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ABSTRACT The distribution of the two photosystems, PSI and PSII, in grana and stroma lamellae of the chloroplast
membranes is not uniform. PSII are mainly concentrated in grana and PSI in stroma thylakoids. The dynamics and factors
controlling the spatial segregation of PSI and PSII are generally not well understood, and here we address the segregation
of photosystems in thylakoid membranes by means of a molecular dynamics method. The lateral segregation of photosys-
tems was studied assuming a model comprising a two-dimensional (in-plane), two-component, many-body system with
periodic boundary conditions and competing interactions between the photosystems in the thylakoid membrane. PSI and
PSII are represented by particles with different values of negative charge. The pair interactions between particles include a
screened Coulomb repulsive part and an exponentially decaying attractive part. The modeling results suggest a complicated
phase behavior of the system, including quasi-crystalline phase of randomly distributed complexes of PSIl and PSI at low
ionic screening, well defined clustered state of segregated complexes at high screening, and in addition, an intermediate
agglomerate phase where the photosystems tend to aggregate together without segregation. The calculations demonstrated
that the ordering of photosystems within the membrane was the result of interplay between electrostatic and lipid-mediated
interactions. At some values of the model parameters the segregation can be represented visually as well as by analyzing the

correlation functions of the configuration.

INTRODUCTION

The chloroplasts of most photosynthetic organisms contain
continuous thylakoid membrane system differentiated into
granal stacks consisting of appressed thylakoid discs that
are interconnected by non-appressed stromal thylakoids
(Goodchild et a.; 1972; Anderson, 1999). In the thylakoid
membranes two types of photosystems are embedded. Pho-
tosystems are pigment-protein complexes, which transform
the energy of the light quanta into charge separation, vital
for plant metabolism. Both types of photosystems differ in
size (Staehelin and Arntzen, 1983), pigment and protein
composition (Glazer and Melis, 1987), and charge (Barber,
1982; Chow et al., 1991).

A characteristic feature of the photosynthetic thylakoid
membranes of higher plants and some green agae is the
spatia separation of photosystem | (PSl) and photosystem |1
(PSI1) within the grana and stroma lamellae. Thylakoids of
grana stacks are mostly abundant in PSI1 complexes, while
PSI complexes are predominant in stromalamellae (Anders-
son and Anderson, 1980; Anderson and Andersson, 1982;
Chow et ., 1991; Anderson, 1999). Such spatial separation
of two types of photosystems is called lateral segregation.

Although the differentiation of the thylakoids into grana
and stroma membrane regionsis viewed as a morphological
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reflection of the non-random distribution of the PSII and
PSI chlorophyll-protein complexes between appressed (gra-
na) and non-appressed (stroma) membrane domains, the
possible physiological significance of this phenomenon
(Anderson, 1999) and the mechanisms controlling the lat-
eral heterogeneity (Chow et al., 1991; Chow, 1999) are still
a matter of discussion. The degree of thylakoid membrane
stacking and the simultaneous lateral segregation of PSII
and PSI complexes depend strongly on the environmental
conditions in vivo (Anderson, 1999). It has been suggested
that the lateral heterogeneity and the formation of grana
serve the purpose of physical separation of slow (PSIl) and
fast (PSl) photosystems alowing the regulation of the dis-
tribution of excitation energy over the two photosystems
(Anderson, 1982; Trissl and Wilhelm, 1993). More recently,
grana stacking was hypothesized to play an important role
in protecting PSIl under condition of sustained high light
irradiance (Anderson and Aro, 1994).

The phenomenon of grana formation proper is not within
the scope of our paper. However, the topology of the grana
disksislikely to be of importance when the grana formation
proper is studied. For the formation of the disks themselves
a spontaneous breaking of translational symmetry in the
lateral distribution of the protein complexes in the mem-
brane is needed. In Barber (1982) and Stys (1995) it is also
discussed that the heterogeneity of protein distribution
serves as the necessary condition for grana formation. Some
experiments suggest (Wollman and Diner, 1980; Rubin et
al., 1981) that segregation of proteins in thylakoid mem-
brane and lamella stacking are consequent events in grana
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formation. Therefore, different scenarios of clustering and
segregation may affect the grana formation.

