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Lateral Diffusion of an Integral Membrane Protein: Monte Carlo Analysis of the

Migration of Phosphorylated Light-Harvesting Complex II in the Thylakoid

Membrane'
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ABSTRACT: The lateral migration of the integral light-harvesting chlorophyll a/b protein complex of
photosystem II, LHCII, has been studied in the undisturbed membranes of thylakoids without artificial
probes. LHCII was phosphorylated at 0 °C. The diffusion of the mobile phospho-LHCII from appressed
grana to nonappressed membrane regions was induced by a temperature jump to 20 °C and analyzed by
a rapid detergent fractionation of the two membrane areas. This long-range diffusion of the integral
phospho-LHCII is analyzed by a Monte Carlo calculation which is based on a model of the thylakoid
membrane and includes all integral proteins as mobile particles. A comparison of the calculation with the
experimental time course indicates a diffusion constant of phospho-LHCII in the range of (2—4) X 1012
cm? 5!, This value is evidence for a severe restriction of protein mobility in the appressed thylakoid
membrane. From a statical point of view, the percolation theory predicts that the high protein density in
the grana membranes is above the threshold of percolation and the long—range diffusion should be inhibited
by finite clusters of lipids. Howeyver, the shape of the experimental time course is in favor of a lateral motion
also of photosystem II and nonphosphorylated LHCII and not of a rigid lattice of these complexes. Our
data and Monte Carlo analysis suggest a dynamic or fluid lattice of the protein complexes with a lifetime
of the clusters in the millisecond time range. The consequences of these transient fluctuations on the
long-range diffusion of plastoquinone are discussed.
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Lateral migration of integral proteins is a basic feature of
membrane function, regulation, and biosynthesis. For the
function and acclimation of the photosynthetic apparatus in
plants, the lateral transport of proteins or protein complexes
between the stroma-exposed and the appressed regions of the
thylakoid membrane system is an essential process (Andersson
& Styring, 1991). Of special importance is the transport of
newly synthesized photosystem II (PS II)! subunits from the
stroma-exposed to the appressed membrane regions during
biosynthesis and assembly of PS IT (Mattoo & Edelman, 1987;
Yalovsky et al., 1989), lateral migration of PS II subunits in
connection with the high turnover of D1 reaction center protein
(Adir et al., 1990; Hundal et al., 1990), and rearrangement
of the light-harvesting chlorophyll a/b protein complex of
photosystem II, (LHCII) during light and heat stress
(Anderson & Andersson, 1988). More recently, evidence has
been accumulated to suggest a controlled lateral migration of
the cytochrome bf complex related to the state 1 — state 2
transition (Vallon et al., 1991) that may well be induced by
phosphorylation (Gal et al., 1992). The separation of the two
membrane regions under various metabolic or biosynthetic
conditions provides the possibility tostudy the lateral diffusion
in this native biological membrane without addition of various
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probes. An experimental approach to these problems is
provided by the light-induced phosphorylation of LHCII which
is regarded as an essential mechanism for the regulation of
the energy distribution between the two photosystems in plants
(Allen et al., 1981; Allen, 1992). The reaction is catalyzed
by a membrane-bound kinase and controlled by the redox
state of the plastoquinone pool (Horton et al., 1981) and the
cytochrome 4f complex (Gal et al.,, 1987). The dissociation
of a mobile subpopulation of the phospho-LHCII from PS 11
and its subsequent lateral migration from the appressed grana
membranes to the PS I containing stroma-exposed membranes
(Kyle et al.,, 1983; Andersson et al., 1982; Larsson &
Andersson, 1985) have been suggested to be important for
balancing the excitation energy and protection against pho-
todestruction of PS II (Anderson & Andersson, 1988; Allen,
1992; Barber, 1982).

Recent results have shown that the protein kinase is still
active and phosphorylates LHCII at temperatures as low as
0 °C but that the lateral movement of the mobile phospho-
LHCII is virtually impaired at these temperatures (Carlberg
etal., 1992). A subsequent rapid increase of the temperature
induces the diffusion of the phospho-LHCII from appressed
grana to nonappressed membrane regions which can be
followed by fractionation of the membranes (Carlberg et al.,
1992). This possibility to start the migration of LHCII after
its phosphorylation has been completed allows the study and
modeling of the actual diffusional process within the thylakoid
membrane.

