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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 transmem-
brane 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 influ-
ence 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 geo-
metric 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 (pH;) and in the interthylakoidal gap (pH,).
Acidification of the intrathylakoid space characterized by the pH; value increased concomitantly to the
increase of the width of the interthylakoidal gap /, and decreased concomitantly to the increase of the width

of the intrathylakoidal space /.
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INTRODUCTION

Photosynthesis stands out among the large variety
of biological processors, since it is a unique combina-
tion of photophysical, photochemical, and biochemi-
cal 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 CO,
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 elec-
tron donor molecule (water in the case of oxygenic
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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 sug-
ars 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 relation-
ships in a branched network of intracellular metabolic
processes and research on the regulatory mechanisms
that provide the optimal functioning of the photosyn-
thetic apparatus and its adaptation during the energy
transformation processes inside a living cell [7—12].
However, quantitative description of bioenergetic pro-
cesses in photosynthetic systems is complicated by a
high degree of compartmentalization of the photosyn-
thetic apparatus at different levels of structural organi-
zation. Nonuniform distribution of electron transport
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and ATP synthase complexes in the thylakoid mem-
branes is one of the puzzling features of the structural
and functional organization of the photosynthetic
apparatus in photosynthesizing organisms of the oxy-
genic type (cyanobacteria and chloroplasts of higher
plants). This feature is especially distinct in the case of
higher plant chloroplasts [13, 14]. Most of the com-
plexes of photosystem 2 (PS2) are reportedly localized
in the membranes of closely apposed granal thyla-
koids. In contrast to PS2, the complexes of photosys-
tem 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 b4f-complexes are
distributed evenly between the granal and intergranal
thylakoids [15].

Modeling of electron and proton transport pro-
cesses with the complex structural features of chloro-
plasts 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 chloro-
plasts may be the reason for the difference between the
pH values in the different compartments (for example,
inside the granal and intergranal thylakoids). The het-
erogeneity 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 dis-
tinctive features of the spatial structure of the chloro-
plast 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 elec-
tron and proton transport and ATP synthesis in the
chloroplasts.

Our earlier studies involved the construction of
mathematical models that took key diffusion-con-
trolled 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 stud-
ies as the processes of transmembrane proton transfer
into the thylakoids were analyzed. Moreover, the lat-
eral heterogeneity of the lamellar system of the chloro-
plasts was taken into account as the diffusion-con-
trolled 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 inho-
mogeneous distribution of pH and mobile electron
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transporters. Variation of geometric parameters of the
system was shown to exert a significant effect on the
acidification of the intrathylakoid space and the alka-
lization of the narrow interthylakoid gap and thus to
affect the overall rate of electron transport in chloro-
plasts.

DESCRIPTION OF THE MODEL

Let us consider a mathematical model of electron
transport in chloroplasts with a heterogeneous distri-
bution 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 com-
plexes in granal and intergranal thylakoids is schemat-
ically shown in Fig. 1. A flattened cylinder of the
radius a is used to depict a granal thylakoid in the fig-
ure. 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 /; between the
internal surfaces of the thylakoid and the distance /,
between the adjacent thylakoids of the grana are the
geometric parameters of the model.

Electron-Transport Processes

We have considered the processes of linear (non-
cyclic) transport of electrons from water to an external
acceptor A.,, mediated by photosystem 1 (PS1) and
photosystem 2 (PS2). We assume that the terminal
acceptor A, is present in excess, because this is char-
acteristic of isolated class B chloroplasts in the pres-
ence of an exogenous electron acceptor. The location
of electron transport and ATP synthase complexes in
the thylakoid membrane is shown in Fig. 1b. The dis-
tribution 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 mem-
branes of the intergranal thylakoids exposed to the
stroma (region B). Cytochrome b f~complexes are
uniformly distributed between regions A and B. Mac-
romolecular protein complexes PS1, PS2, and b4 f are
assumed immobile; thus, their position in the thyla-
koid membrane is fixed. Plastoquinone and plastocy-
anin, the mobile electron transporters that connect
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PS2 to by f~complexes and theby 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

P7J(r]0 (l', t) =
[Proo] and Peg(r, £) = [Peg,] for the local concentra-

tions of oxidized PS1 (Py,) and PS2 (P.,) reaction
centers, respectively, Pe(r, ) = [ Pc], the local concen-
tration of oxidized plastocyanin, and O(r, 1) =[], 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 £. A more detailed description
of the model was given in [21, 22].