It has been demonstrated in early studies that at low salt
zwitterionic buffer the spinach chloroplasts had not exhib-
ited the characteristic stacked thylakoids (Izawa and Good,
1966) and the chlorophyll protein complexes of PSII and
PSI are homogeneously distributed within the thylakoid
membranes (Ojakian and Satir, 1974). Under these condi-
tions the excitation energy transfer between PSIl and PS|
(spillover) is facilitated and a low level of chlorophyll a
fluorescence is observed (Murata, 1969; Butler, 1978). Ad-
dition of cations leads to the electrostatic screening of
negative surface charges, thus causing restacking of thyla-
koids, followed by latera segregation of PSII and PSI
complexes, resulting in a decrease of PSII to PS| excitation
transfer and an enhancement of PSII fluorescence (Barber
and Chow, 1979; Anderson, 1981). Studies that combined
fluorescence measurements and electron microscopy
showed that the degree of spillover strongly depends on the
extent of thylakoid stacking and segregation of photosys-
tems in the membrane and the distances between them
(Barber et al., 1980; Braintais et a., 1984; Ivanov and
Apostolova, 1997). The results of fluorescence kinetics ex-
periments also suggest that the segregation and restacking
are independent phenomena, occurring via two different
ion-dependent mechanisms (Wollman and Diner, 1980;
Braintais et al., 1984; Stys, 1995).

It has been previously hypothesized on a possible domi-
nant role of the electrostatic interactions in segregation and
stacking phenomena, as well as of kinetic properties of PS|
and PSII diffusion in the membrane (Barber, 1982; Ivanov
et al., 1987; Chow et a., 1991). More recently, Stys (1995)
introduced the concept of protein/lipid hydrophobic match-
ing (hydrophobic mismatch) (Mouritsen and Bloom, 1993)
for better understanding of the forces responsible for dy-
namic cation-induced stacking and segregation phenomena.
In fact, a number of experimental evidences have demon-
strated that alterations in membrane dynamic properties
and/or lipid composition of the thylakoid membranes cor-
related with changes in the degree of membrane stacking
(lvanov, 1991) and energy distribution between the two
photosystems (Yamamoto et al., 1981; Haworth, 1983;
Ivanov and Apostolova, 1997; Dobrikova et al., 1997).

There are two main approaches in explaining the cation-
induced PSI-PSII segregation. One is represented by the
surface charge (SC) theory (Barber 1982), which attributes
segregation and stacking to cooperative phenomena in en-
sembles of electrostatically interacting lipids and pigment-
protein complexes. Another approach is molecular recogni-
tion (MR) theory (Allen, 1992). MR theory attributes the
cation-dependent segregation and stacking to changes in
protein structures and, hence, their binding specificities.

The pigment-protein complexes within the membrane
interact via Coulomb interactions (screened in the presence
of cations), van der Waals (VDW) forces, dipole-dipole
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interactions, and lipid-induced protein-protein attraction
(Kleinschmidt and Marsh, 1997; Ben-Tal et d., 1997; Sintes
and Baumgartner, 1997). In a semi-microscopic treatment
we view the lipid membrane as a continuous medium, which
may be taken, depending on the chosen theoretical ap-
proach, either as a fluid or elastic medium (see, eg., Is
raelachvili, 1992; Gennis, 1989). Within the framework of
these approaches the Coulomb electrostatic force and
VDW:-type and elastic electrodynamic forces are most im-
portant. In our simulations we have taken the repulsive part
of the effective long-range pair potentia as screened Cou-
lomb and the attractive long-range one as lipid-mediated
interactions between proteins. Lipid-mediated interactions
partially overlap with long-range VDW-type and elastic
forces because of the fluctuation contributions (Marcelja,
1976; Mouritsen and Bloom, 1993; Heimburg and Biltonen,
1996). Also these interactions include some effects due to
the entropic contributions of oscillating hydrophobic and
solvation forces, such as hydrophobic matching of proteins
and lipids and formation of depleted zones around proteins
(Chow, 1999; Sintes and Baumgartner, 1997). In particular,
Sintes and Baumgartner (1997) found two types of lipid-
mediated attraction between proteins embedded in a bilayer
membrane: a short-range depletion-induced attraction and a
long-range fluctuation-induced attraction. The presence of
competing attractive and repulsive interactions can qualita-
tively explain the effects of divalent cations, trypsin, and
high-temperature treatments on the protein-protein interac-
tions by changing the interactions between photosystems.