Monte Carlo Method. The diffusion equation cannot be
solved for complex boundary conditions as found in biological
membranes. However, the Monte Carlo method introduced
by Metropolis et al. (1953) to investigate properties of
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interacting individual molecules in terms of a rigid-sphere
system can provide a numerical solution. The Monte Carlo
algorithm has been used to simulate a broad range of complex
systems (Binder, 1987) including protein folding (Li &
Scherga, 1987). Generally one starts from a description of
a system in terms of a model. Random numbers are used to
create a Markov chain of new states. Indetail, in a simulation
of membrane diffusion an object is moved across an incre-
mental distance in a randomly selected direction. This is
calculated sequentially for all mobile objects to give a new
configuration. Ifsubsequent configurations can be related to
a time-scale, the result represents a solution of the diffusion
equation for the complex boundary conditions defined in the
model. Inourcalculation of theindividual Monte Carlosteps,
a hard-sphere reflection is included in the movement if an
encounter with a boundary of another object occurs. Besides
this algorithm, most important for the diffusion are the size
and the density of theintegral complexes. Abovea membrane
fraction of about 0.5 being occupied by obstacles, there is no
continuous path through an extended area of the membrane
(Saxton, 1987). This limit of percolation has been discussed
as an important parameter for the diffusion of small lipid
molecules as plastoquinone and ubiquinone as well as for
integral proteins. Such an obstruction of the diffusion by
high protein density may result in a considerable difference
between the actual microscopic diffusion coefficient and the
macroscopic diffusion coefficient important for long-range
effects.

In a previous study (Mitchell et al.,, 1990), a possible
obstruction of plastoquinol diffusion within its reaction
sequence in linear photosynthetic electron transport was
analyzed by a Monte Carlo approach. Recently it was
suggested that the hindrance by integral proteins could severely
restrict the long-range diffusion of plastoquinone (Joliot et
al., 1992). In order to analyze the diffusion of the integral
phospho-LHCII, we have now expanded our model of the
thylakoid membrane by including all integral proteins as
mobile particles in the Monte Carlo approach. A comparison
of the model calculation with the diffusion kinetics of the
phospho-LHCII is used to estimate the diffusion constants of
the complexesin the intact thylakoid membrane. On the basis
of the estimation of LHCII migration, we have also analyzed
the lateral diffusion of plastoquinol taking into account the
archipelago effect of mobile protein complexes and the lifetime
of isolated clusters of lipid area.

MATERIALS AND METHODS

Kinetic Subfractionation of Phosphorylated Thylakoid
Membranes. From spinach grown as described in Carlberg
etal. (1992), thylakoids were isolated according to Andersson
et al. (1976). The protein phosphorylation and “kinetic”
subfractionation were done as previously described (Carlberg
et al., 1992) and detailed below. Thylakoids were phospho-
rylated at a chlorophyll concentration of 0.4 mg/mL by 10-
min illumination (500 umol of photons m~2s71) at 0 °C in the
presence of 0.4 mM [y-32P]ATP in 50 mM Tricine-KOH,
pH 7.6, 20 mM NaCl, 5 mM MgCl,, 0.1 M sorbitol, and 10
mM NaF (incubation medium). Subsequent to the phos-
phorylation, the thylakoids were moved to darkness and a
temperature of 20 °C. This was done by transferring the
sample to a wide beaker in a water bath kept at 20 °C, thus
allowing for a large contact area between the sample and the
temperature bath. The total manipulation time before the
start of the migration studies was 1.5~2 min, which was found
to be sufficient for the sample to equilibrate to 20 °C. At
specified time points, samples were withdrawn and fractionated
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FIGURE 1: (A) Model of the lateral heterogeneity of the thylakoid
membrane. The area inside and outside the broken circle represents
the appressed grana and the nonappressed membrane region,
respectively. This mapis used as the starting condition for the Monte
Carlosimulation with phospho-LHCII (filled circles) homogeneously
distributed in the granum. (B) Alternative starting condition with
LHCII being preferentially phosphorylated near the edge of the
granum. The number of phospho-LHCII inside successive ring-
shaped areas of 40-nm width starting from the edge of the granum
are 172, 70, 13, 13, 2, and 1.