kinetics involved the following variables:

Proton Transport Processes

The variables Hi(r, f) = [H,'] and H(r, {) = [H |
that correspond to the local concentrations of hydro-
gen 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 sys-
tem can diffuse in the aqueous phase of the intrathyla-
koid volume and in the narrow gap of the interthyla-
koid 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 light-
induced decomposition of water in PS2 and due to the
oxidation of plastoquinol (PQH,) by the cytochrome
b 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
( ATP(r)) and passive leakage of protons through the
thylakoid membrane (J . (r)).

Hydrogen ions present in the system under consid-
eration can diffuse in the aqueous phase of the intrath-
ylakoid volume and in the narrow gap of the interth-
ylakoid 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 mem-
brane (H" + M~ < MH) is taken into account in this
case as well. The pH value in the stroma (pH,) is
assumed constant. The condition of pH, = const is ful-
filled 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 hetero-
geneity of the thylakoids taken into account.

buffering capacity of the external environment and the
chloroplasts themselves [21].

The function J ATP(r, 1) that described the proton

flux through ATP synthase was defined by the follow-
ing expression

H,(r,n[10*" —1]
“o+ Hy(r,t)[10°" + B

It n=J (1)

The choice of this expression for J o ATP

tified in [19, 21]. The variable H (r, 1) = [H:] in the
equation (1) is constant and corresponds to the local
concentration of hydrogen ions outside the thylakoid
(in the stroma), and ApH is the transmembrane pH
difference (ApH(r, 1) = pHy(r, ©) — pHi(7, #)). The
coefficients o and B in the equation (1) are deter-
mined by the pK, value of the protonated group and
by the ratio of the effective rate constants that char-
acterize the functioning of ATP synthase (see [21] for

details). If the function J ATP(r, f) is known, one can
easily determine the total proton flux through the

(r, f) was jus-
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ATP synthase and infer the rate of ATP formation
from the former:

b
_k 2n ATP
Tap0) =21 E [ pyrdr. ()

The coefficient k,p in the equation (2) is a param-
eter 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 concen-

tration inside the thylakoid [Hf ] and in the interthyla-
koid gap [H:r ] assumes the following form:

ALY 1, e (ol = 1Bar0)) )

X [PO(r,0]-[H (r,0)] = kol Piso(r, )],

m = Ly - kproo - [Aexi] - ([Pr00]o

ot 4)
—[Pyoo(r,0)1) = kpe - ([Pcly — [Pe(r,0)]) - [Pro(r, D)1,
APALDN_ b,V (Petrs ) + e 1Pel
= [Pc(r,0)]) - [Prol = Ouiko(IPO(r, 1], )

[Pc(r,t)],[H;(r,t)]),
APGEDN_ b V1P~ 0.5 Ly Ky
X ([Pssolo — [Pego(r,)]) (6)
x ([PQ(r,1)] - [H(r,1)]
+ bekQ([PQ(rat)],[Pc(rvt)]7[Hi+(r7t)])9
K B dH” P
1 00 ° =p .VI[H (r,
{ "X, +[H:1>2} ar w0l
- %[Q] LH 1 Lokepso([Pasolo — [Prso])} )
Sy ()= 47p(D),
{ K.B, }dHf'
1+ —
(K, +[H1)*] dt
= D, VH; (r,1)] - f{kHZO[P;go] 8)

+ 20k o(10] Pl IH 1) = I (1) = J 47p(0)}.

The parameters L, and L, describe the number of
light quanta that arrive to the reaction centers Py, and
Peg, respectively, per unit time. The constant values
with a 0 index are the maximal values of the respective
variables. The constant Gy is the surface density of the
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bef-complexes in the membrane, and ky o, kpesos ko
kpe, and kp; are the effective rate constants of the
reactions shown in Fig. 1. The set of model parameters
K., K,, B;, and B, (i = 1, ..., n) characterizes the buffer
properties of the system. K; and K| are the equilibrium
constants for the reaction of proton binding by the
buffer groups located inside and outside of the mem-
brane thylakoids, respectively, and B; and B, are the
concentrations of these buffer groups (see [19] for
details). Model parameters /; and /, characterize the
linear dimensions of the intrathylakoid space and the
interthylakoid gap.