MODEL FOR THE PSI/PSII INTERACTIONS
WITHIN THE MEMBRANE

When discussing the possible model interactions of the
protein complexes within the membrane it is vital to define
accurately the chosen level of description. The highest level
of description is normally the thermodynamic, macroscopic
level. Hence the general thermodynamic properties of the
system are determined, but it is impossible to obtain any
detailed information about the microscopic kinetics of the
system and its microscopic equilibrium state. This is the
level of description at which the concept of entropic forces
iswidely utilized. On the other hand, a purely microscopic
approach (see, eg., Sintes and Baumgartner, 1997), in
which the ensemble consists not only of the protein parti-
cles, but the lipid particles as well, is quite heavy compu-
tationally for any reasonable size of the investigated system.
In our work we chose an intermediate approach. Namely,
the dynamical behavior of the protein particles is treated
microscopically. Then we postulate the effective interac-
tions between the particles in the system as a result of
macroscopic thermodynamic approach for the screened
Coulomb interaction (with the thermodynamic treatment of
the ensemble of cations around the proteins) as well as for
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the indirect interactions via the lipid media (which is aso
treated thermodynamically).

Thylakoid grana lamellae represent flattened sacs with
diameter of ~0.5-0.8 um (Barber, 1982). The membrane
thickness does not exceed 100 A, and the maximal size of a
protein complex embedded in it is ~100-150 A (Wollman
et a., 1999). Thus it is a reasonable approximation to
consider the lipid bilayer as aflat, two-dimensional surface.

Asin the work by Rojdestvenski et al. (2000) we neglect
any deviations from pairwise spherically symmetric inter-
actions that may be present in real systems due to the
asymmetry of pigment-protein complexes or arise as extra
non-pairwise entropic terms in the thermodynamics based
treatments of the lipid-induced protein-protein interactions.
Further, we assume that the photosystems carry negative
charges of —1.6 X 10 % C (PSl) and —1.2 X 10 *8 C
(PSI1) and can move within a two-dimensional plaguette
0.6 X 0.6 um? (which is approximately four times the
granal vesicle size) with periodic boundary conditions rep-
resenting the thylakoid membrane. Data for the thylakoid
membrane surface charge density (Barber, 1982) confirm
the correct order of magnitude of these values. \We neglect
the effects of membrane plane curvature on the diffusion
properties of particles and take the lipid membrane to be
electrically neutral (Quinn and Williams, 1983). The tota
number of particles in the system was taken to be 800
(corresponding to atypical density of 2000—3000 particles/
um?) (Haehnel, 1984; Drepper et al. 1993) with the PSII to
PSI ratio being 7:3, which is consistent with the commonly
accepted value of ~2:1 for higher plant chloroplasts (Stae-
helin, 1986; Chow et a., 1991). We postulate that the total
interaction potential between particles is the sum of a De-
bye-type repulsion U and a lipid-induced attraction U,
(Sintes and Baumgartner, 1997):

o0, e
drrege T

., [2Zne

&= kgTegpe’ (1)
where q, , are effective charges of the PSI and PSII parti-
cles, whereas r and ¢ are the interparticle distance and
Debye length, respectively. e represents the dimensionless
dielectric permeability of the medium around the mem-
brane, and n and Ze denote the ionic strength and the charge
of an ion, respectively. The dielectric permeability of the
medium is, in our case, hard to estimate. On one hand, the
dielectric permeability of water istypically 50—100 depend-
ing on the environment. On the other hand, in the vicinity of
a membrane or a pigment-protein complex it can be much
lower (10—-20) (see, e.g., White and Wimley, 1999). In our
caculations we chose ¢ = 50. The quantity kgT is the
temperature in energy units, A represents the dimensionless
strength of the attraction, and ¢ is the characteristic length of