into stroma thylakoid membranes and the rest of the thylakoid
membrane system by incubation with digitonin (0.2% w/w
per milligram of chlorophyll) for 15s. The fractionation was
stopped by a 10-fold dilution with incubation medium, and
the stroma thylakoid membranes were collected after differ-
ential centrifugation at 100000g (Carlberg et al., 1992). The
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Table I: Assumptions for Particles in the Thylakoid Model

diameter density
particle (nm) (particles/um?)  number
PS1II 16.0° 1380 271
phospho-LHCII trimer 7.4¢ 1380% 271
LHCII trimer 7.4¢ 27600 542
cytochrome bf 8.0 828 271
PS1 12.0 2093 274
ATP synthase 6.0 2024 265

4 PS II with bound LHCII. ? Total of 4920 particles/um? with about
8 nm in diameter consistent with 3 mobile LHCII trimers and 0.6
cytochrome bf complex per photosystem II (Staehelin, 1986). < Kiihl-
brandt and Wang (1991).

relative content of phospho-LHCII in the isolated stroma-
exposed thylakoids was analyzed on SDS-PAGE using a 12—
22% polyacrylamide gradient in the separation gel. The gels
were stained and autoradiographed. The films were analyzed
by laser densitometry for quantification.

Model of Thylakoid Membrane Organization. The model
of the stacked thylakoid membrane used for the Monte Carlo
calculations is shown in Figure 1. Itis considerably developed
as compared to our previous model (Mitchell et al., 1990) in
order tosimulate the diffusion of the integral complexes. Figure
1A,B is based on identical assumptions on the membrane
organization and differ only in the initial distribution of
phospho-LHCII as detailed below. The area in the center
inside the broken circle represents the appressed region of a
granum with 60% of the total area and a diameter of 500 nm;
50% of the circumference of the granum connects to the area
outside that represents the nonappressed stroma-exposed
region. Thevalues were estimated from electron micrographs
of spinach thylakoids taken from the same batch as those used
for the experiments (not shown). The randomly distributed
small circles with different diameters represent the integral
protein complexes of the photosynthetic membrane as given
in the legend of Figure 1. PS II complexes are located only
in the appressed region, and PS I and ATPase complexes are
restricted to the stromal region, while the density of the
cytochrome bf complex is assumed to be virtually the same
within the two regions (Anderson & Andersson, 1988). PS
ITis closely associated with a discrete number of LHCII which
increase its size observed in electron microscopy from 8.3 to
16 nm (Armond et al.,, 1977). This difference in size is
attributed to about nine LHCII which may be attached to PS
Il in a circular arrangement as suggested for LHCI and PS
I (Boekema et al., 1990). In addition to the PS II complexes
with bound LHCII (Armond et al., 1977), we assume three
mobile LHCII trimers per PS II within the appressed region
to account for the total number of 8-nm particles observed in
the protoplasmic fracture face of electron micrographs
(Staehelin, 1986; Kyle et al., 1983) as well as for the total
antenna size of PS II (Andersson & Styring, 1991). A
diameter of about 8 nm is consistent with that of a LHCII
trimer determined by electron crystallography (Kiihlbrandt
& Wang, 1991). Table I lists the particle density and the
diameter of all complexes used in the calculations. Thevalues
areconsistent with the data from freeze—fracture experiments
[¢f-Haehnel (1984)]. These assumptions result in 50% of the
appressed grana membranes being occupied by integral
proteins. Within the grana and stroma-exposed region,
respectively, the particles are randomly distributed.