The function ko{[Ql, [Pc], [H}]} = 1/1q that we
defined previously [19] is an effective rate constant
that characterizes the set of processes associated with
the oxidation of the plastoquinol molecule PQH,. The
characteristic time of plastoquinol oxidation T is
determined by the rate of direct interaction of the mol-
ecule with the b¢ f~complex and the time of electron
transfer from the b¢ f~complex to the plastocyanin
molecule [19]. The rate of oxidation of PQH, depends
on the concentration of hydrogen ions inside the
thylakoids (for more details, see [19, 21]). The soft-
ware developed by the authors earlier in collaboration
with Priklonskii [18] was used to perform the calcula-
tions.

RESULTS AND DISCUSSION
Lateral pH Profiles

Lateral profiles of the pH inside the thylakoid
(pH)) and in a narrow gap between the granal thyla-
koids (pH,) 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 subse-
quent calculations and was assumed constant (pH, =
8). The curves shown in the figure correspond to dif-
ferent values of the model parameters, namely, the
width /, of the interthylakoid gap and the width /, a
characteristic of the dimensions of the intrathylakoid
space. The effective diffusion coefficients of the pro-
tons Dy and those of the mobile electron carriers Dpq,
and Dp, 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 pH,, that is, pH;(0, ») = pH,(0,
r) =8.

The profiles of intrathylakoid pH;(r) for the sta-
tionary 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 pH; is
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State 3 (a)
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State 4 (b)
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Fig. 2. Lateral pH profiles inside (pH;) and outside (pH,,) of the thylakoid in the stationary states 3 (a) and 4 (b), calculated for
different values of geometric parameters of the model (/, and /). I, “reference” curve that corresponds to the /,//; ratio of 0.1;
2, after a tenfold increase of /;; 3, after a tenfold increase of /,; 4, after a tenfold increase of both /, and /;. The dimensionless vari-
able 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 compen-
sated 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 pH; 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 thyla-
koids and the density of thylakoid packing in the grana
exerts a noticeable effect on the lateral pH profiles. As
evident from Fig. 2, pH, decrease becomes more pro-
nounced as the width /, of the interthylakoid gap
increases and less pronounced upon an increase of the
width /; of the intrathylakoid space (at a constant width
of the gap). Interestingly, the character of the nonho-
mogeneous pH; 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 pH, profile in state 4 (Fig. 2b).

The results of the calculations (Fig. 2) also showed
that the illumination of chloroplasts led to a signifi-
cant increase in pH, in the gap between the thylakoids

MOSCOW UNIVERSITY PHYSICS BULLETIN  Vol. 72

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 reduc-
tion of plastoquinone on the acceptor site of PS2. The
influx of protons from the stroma (pH, < pH,) is not
sufficient for the timely compensation of the light-
induced decrease of the proton concentration in the
gap between the neighboring thylakoids of the grana.
As the width of the interthylakoid gap /, is increased
(at /; = 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 intrathyla-
koid space /; (at /, = const) leads to an even more pro-
nounced increase of pH in the gap. The latter effect is
apparently due to weaker acidification of the intrath-
ylakoid 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 syn-
thase 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 addi-
tional factor that may affect the lateral profiles of
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The effect of geometric parameters of the model on the rate
of ATP synthesis (Jorp)

No. Model parameters Jarp (arb. units)
1 I3/ = 0.1 (“standard”) 1
2 L=10 % ' 0.95
3 =10 x [ 1.35
L=10x [
4 1.05
L=10 %13

pH,(r) and pH;(r), since the acceleration of proton
diffusion promotes a more rapid equalization of pro-
ton concentrations in the entire intrathylakoid vol-
ume. 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 (ApH = pH, — pH))
exerts an effect on the rate of ATP synthesis (J4p cal-
culated according to the formulae (1—2)) as well. As
shown in the table, an increase in the width of the
interthylakoid gap (parameter /,) has a considerable