Uc(r) = UL = — AkgTe ™
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the lipid-induced attraction. Parameter A incorporates the
dependence of this interaction on temperature, geometry,
photosystems’ structure, and membrane lipid composition.
The fluctuation nature of this attraction makes it reasonable
to measure its strength in the units of kgT, hence the
coefficient in Eq. 1. Because it is not possible to estimate A
ab initio, we choose it as a free parameter. Another free
parameter of the calculation was the Debye length, & which
is used instead of the explicit value for the ionic strength
(because of not knowing the exact value of ).

Finally, we account for the diffusion by adding a random
displacement component with an amplitude according to a
diffusion coefficient, which we took asD = 6 X 10~ 2 cm?
s 'at 20°C (Rubin et al. 1981). The viscosity of the system
is considered to be high enough to exclude acceleration
terms from the equations of motion.

We should mention here that in this paper we resorted to
the simplest types of interactions. The aim of this paper isto
show that clustering and segregation phenomena can be
explained as a phase transition in the ensemble of photo-
systems within the membrane with quite simple interactions
(see, e.g., Stanley, 1988). A detailed study of the same
system with several other types of interactions will be
published elsewhere (A. Borodich, I. Rojdestvenski, A.
Ivanov, N. Huner and G. Oquist, manuscript in preparation).

Modeling routine

We employ a variable time step molecular dynamics calcu-
lation scheme that is dlightly different from the one de-
scribed by Rojdestvenski et al. (2000). The modifications
are incorporated here to compensate for the dynamical
slowdown when the system is close to clustering.

For each calculation the particles are initialy randomly
distributed within the plaguette, which has the linear size of
L = 0.6 um. We also set up a maximal possible displace-
ment, Ar ..., Of aparticle during asingle step, aswell asthe
seed time step, At. The choice of Ar,, and Atg is a
compromise between the speed of calculations and the
required accuracy. In our case we chose Ar,, to be
0.0125L (that is about the actual size of a single photosys-
tem) and At, = 1 ms. Each step of the calculation comprises
the following operations. 1) We calculate the resulting force
of interaction of each particle, i, with all the others in the
ensemble, including their eight closest images in the neigh-
boring plaguettes. 2) After the x- and y-components of the
resultant force F. , are calculated, they are converted into

X,y
the components of seed displacement due to the interaction:

Arg, = Fy ,DAtJksT;  Ar's= [(Ar)? + (Arp)?
3) Then the actual time interval and the actual displace-
ments due to interaction for each particle are calculated as.

max; (Ar's)

Arbint = Aris maxi(AriS)
T Ar ARy AT

At = At S A
max
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where the maximum is calculated over the displacements of
all the particles. 4) Finaly we caculate the displacement
due to diffusion as:

Ar, = \2DAtV,,

with Vi, being randomly chosen from the discrete set of
numbers { —1, O, 1}. 5) Then each particle is moved by an
amount

ArS™ = Aryt + Ar,

with the periodic boundary conditions taken into account. 6)
After all the particles are moved the running value of the
modeling time is increased by At.

In asingle calculation the above routine was applied as a
sequence of runs with fixed values of the parameters. We
first defined the values of A and ¢, which would be constant
throughout the calculation. Then we accomplished 30—-100
series with fixed values of the Debye radius &, beginning
from a certain initia value &,, dumping configuration and
correlation function data approximately every 10 us of the
modeling time. Then the calculation was repeated severa
times with the ¢ value subsequently decreased and initial
configuration taken from the final configuration of the pre-
vious run. The correlation functions were averaged over
each 10-us time portion.