Starting Condition of Phospho-LHCII Diffusion. About
one LHCII per PS I1 is assumed to be phosphorylated during
the illumination period preceding the diffusion. For theinitial
distribution of these phosphorylated LHCII complexes, two
different possibilities have been considered. One is a homo-
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FIGURE 2: Expanded part of the map in Figure 1A. Diffusion path
of the LHCII molecule as generated by the Monte Carlo algorithm.
The starting position of the simulation is labeled by a dashed circle.
On encounter with another complex, a hard-sphere reflection is
simulated (dotted circle). Forthesake of simplicity in this simulation,
the diffusion of one single LHCII molecule was calculated, while the
other complexes remained fixed.

geneous distribution in the appressed grana region as shown
in Figure 1A. An alternative distribution is suggested by the
immunogold labeling of the protein kinase which seems to be
preferentially located close to the edge of the grana (Gal et
al,, 1990; Yu et al., 1992). If the mobility of phospho-LHCII
is negligible at 0 °C (Carlberg et al, 1992), the initial
distribution of phospho-LHCII should be the same as that
given for the kinase (Figure 1B). To model the results of the
immunogold labeling of the kinase as close as possible, we
have classified the granal areas into rings of 40-nm width
starting from the outer border based on the original data (Gal
and Ohad, unpublished results; Gal et al., 1990). The total
number of phospho-LHCII is the same both in Figure 1A and
in Figure 1B.

Monte Carlo Algorithm. The diffusion of a system with
the given complex boundary conditions can only be solved by
the Monte Carlo algorithm. Ineachiteration (termed “walk”),
all complexes are moved by 1 nm, corresponding approximately
to the distance between lipid molecules in the membrane.
This movement took place in one of six randomly selected
directions spaced at 60° intervals. In improving previous
calculations, we introduce hard-sphere collisions. This is
shown in Figure 2 for a random walk of a single complex. The
position of the complex on the encounter of another complex
is indicated by the dotted circle. On that encounter of the
complex, its movement continues in the direction of the angle
of a hard-sphere reflection untilit has travelled the full distance
of 1 nm. In that way, the position after the reflection is
different from a point of the trigonal lattice given by the
movement before the encounter. This results in a random
width of the gaps between the complexes and is important for
a simulation of the diffusion of LHCII and in particular of
small molecules such as plastoquinone obstructed by these
complexes.

For complexes which differ in their diameter, the diffusion
coefficients are proportional to the reciprocal of the diameter.
In the appressed region, there are only the PS II complexes
with the diameter a factor of 2 larger than that of the other
complexes with a diameter of about 8 nm (Table I). Therefore,
Dpsnt = 0.5D1yc is assumed for PS II. In the Monte Carlo
approach, we have modeled the different diffusion coefficients
for individual complexes by reducing the number of random
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walks of these complexes relative to that of phospho-LHCIL.
A complex i is moved only in every nith walk given by the
nearest integer n; of the ratio of Dp1nuc and its diffusion
coefficient D;:

n, =D uc/D; ¢))

where i denotes the grana particle different from phospho-
LHCII, i.e., LHCII (nonphosphorylated), PS II, and the
cytochrome bf complex.

Besides the diameter, the interaction between the integral
complexes may affect their lateral diffusion. Intheappressed
grana membranes, it is in particular the attraction between
LHCII complexes of adjacent membranes which is responsible
for this organization and should restrict their diffusion. Within
a grana membrane, LHCII may also be tightly associated
with neighboring LHCII and PS II, although LHCII appears
asindividual particles in freeze—fracture electron micrographs
(Kyleetal., 1983). Ina firstapproximation, we have included
these interactions into our model by an increased mobility of
phospho-LHCII relative to that of LHCII and PS II with
associated LHCII by a variable ratio »; of the diffusion
coefficients according toeq 1. For the cytochrome bf complex
as well as for phospho-LHCII, there is no evidence for this
type of attraction, and their diffusion coefficients are assumed
to be equal, Dpr = Dp.LHC.

Further details of the Monte Carlo algorithm are as follows:
(i) On encounter of a complex with the boundary between the
grana and the stroma regions (Figure 1) one of the other
possible directions for movement of the complex is selected.
(ii) At the boundary of a granum, only phospho-LHCII is
allowed to escape through the openings to the stroma region.
Other complexes are considered to be restricted to the
appressed region. (iii) The migration of LHCII from stroma
back to grana membranes is assumed to be negligible. Thus,
when phospho-LHCII has reached the stroma membrane
region, the number of phospho-LHCII in the stroma is
increased by 1. The output of the model is the fraction of the
total phospho-LHCII that has reached the stroma membrane
as a function of the number of walks. (iv) Finally, this output
is fitted by a least-squares method to the fraction of total
phospho-LHCII in the nonappressed stroma regions found as
a function of time after the rapid subfractionation of the
membranes. The time (¢) per walk is given by

t=X*/4D Q)
where X is the step length of 1 nm and D is the diffusion
coefficient in the lipid bilayer without hindrance. By using
eq 2, the best fit gives the diffusion coefficient of phospho-
LHCII. The diffusion coefficient of the other complexes is
determined by eq 1.