VERSHUBSKII, TIKHONOV

effect on the steady-state rate of ATP synthesis. This is
apparently due to the increase of ApH at the stromal
thylakoids where the ATP-synthase complexes are
located (Fig. 2a) upon an increase in /,. As we noted
earlier [12, 21], this effect of /, 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 forma-

tion of protonated plastoquinol in PS2 (PQ + H:; -
PQH,) at high pH, levels. Interestingly, an increase in
the width of the intrathylakoid space (a tenfold
increase of the parameter /) leads to an insignificant
decrease in J,p: 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 plas-
toquinone ([PQ]) concentration calculated for meta-
bolic states 3 and 4 are shown in Fig. 3a. As evident
from Fig. 3, the lateral profiles [ PO(r)] for the station-
ary 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 /, 2, and 3 in
Fig. 3). Similarly to the previous case, the model pre-
dicted that an inhomogeneous [PQ] profile would be
established in the chloroplasts, with the concentration

1.0+ 1.OF R
g g
QMQ 2a B B
B Aﬁ 0999920 %A“//2b EO
~ LA A,
2 OO S S A S 2. 8 1a B
<0.8F Lk 00 Yoo, 4 b | @ \v
2 ohE g0 d Yo, | Tost g 8
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Fig. 3. Lateral concentration profiles for the oxidized form of (a) plastoquinone (PQ) and (b) plastocyanin (Pc) in stationary
states 3 (curves /a, 2a, and 3a) and 4 (curves b, 2b, and 3b) calculated for different values of the geometric parameters of the
model (/, and /;). 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 /,
(at I, = 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 interthyla-
koid space and the related reduction of the rate of plas-
toquinol (PQH,) oxidation by the cytochrome b f-
complex. Conversely, an increase of the width of the
intrathylakoid space /; (at /, = const) leads to even
more intensive oxidation of PQH,. Interestingly, all
PQO(r) profiles calculated for the different values of
geometric parameters /, and /; were similar to each
other, in contrast to the lateral pH profiles.

The stationary lateral profiles of oxidized plastocy-
anin ([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 /, promoted a definite increase in the con-
centration of oxidized plastocyanin, whereas an
increase in /; promoted a decrease of local Pc concen-
tration. 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 thyla-
koids are taken into account. The lumen width in a
native chloroplast is comparable to the size of a plasto-
cyanin 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 chloro-
plasts induces the swelling of these organelles; the drift
of plastocyanin and its convergence with b¢ f~com-
plexes for electron transfer is thus facilitated.

CONCLUSIONS

Numerical experiments were performed with a
model of the light stage of photosynthesis with the dif-
fusion-controlled stages of electron and proton trans-
port 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 restric-
tions on the distribution of pH and the behavior of
mobile electron carriers (plastoquinone and plastocy-
anin) along the thylakoid membrane. The model
enables the analysis of the effects of topological factors
(spatial organization of thylakoids) on the rate of elec-
tron and proton transport and the synthesis of ATP in
chloroplasts. The model predicted that inhomoge-
neous pH profiles could be established in granal and
intergranal thylakoids of chloroplasts. The lateral pro-
files of pH; and pH, depended on the metabolic state

MOSCOW UNIVERSITY PHYSICS BULLETIN  Vol. 72

307

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 sur-
face of the thylakoids and in the interthylakoid gap.
Processes of repeated proton binding to proton accep-
tor 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 mem-
branes accounts for spatial separation of the majority
of proton pumps (PS2 and cytochrome b4 f~com-
plexes) and ATP synthase complexes related to the
establishment of inhomogeneous pH; 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 homoge-
neous appearance of the lateral pH; profiles. The lat-
eral pH; 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 topo-
logical factors of the lamellar system could exert a sig-
nificant effect on the spatial distribution of pH along
the thylakoid membrane and the redox state of mobile
electron transporters (plastoquinone and plastocy-
anin). An increase of the model parameter /, can be
interpreted as the swelling of thylakoids upon illumi-
nation and an increase of /, 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 pack-
ing density of thylakoids in grana has a considerable
effect on the lateral pH profiles. The pH, decrease
becomes more pronounced and the concentration of
oxidized plastoquinone decreases as the width of the
interthylakoid gap /, increases. Conversely, acidifica-
tion of the lumen becomes less pronounced and the
concentration of oxidized plastoquinone increases as
the width of the intrathylakoid space /; increases. The
results of numerical experiments that involved varia-
tion of the geometric parameters of the system pro-
vided an explanation for the results of earlier studies
that revealed the dependence of the rate of ATP syn-
thesis 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 pro-
cesses 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
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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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