In the course of the calculations it turned out that the
diffusion displacements were, in most cases, much smaller
than the displacements due to the interaction. This provided
for the stability of the obtained configurations.

For visualizing the resulting configurations we used the
virtual reality markup language (VRML). The configuration
pictures in Figs. 1-6 are the screenshots of the VRML
configuration files viewed using appropriate VRML
Browser.

RESULTS AND DISCUSSION

We find that, depending on the values of the model param-
eters, there are several scenarios for the systems’ kinetics.
These scenarios may be observed either by analyzing the
correlation functions of the system or directly by looking at
the resulting configurations. Specifically, our calculations
suggest that the clustering and the segregation are separate
processes that may have, at different parameter values, quite
different characteristic times. Severa resulting configura-
tions are possible as a result of the interplay between these
processes, as described below.

Simultaneous clustering and segregation

This situation occurs when the characteristic times of clus-
tering and segregation are comparable, so both processes
take place simultaneously. In Fig. 1 we present the results of
calculations for a high value A of the attractive interaction
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parameter. Clustering and segregation, at least within the
time resolution of the numerical experiment, cannot be
separated in time. This results in the system proceeding
from an initial non-segregated crystalline-like phase (Fig. 1
C) into a phase where clusters are formed. Within the
clusters the PSlIs form the core, and the PSIs form a
periphera belt (Fig. 1 D). PSII-PSI correlation functions of
the initial and final states are presented in Fig. 1 A. A
gradual crossover from the quasi-periodic behavior charac-
teristic for crystal-like structures to an amost single maxi-
mum pertinent to segregated systems is clearly seen. We
also looked in more detail at the dynamics of the first
maximum of the correlation function (seetheinset in Fig. 1
Atogether with Fig. 1 B). In the course of time evolution the
first maximum gradually shifts toward lower values of
distance, thus reflecting a more dense packing of particlesin
the clustered phase. The process of segregation, i.e., redis-
tribution of particles, is reflected by the decrease of the
height of the first maximum. We aso note here that the
situation presented in Fig. 1 may be termed as weak clus-
tering because the clustering and segregation occurs at high
values of the Debye radius, &, due to the substantial attrac-
tion radius, ¢, and attraction strength, A.

A similar situation is presented in Fig. 2, where, at the
same attraction strength, the clustering and segregation are
also almost simultaneous. However, there can be a clear,
athough short, intermediate phase as seen in the configu-
ration (Fig. 2 C) and in the correlation function plot (Fig. 2
A, triangles). This intermediate phase shows that clustering
happens slightly faster than segregation, thus demonstrating
that our division into different scenarios is not rigid. The
same phenomenon can be seen in the inset in Fig. 2 A
which shows dlight oscillations of the first maximum's
height and location at around 50 us. We term the clustering
in Fig. 2 as strong, because the packing in the clustered state
is much denser than in Fig. 1. We may speculate that the
packing density is mostly dependent on the characteristic
attraction radius, which is smaller in the case of Fig. 2 than
in Fig. 1.

Clustering with delayed segregation

This scenario is characterized by noticeably different char-
acteristic times of clustering and segregation, with cluster-
ing being much faster. In this case the intermediate phase is
clearly identifiable. The example of such a situation is
presented in Fig. 3. First, on the level of configuration (Fig.
3 C), the intermediate phase represents clustering without
segregation. Then, in the course of further time evolution, a
redistribution of particles takes place, resulting in the con-
figuration shownin Fig. 3 D. The same effectsare visible on
the level of PSI-PSII correlation functions (Fig. 3, A and B).
In Fig. 3 A, al three possible types of correlation functions
can be seen. As before, the correlation function of the initia
state is quasi-periodic, which is characteristic of the non-
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FIGURE 1 Simultaneous weak clustering and segregation. Attraction strength A = 1, attraction radius { = 0.1 um, and Debye length ¢ = 0.06 pum. (A)
PSII-PS| correlation functions for theinitial configuration ([J) and the final configuration (H). (Inset) Time dependences of the height of the first maximum
(@) of the correlation function and its location ([J). (B) Shift of the first maximum of the correlation function in the course of time evolution from initial
to final configuration. Arrow shows the direction of the shift of the first maximum. (C) Initial configuration. (D) Final configuration. For C and D black

circles denote PSI| positions and gray circles show PS| positions.