Simulations. The Monte Carlo simulations were written
in FORTRAN77 and carried out on a minicomputer (A700;
Hewlett-Packard) with a vector processor card. The library
routine of the random number generator was tested for
uniformity of distribution. The program allows interactive
selection of all structural parameters of the membrane model
under graphic control.

RESULTS

Migration of Phosphorylated Light-Harvesting Complex.
An experimental goal of this study was to measure the time
course of the phospho-LHCII diffusion with improved ac-
curacy as compared to the previous data (Carlberg et al.,
1992). Figure 3 presents data from five independent sub-
fractionation experiments in which the relative amount of
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FIGURE 3: Fit of the Monte Carlo calculation to data from rapid
subfractionation experiments at ratios Dy uc/Druc of 1 (continuous
line) and 500 (broken line), giving difﬁlsioh coefficients of 1.9 X
1012 em? 57! (x? = 0.267) and 2.5 X 107! cm? 57! (x? = 0.408),
respectively. The output of the model is shown as the fraction of
total phospho-L HCII that has reached the stroma region. Theamount
of 32P-LHCII in the stroma fraction as a function of time at 20 °C
is shown (circles). x2? is the sum of the squared residuals.

phospho-LHCII appearing in the stroma-exposed thylakoids

after transfer from 0 to 20 °C was measured at specified time
points. The experiments show that 40-50% of the migrating
population has appeared in the stroma membranes already
after 2 min and that after 10~15 min no further migration
occurs. This lateral migration after phosphorylation in the
light is specific for the outer LHCII subpopulation enriched
in the 25-kDa subunit (Larsson & Andersson, 1985; Carlberg
et al.,, 1992). The data are normalized to the maximum of
the relative amount of phospho-LHCII found in the stroma
thylakoid fraction after 17 min. These normalized data are
used as a reference for all Monte Carlo simulations. The
quality of the fit of the calculated data is given by x2, which
is proportional to the sum of the least squares of the deviation
from the experimental data points.

For a homogeneous starting distribution of phospho-LHCII
within the appressed grana region (Figure 1A), the same
mobility was initially assumed for both LHCII and phospho-
LHCII;i.¢e., the diffusion coefficient of LHCII is not changed
after phosphorylation except that the phospho-LHCII would
leave the grana region at the open boundary toward the stroma
region. The diffusion coefficient derived from the best fit
represented by the continuous line in Figure 3is Dp1ac = 1.9
X 10-12cm?s~!. However, strong interactions between LHCII
inadjacent appressed membranes and lateral interactions may
considerably restrict the mobility of LHCII. The modification
of LHCII by the negatively charged phospho group is likely
todecrease both of these interactions and could result in faster
diffusion of phospho-LHCII as compared to LHCII. We
have modeled this effect by assuming a ratio of the diffusion
coefficients Dp1 e/ Dinc ranging from 1 to 500 in the Monte
Carlo simulation. The diffusion coefficient D, nc derived
from the best fit of each simulation is given in Table II as well
as the related diffusion coefficient of nonphosphorylated
LHCII. This illustrates that hindrance of phospho-LHCII
movement by the other integral complexes being relatively
immobile is compensated by faster diffusion of LHCII induced
by its phosphorylation. For example, when the diffusion of
LHCII is 10-fold slower than that of phospho-LHCII, the
diffusion coefficient of phospho-LHCII increases by a factor
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Table II: Comparison of Results for Different Model Assumptions®

initial distribution  Dp.Luc/ Dprue Diuc

of p-LHCIIin grana  Druc (cm?s!) (cm?st) x?
homogeneous 1 1.9x 1012  1.9x1012  0.267
10 44x 1012 44x1013 0.308
100 1.1 x 101 1.1 X 1013 0329
500 25X 1071 50x10°14  0.408
enriched near 1 0.84 X 10712 0.84 X 10-12 0.457
grana edge 10 0.82x 1012 0.82x 1013 0,731

