the ATP synthase complexes.
Variation of the geometric dimensions of the thylakoids and the density of thylakoid packing in the grana
exerts a noticeable effect on the lateral pH profiles. As
evident from Fig. 2, pHi decrease becomes more pronounced as the width lo of the interthylakoid gap
increases and less pronounced upon an increase of the
width li of the intrathylakoid space (at a constant width
of the gap). Interestingly, the character of the nonhomogeneous pHi profile did not change in the state 3
(Fig. 2a), whereas the increase of the geometric
dimensions led to an increase of the nonuniformity of
the pHi profile in state 4 (Fig. 2b).
The results of the calculations (Fig. 2) also showed
that the illumination of chloroplasts led to a significant increase in pHo in the gap between the thylakoids
MOSCOW UNIVERSITY PHYSICS BULLETIN
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of the grana (pH ≈ 10.2–10.8, depending on the
parameters of the model). The decrease in the activity
of hydrogen ions in the interthylakoid gap is due to the
rapid consumption of protons coupled to the reduction of plastoquinone on the acceptor site of PS2. The
influx of protons from the stroma (pHs < pHo) is not
sufficient for the timely compensation of the lightinduced decrease of the proton concentration in the
gap between the neighboring thylakoids of the grana.
As the width of the interthylakoid gap lo is increased
(at li = const), the light-induced pH increase in the
gap becomes less pronounced. This is due to an
increase of the volume of the interthylakoid gap, from
which the protons move towards the plastoquinone
molecules that are reduced on the acceptor site of PS2.
In contrast, an increase in the width of the intrathylakoid space li (at lo = const) leads to an even more pronounced increase of pH in the gap. The latter effect is
apparently due to weaker acidification of the intrathylakoid space that accounts for a less intensive passive
leakage of protons from the intrathylakoid space into
the gap. As evident from the calculations presented in
this study, the light-induced pH increase in the gap is
only weakly dependent on the functioning of ATP synthase complexes, although the alkalinization of the
gap is somewhat more pronounced in state 3.
The effective diffusion rate of protons inside the
thylakoids and in the intermembrane space is an additional factor that may affect the lateral profiles of
No. 3
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The effect of geometric parameters of the model on the rate
of ATP synthesis (JATP)
No.

Model parameters

JATP (arb. units)

1

l ost / l ist = 0.1 (“standard”)

1.00

2

li = 10 × l ist

0.95

3

li = 10 × l ost

1.35

4

li = 10 × l ist

1.05

li = 10 × l ost

pHo(r) and pHi(r), since the acceleration of proton
diffusion promotes a more rapid equalization of proton concentrations in the entire intrathylakoid volume. An increase of the velocity of lateral diffusion of
protons in the interthylakoid gap, in its turn, promotes
the acceleration of electron transport in chloroplasts
and thus accelerates the functioning of “proton
pumps” and provides a more pronounced decrease in
pH within the thylakoids.
ATP Synthesis Rate
Variation of geometric parameters that affect the
transthylakoid pH difference (ΔpH = pHs – pHi)
exerts an effect on the rate of ATP synthesis (JATP calculated according to the formulae (1–2)) as well. As
shown in the table, an increase in the width of the
interthylakoid gap (parameter lo) has a considerable

effect on the steady-state rate of ATP synthesis. This is
apparently due to the increase of ΔpH at the stromal
thylakoids where the ATP-synthase complexes are
located (Fig. 2a) upon an increase in lo. As we noted
earlier [12, 21], this effect of lo can be easily explained
by the decrease in gap alkalization upon an increase in
gap width. The decrease in alkalization accounts for a
weaker effect of suppression of PS2 functioning.
Deceleration of PS2 functioning upon the alkalization
of the gap can be due to the suppression of the formation of protonated plastoquinol in PS2 (PQ + H o+ →
PQH2) at high pHo levels. Interestingly, an increase in
the width of the intrathylakoid space (a tenfold
increase of the parameter li) leads to an insignificant
decrease in JATP: this is probably due to the inhibition
of PS2 functioning due to a stronger alkalization of the
interthylakoid gap.
Lateral Concentration Profiles
of Mobile Electron Transporters
The stationary lateral profiles of oxidized plastoquinone ([PQ]) concentration calculated for metabolic states 3 and 4 are shown in Fig. 3a. As evident
from Fig. 3, the lateral profiles [PQ(r)] for the stationary states 3 and 4 are similar, but the oxidation of PQ
under the conditions of photosynthetic control is less
intensive than under the conditions of intense ATP
synthesis (compare the pair of curves 1, 2, and 3 in
Fig. 3). Similarly to the previous case, the model predicted that an inhomogeneous [PQ] profile would be
established in the chloroplasts, with the concentration
(b)
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Grana
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Grana