segregated quasi-crystalline structure. We note that in this
phase the PSI-PSII, PSII-PSII, and PSI-PSI correlation
functions (not shown) look the same, reflecting the absence
of any segregation. When clustering occurs, the PSI-PSII
correlation function (Fig. 3 A) retains some of the short-
range order, acquiring at the same time a characteristic
decrease starting at ~0.1 wm. The dynamics of the first
maximum also shows an initial shift to lower values of the
interparticle distance (initial to intermediate configurations,
Fig. 3A, inset, and Fig. 3 B). However, in this case this shift
is accompanied by the growth of the first maximum ampli-
tude.

Later, at ~50 ws, the segregation takes place, as the
higher-charge PSI particles are pushed toward the periph-
ery. The PSI-PSI| correlation function (Fig. 3 A) acquires a

clear maximum around 0.12 um. The first maximum (Fig.
3 A, inset, and Fig. 3 B) shifts dightly back, with its
amplitude noticeably decreasing. Finally the system arrives
in afully segregated state (Fig. 3 D), also manifested by the
saturation of the dependences in Fig. 3 A, inset.

Clustering without segregation

This case is very hard to identify. The reason is that, if the
attraction strength is decreased, the segregation processes
are taking place much more slowly. Hence, when perform-
ing the computer experiments with finite systems, a situa-
tion with very long segregation times can be easily mistaken
for clustering without segregation. In a way, the discussed

Biophysical Journal 82(4) 1719-1730
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FIGURE 2 Simultaneous strong clustering and segregation. Attraction strength A = 1, attraction radius { = 0.05 um, and Debye length ¢ = 0.02 um.
(A) PSII-PSI correlation functions for the initial (), the intermediate (A), and the final (M) configurations. (Inset) Time dependences of the height of the
first maximum (@) of the correlation function and its location ([). (B) Shift of the first maximum of the correlation function in the course of time evolution
from initial to final configuration through intermediate configuration (broken line). Arrow shows the direction of the shift of the first maximum. (C)
Intermediate configuration. (D) Fina configuration. For ¢ and d black circles denote PSII positions and gray circles show PS| positions.

case is a certain limit of the above clustering with delayed
segregation. Moreover, this case might also be difficult to
identify experimentally, due to internal inhomogeneities
pertinent to the in vivo systems.

Clustering without segregation, and later segregation at
lower value of the Debye radius, are presented in Figs. 4-6.
Results in Fig. 4 represent the effects of lowering the
attraction strength to A = 0.2 compared with A = 1 for the
case in Fig. 1, with the same attraction interaction radius £.
Due to the weaker attraction, clustering can occur at lower
value of the Debye radius £ = 0.01 um. The configurations
presented in Fig. 4, C and D, show some signs of segrega-
tion, but no complete segregation occurs. Further calcula
tions indicate that the situation shown in Fig. 4 D becomes

Biophysical Journal 82(4) 1719-1730

frozen for rather long calculation times (not shown). The
features of the PSI-PSI1 correlation functionin Fig. 4, A and
B, aso support the direct visual perception of intermediate
and final configurations. Specificaly, the intermediate and
the final state correlation functions (Fig. 4 A) are practically
the same and show the same features as the intermediate
case for clustering before segregation (Fig. 3 A). The
same can be said about data in the inset in Fig. 4 A, athough
dight signs of back shifting of the first maximum location and
dight decrease in its amplitude can be observed at a time of
~100 us.