¢ x? is the sum of the squared residuals; Dp.uc and Dinc are the
diffusion coefficients of phosphorylated and nonphosphorylated LHCII.
Assumptions: Dpsit = 0.5Druc; Der = DpLuc.

of 2.4 as compared to that at equal diffusion coefficients.
However, at an increasing ratio of the diffusion coefficients,
the deviation of the Monte Carlo simulation from the
experimental data increases as indicated by the value of x2
in Table II. Moreover, in contrast to a ratio of Dy uc/Diuc
between 1 and 10 at the extreme ratio of 500, the appearance
of phospho-LHCII in the stroma-exposed membranes shows
a biphasic time course that is not consistent with the
experimental data (broken line in Figure 3).

Alternatively to a homogeneous initial distribution of
phospho-LHCII in the appressed grana region, we have also
considered as a starting condition for the Monte Carlo
calculation phospho-LHCII preferentially located close to the
grana margins (Figure 1B) as reported for the membrane-
bound kinase (Gal et al., 1990). The broken line in Figure
4 shows the best fit of this simulation at Dy nc = DLuc with
a derived diffusion coefficient of Dpruc = 0.84 X 1012 cm?
s7! (see Table II). The smaller value as compared to that
found with the homogeneous initial distribution of phospho-
LHCII reflects the shorter distance that most of the phospho-
LHCII have to diffuse before reaching the stroma-exposed
membrane. However, a few phospho-LHCII have to diffuse
from the central region of the appressed area and appear
significantly later in the stroma region, leading to clearly
biphasic kinetics (Figure 4). This is not consistent with the
experimentaldata. A Monte Carlo simulation with this edge-
enriched initial distribution of phospho-LHCII assuming a
slower diffusion of nonphosphorylated LHCII and PS II
relative to phospho- LHCII results in an even more pronounced
biphasic time course than that in Figure 4, broken line (not
shown), as indicated by the high value of x2 in Table II.

Archipelago Effect and Plastoquinone Diffusion. Thedata
in Figures 3 and 4 provide information about the movement
of integral protein complexes. The Monte Carlo analysis
extended to all complexes in the granum led us to analyze the
random formation and lifetimes of clusters of complexes which
could trap plastoquinol molecules and restrict their diffusion
(Lavergne & Joliot, 1991). This effect is termed the
archipelago effect (Saxton, 1987). Critical parameters for
this effect are the particle density and the width of a gap
necessary for the trapped molecule to pass. Our simulation
of hard-sphere collisions (Figure 2) results ina random distance
of all complexes, which is a considerable improvement over
fixed positions for an analysis of the archipelago effect in
particular on the diffusion of small molecules trapped by large
complexes. As a first approximation, we assume that
plastoquinol can pass through gaps >3 nm between complexes.
To analyze a given distribution of the complexes for clusters
which would trap plastoquinol, we increased the radii of all
complexes by 1.5 nm as shown in an expanded plot of the
granal part of the thylakoid model in Figure 5. In this way,
any gap wider than 3 nm is easily recognized, and a possible
pathway for the rapidly diffusing plastoquinol can be identified.
We selected a PS I1 and determined the region of lipid area
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FIGURE 4: Equivalent to Figure 3, but with the output from the
model as a function of the initial distribution of phospho-LHCII.
Homogeneous distribution (continuous line, same as in Figure 3);
enriched concentration at grana edge (broken line, x2 = 0.457).