1.0
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1.0
[Pc]/[Pc]0

[PQ]/[PQ]0
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2a

0.5

3a

0.6

0

1

2
2r/b

3a

3b

3

4

0

1

2
2r/b

3

4

Fig. 3. Lateral concentration profiles for the oxidized form of (a) plastoquinone (PQ) and (b) plastocyanin (Pc) in stationary
states 3 (curves 1a, 2a, and 3a) and 4 (curves 1b, 2b, and 3b) calculated for different values of the geometric parameters of the
model (lo and li). Curves a and b for plastocyanin are identical. The numbers of the curves correspond to those in Fig. 2.
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of oxidized plastoquinone in the granal region of the
thylakoid being lower than that in the stromal region.
The increase of the width of the interthylakoid gap lo
(at li = const) leads to a decrease of the concentration
of oxidized plastoquinone at every point of space. This
is due to more intensive acidification of the interthylakoid space and the related reduction of the rate of plastoquinol (PQH2) oxidation by the cytochrome b6 fcomplex. Conversely, an increase of the width of the
intrathylakoid space li (at lo = const) leads to even
more intensive oxidation of PQH2. Interestingly, all
PQ(r) profiles calculated for the different values of
geometric parameters lo and li were similar to each
other, in contrast to the lateral pH profiles.
The stationary lateral profiles of oxidized plastocyanin ([Pc]) are shown in Fig. 3b. The calculations
showed that the shape of the profile of this mobile
electron carrier was only weakly dependent on the
variation of the geometric parameters and virtually
identical for the metabolic states 3 and 4. However, an
increase in lo promoted a definite increase in the concentration of oxidized plastocyanin, whereas an
increase in li promoted a decrease of local Pc concentration. This behavior can be explained if the rather
long distances of plastocyanin diffusion in the luminal
space (~100 nm) upon the transfer of electrons
between the granal and stromal regions in the thylakoids are taken into account. The lumen width in a
native chloroplast is comparable to the size of a plastocyanin molecule; therefore, plastocyanin diffusion is
hindered considerably by the protruding parts of the
transmembrane multi-enzyme complexes, and the
rates of diffusion and electron transport depend on the
lumen width, diffusion distance, and the structure of
the luminal space. Continuous illumination of chloroplasts induces the swelling of these organelles; the drift
of plastocyanin and its convergence with b6 f-complexes for electron transfer is thus facilitated.
CONCLUSIONS
Numerical experiments were performed with a
model of the light stage of photosynthesis with the diffusion-controlled stages of electron and proton transport in the spatially inhomogeneous chloroplast taken
into account. The results of these experiments showed
that the model could serve as one of the tools for
research on the effects of diffusion and steric restrictions on the distribution of pH and the behavior of
mobile electron carriers (plastoquinone and plastocyanin) along the thylakoid membrane. The model
enables the analysis of the effects of topological factors
(spatial organization of thylakoids) on the rate of electron and proton transport and the synthesis of ATP in
chloroplasts. The model predicted that inhomogeneous pH profiles could be established in granal and
intergranal thylakoids of chloroplasts. The lateral profiles of pHi and pHo depended on the metabolic state
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of the chloroplasts, the degree of compaction of granal
thylakoids, and the dimensions of the intrathylakoid
space. Limited lateral mobility of protons can be due
to the high density of proteins in the intrathylakoid
space and the presence of a large number of buffer
groups of proteins and lipids exposed on the inner surface of the thylakoids and in the interthylakoid gap.
Processes of repeated proton binding to proton acceptor groups and dissociation from these groups B– + H+
↔ BH) can cause a decrease of the effective proton
diffusion constant by several orders of magnitude [24,
25]. The lateral heterogeneity of the thylakoid membranes accounts for spatial separation of the majority
of proton pumps (PS2 and cytochrome b6 f-complexes) and ATP synthase complexes related to the
establishment of inhomogeneous pHi profiles under
the conditions of intense ATP synthesis (metabolic
state 3). Experimental evidence in favor of this
assumption was presented in several reports [2, 16, 17,
26]. The degree of granal thylakoid acidification
decreases as the barriers for the lateral diffusion of
protons are attenuated; this promotes a more homogeneous appearance of the lateral pHi profiles. The lateral pHi profiles are completely homogeneous in the
state of photosynthetic control (state 4), when the
leakage of protons through ATP synthase complexes
does not occur.
Our calculations showed that variation of the topological factors of the lamellar system could exert a significant effect on the spatial distribution of pH along
the thylakoid membrane and the redox state of mobile
electron transporters (plastoquinone and plastocyanin). An increase of the model parameter li can be
interpreted as the swelling of thylakoids upon illumination and an increase of lo can be interpreted as the
detachment of granal thylakoids from each other and
the widening of the interthylakoid gap. Variation of the
geometric dimensions of the thylakoids and the packing density of thylakoids in grana has a considerable
effect on the lateral pH profiles. The pHi decrease
becomes more pronounced and the concentration of
oxidized plastoquinone decreases as the width of the
interthylakoid gap lo increases. Conversely, acidification of the lumen becomes less pronounced and the
concentration of oxidized plastoquinone increases as
the width of the intrathylakoid space li increases. The
results of numerical experiments that involved variation of the geometric parameters of the system provided an explanation for the results of earlier studies
that revealed the dependence of the rate of ATP synthesis on the conditions of chloroplast incubation
[26–29].
As a conclusion, let us emphasize that the results of
calculations for the stationary states of chloroplasts are
reported in the present study. The kinetics of the processes of proton and electron transport, as well as the
dynamic aspects of the influence of topological factors
on the functioning of the photosynthetic apparatus of
No. 3

2017

308

VERSHUBSKII, TIKHONOV

chloroplasts related to the light-induced changes in
the geometric characteristics of chloroplasts (swelling
or compaction of thylakoids [30]), will be addressed in
our next report.
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