Similar features may be observed in Fig. 5, although, due
to the relatively wesak attraction strength A = 0.1 and short
attraction range of ¢ = 0.05, the clustering takes place much
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FIGURE 3 Strong clustering and later segregation. Attraction strength A = 0.3, attraction radius ¢ = 0.1 um, and Debye length £ = 0.01 um. Legend

isasin Fig. 2.

more slowly, and at the times of observation no visible
segregation can be identified. The intermediate situation
(Fig. 5 C) is dtill within the time of clustering, which is
clearly not yet completein Fig. 4 D. Longer calculations did
not show any cardinal changesin the situation and hence are
not presented here. The PSI-PSII correlation functions
overall behavior is also characteristic of clustering without
segregation, and so is the dynamics of the first maximum.
This type of situation was previously observed by
Rojdestvenski et al. (2000).

The situation provisionaly labeled here as clustering
without segregation is clearly a borderline case, as it avails
segregation if the Debye radius ¢ is further decreased (Fig.
6). A clear segregation pattern emerges asin the behavior of
the PSI-PSII correlation function (Fig. 6 A), with a charac-
teristic maximum at, in this case, 0.1 um (see also Fig. 6, C
and D). Thefirst maximum shiftsto greater distancesand its
height decreases accordingly (Fig. 6 B).

The above discussion is summarized in the two phase
diagram sketches presented in Fig. 7. These are shown for
two values of the attraction range ¢. Both plots (Fig. 7, A
and B) are qualitatively similar, with a clearly identifiable
non-segregated quasi-crystalline phase (white area above
the curves) and clustered segregated states (light gray area
below the curves). The borderline dark gray areas corre-
spond to a possible stage of clustering without segregation,
although for more clear understanding of what actualy
happens within this range of parameters, longer calculations
for bigger systems are certainly needed.

CONCLUSIONS

In the present paper we model the kinetics and the equilib-
rium state of an ensemble of photosystems in thylakoid
membranes as a classical many-body system with a com-
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isasin Fig. 2.

peting screened Coulomb repulsion and a lipid-induced
attraction. We exploit the idea that segregation of photosys-
tems within the membrane is a cooperative phenomenon
similar to phase separation observed in the binary fluids
(Poole et a., 1997). The ordering of photosystems within
the membrane becomes the result of interplay between
electrostatic interactions and lipid-mediated attraction. We
should note that similar phenomena with, possibly, similar
explanations are pertinent for other systems comprising
lipid membranes and protein inclusions. One such example
is lipid-mediated two-dimensiona array formation of mem-
brane bacteriorhodopsin (Sabra et al., 1998).

The main results of this paper can be formulated as
follows. 1) We looked at the kinetics of the clustering and
segregation in the PSI-PSII ensemble. Our previous results
(Rojdestvenski et al., 2000) were mainly concerned with the
equilibrium states of the ensemble with the given interac-
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tions. 2) We studied segregation and clustering in a wide
range of parameters and found evidence for several possible
scenarios of the phase transition. We also found evidence
for possible time-scale hierarchy in segregation and cluster-
ing. Namely, at certain values of parameters the segregation
occurs much more slowly than clustering. 3) We showed
what changes to the PSI-PSII correlation functions corre-
spond to different clustering and segregation scenarios. 4)
We sketched phase diagrams of the system in the (A, &)
space and discussed the segregation slowdown in the re-
gions close to the phase separation border (scenario 3).
We used a simple molecular dynamics method with vari-
able time scales. A review of the application of molecular
dynamics methods to study the kinetics of liquid phase and
lipid membranesis given by Allen and Tildesley (1987) and
Tieleman et a. (1997). However, the most detailed models
applied in the study of lipid kinetics in the membranes avail
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FIGURE 5 Weak clustering without segregation. Attraction strength A = 0.1, attraction radius { = 0.05 um, and Debye length £ = 0.005 um. Legend

isasin Fig. 2.