that is in contact with one-fourth of the surface of this
particular complex, which is taken as a representation of the
plastoquinone binding site. This isolated region, shown as a
filled area in Figure 5A, isaccessible toa plastoquinol molecule
released from the quinone binding site of PSII. Inacomputer
analysis, we determined after every walk the area which had
become directly or indirectly accessible to this initially isolated
region. This procedure accounts for the high experimental
value of the plastoquinone diffusion constant between 108
and 3 X 109 cm?s~! (Millner & Barber, 1984; Cramer et al.,
1991), which is larger than the Dp,.1 ¢ value by a factor of 1.5
X 103 to 5 X 10°. The extent of this area representing the
propagation of plastoquinol after 25 and 50 walks is shown
as a hatched area in Figure 5B and Figure 5C, respectively.
The equivalent time to a given number of walks is calculated
from the diffusion coefficient (eq2). Ata diffusion coefficient
of Dpinc = 1.9 X 10712 cm? 571 (¢f. Figure 3 and Table II),
50 walks are equivalent to 70 ms. Figure 5A,B,C shows in
black clusters complexes separating isolated areas of lipids as
discussed by Joliot et al. (1992). However, the possible
hindrance of plastoquinol diffusion strongly depends on the
complex mobilities and is estimated from the Monte Carlo
simulation. The lifetime of the isolated lipid areas was found
to be typically equivalent to 7 walks.

DISCUSSION

The diffusion of phosphorylated LHCII in the thylakoid
membrane has been studied by following the kinetics of its
appearance in the nonappressed membrane region, For an
analysis of the experimental data, a structural model of the
thylakoid membrane has been built taking into account the
dimension of the integral complexes, their density in the
appressed and nonappressed membrane regions, and their
relative mobility. The diffusion within this multicomponent
system is solved by a Monte Carlo approach. A fit of the
Monte Carlo simulation to the experimental data gives the
value of the diffusion coefficient of the complexes in the intact
thylakoid membrane. Assumingina first approximation equal
diffusion coefficients for phospho-LHCII and nonphospho-
rylated LHCII, we found a value for the microscopic diffusion
coefficient Dp.ryc of 1.9 X 1072 cm?s~!. This value is about
2 orders of magnitude lower than that reported for membrane
proteins of similar size in artificial lipid bilayers (Blackwell
et al., 1987; Gupte et al., 1984). Gupte et al. (1984), using
fluorescence recovery after photobleaching (FRAP), deter-
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radii enlarged by 1.5 nm. (A) Initial condition with the lipid area
in contact with a plastoquinone binding site of one PS II indicated
(filled area). (B) Same membrane region as in (A) after 25 Monte
Carlo steps of 1 nm per particle. The region that has been
found in direct and indirect contact with the original cluster in (A)
after all intermediate walks is also indicated (hatched area). (C)
Equivalent to (B) after 50 Monte Carlosteps per LHCII. The hatched
area is accessible to plastoquinol released by the marked PS IT in (A)
if it diffuses fast in comparison to the integral proteins.
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mined the diffusion coefficient of the mitochondrial cyto-
chrome bc complex as 4 X 10-10 cm?2s-1, FRAP monitors the
macroscopic diffusion. For a diffusional process that is
obstructed by clusters of obstacles, the diffusion coefficient
derived from the macroscopic observation is even smaller than
the actual microscopic diffusion coefficient. Therefore, the
very small microscopic diffusion coefficient derived by the
Monte Carlo analysis from our experimental data indicates
a strong restriction of the diffusion of phospho-LHCII. This
is consistent with the strong interaction between LHCII
molecules in adjacent appressed membranes and the energy
transfer between these complexes (Trissl et al., 1987) as well
as in the same appressed membrane. The macroscopic
diffusion coefficient of phospho-LHCII can be estimated from
the half time of 2 min in Figure 3. The average distance for
phospho-LHCII toreach the circular boundary of the granum
is one-sixth of the diameter of 500 nm, i.e., 83 nm. Thus, eq
2 gives a macroscopic or long-range diffusion coefficient of
1.4 X 10-13 cm? 571, which is an order of magnitude smaller
than the value of the actual one. This is consistent with the
idea of a distance-dependent diffusion coefficient in mem-
branes with a high density of obstacles which has been used
toaccount for observations of the same object but by techniques
covering different periods of time (Saxton, 1987, 1992).