the time evolution of the system up to a few nanoseconds.
The stacking and segregation phenomena manifest them-
selves at a time scale of seconds and at spatial scales of
microns, which makes the utilization of simplified effective
interactions unavoidable, especially if one is to study fina
distributions of photosystems at equilibrium. The use of a
simplified model is backed by the fact that the segregation
and stacking phenomena seem to be similar to a phase
transition, so that the changes in structure are essentially
macroscopic. In this case, the use of an approximate effec-
tive interaction is generally acceptable, if one is not preoc-
cupied with calculating fine details of the phase transition,
such as critical indices. As the correlation length increases
in the vicinity of the transition point, the effective interac-
tion is averaged over interacting domains of correlated
molecules. In this case it is reasonable to assume that fine
details of interaction, including any asymmetry of interac-

tion, are averaged out, and a rather simple effective inter-
action may be put in place.

In this paper we describe the phase behavior of a system
of pigment-protein complexes with only two types of inter-
actions: segregative Coulomb-Debye repulsion and expo-
nentially decaying lipid-induced attraction. In fact, there are
many approaches in evaluating different types of protein-
protein interactions within lipid bilayer membranes.
Goulian et al. (1993) and Golestanian et al. (1996) describe
severa types of the pair-wise long-range lipid-membrane-
induced interaction energy between foreign inclusions that
are proportional to 1/r*, r being the distance between two
inclusions. These interactions, depending on temperature,
may be attractive or repulsive and, for large distances, is
significant compared with electrostatic, VDW and other
interactions. Some interactions are induced by the local or
global elasticity of the membraneitself. For example, Dom-
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mersnes et al. (1998) present a theory of long-range elastic
interactions between conical membrane inclusions in spher-
ical vesicles. This interaction turns out to be repulsive and
is proportional to the square of contact angle that is the
angle between each inclusion and the membrane. One of the
physical reasons for such kinds of interactionsis a phenom-
enon of hydrophobic matching, extensively discussed in Gil
et a. (1998) and Dumas et a. (1999). Some anaytical
computer simulations results also suggest that screening
may overcompensate for the Coulomb repulsion so that the
effective electrostatic interaction changes sign and becomes
attractive, albeit short range (see, e.g., Arenzon et a., 2000;
Hribar and Vlachy, 2000; and references therein).

It is amatter of further research to study how the explicit
type of interaction affects the resulting clusterization, seg-
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regation, and the phase diagrams. We would expect, how-
ever, that in general, abeit with some exceptions, the clus-
terization and segregation phenomena are largely ruled by
the fact that the system contains two types of competing
interactions, attraction and repulsion, and that one or both
types are selective, i.e, different for different types of
photosystems. We demonstrate that electric charge mis-
match of two photosystems can be a driving force in for-
mation of protein complex arrays as well as a cause of their
separation within the granum plane. Our simulations show
that even the small difference in electric properties of pho-
tosystems provides appearance of quasi-crystalline arrays at
small values of the Debye radius and contributes to photo-
system segregation at intermediate ones. If photosystems
have no electric charge or their charges are equal, lowering
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the Debye radius within the framework of our model results
in protein cluster formation but particles show no segrega-
tion.

One more remark has to be made regarding our system
being considered effectively infinite. It is known that |ateral
segregation is never observed in single membranes. This
may be due to the fact that the segregation is, in general,
slower than clustering. Clusterization creates inhomogene-
ities in the distributions of proteins, which may cause in-
stability of the membrane, forming smaller vesicles. The
experiments of this sort were discussed in Ivanov and Apos-
tolova (1997) and Ivanov et al. (1987). The effect of diva-
lent cations described in these papers involves simultaneous
segregation (observed via changes in the spillover) and
forming of smaller vesicles with concomitant stacking (ob-
served visually). It would be interesting to check experi-
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mentally the hypothesis that the forming of smaller vesicles
ispreceded and caused by clustering asthe result of stronger
ionic screening.
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