In a different approach to the diffusion of the integral
complexes, Rubin et al. (1981) studied the restacking of
thylakoid membranes after addition of MgCl,. These authors
monitored the change of chlorophyll fluorescence which is
related to the association of nonphosphorylated LHCII with
PS II. In contrast to the situation after LHCII phosphory-
lation, this process includes the motion of all components during
the lateral redistribution and the forming of membrane—
membraneinteractions. The measurements gave an effective
macroscopic diffusion coefficient of D = 6 X 10-12cm? 5! at
20 °C (Rubin et al., 1981). Our value being lower by more
than an order of magnitude indicates that the diffusion in the
appressed membranes is severely restricted as compared to
destacked thylakoid membranes.

An important aspect of the diffusional mechanism and the
regulation of energy conversion is the question of whether the
energy transfer from LHCII to PS II is interrupted simul-
taneously with (i) its phosphorylatioin, (ii) the start of the
lateral diffusion, or (iii) the transfer of phospho-LHCII to
nonappressed membrane regions. An interruption of energy
transfer from a fraction of total LHCII to PS I would decrease
the cross section of the PS Il antennae. This can be detected
by a decrease of the rate of oxygen evolution at limiting light
intensities. Previous experiments with thylakoids indicate that
the rate of oxygen evolution at limiting light intensity does
not decrease during the phosphorylation at 0 °C (Carlberg
et al.,, 1992). Further preliminary experiments (not shown)
indicate that after transfer t0 20 °C a decrease of the oxygen
evolution rate is complete within 30 s, This is evidence that
the energy transfer to PS I1is interrupted by an organizational
change after phosphorylation of LHCII which is not possible
at low temperatures. This conformational change is likely to
be driven by an increase of the repulsive forces between the
complexes after phosphorylation. Such an event should result
ina faster diffusion of phospho-LHCII as compared to LHCII.
The Monte Carlo simulation at different assumed ratios of
Dy 1uc/Druc provides information about this effect and the
mobility of the other complexes in the appressed thylakoid
region. The simulation with a ratio of Dy xc/Druc as high
as 500 generates a biphasic time course with large deviations
from the experimental one (Figure 3). The biphasic time
course would result from the archipelago effect of slowly
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moving complexes which retard the diffusion of one fraction
of total phospho-LHCII while the other fraction initially
located close to the boundary of the appressed region can
escape rapidly to the nonappressed membrane region. The
simulation of the experimental data improves at decreasing
values of this ratio as indicated by the values of x2 in Table
II. However, the uncertainty of the experimental data does
not allow us to exclude ratios of Dp.ac/Diuc between 1 and
10 which indicate a diffusion coefficient of phospho-LHCII
in the range of (1.9-4.4) X 10'2cm?s™!. An increase in the
diffusion coefficient of LHCII after its phosphorylation would
account for the diminished attractive forces between phospho-
LHCII and the other complexes in appressed membranes.
The repulsive forces of the negative phospho group are likely
to induce a local unstacking of appressed membranes.
However, in such a model, the diffusion of phospho-LHCII
could be obstructed by strong interactions between the
surrounding nonphosphorylated complexes. As a result, the
diffusion coefficient would not change considerably after
phosphorylation, but once having reached the grana border,
phospho-LHCII would escape rapidly into the nonappressed
membrane region. In general, these results suggest that the
appressed region of the thylakoid membrane is a relatively
mobile association of complexes and not a rigid assembly of
PS II and LHCII. This is also consistent with an efficient
repair mechanism after photodestruction of PS II complexes
by proteins inserted into the membrane in nonappressed regions
[¢f. Andersson and Styring (1991)].

We have compared two initial distributions of phospho-
LHCII, a homogeneous one and a distribution with an enriched
concentration of phospho-LHCII near the grana edge, as
shown in Figure 1A and Figure 1B, respectively. The fit of
our simulations in Figure 4 and the residuals given in Table
II are in favor of a more homogeneous distribution of LHCII
at thestart of diffusion. If phospho-LHCII is almost immobile
at 0 °C after its phosphorylation is completed until the start
of diffusion by the temperature jump to 20 °C, this result
would not be consistent with the localization of the kinase
close to the margins as reported (Gal et al., 1990; Yu et al.,
1992). However, a more even distribution of the activated
kinase as compared to the bulk of the enzyme or differences
in the organisms could account for this discrepancy, and more
experiments are needed.

Diffusion of Plastoquinone. The diffusion of the integral
protein complexes also provides information to understand
the obstruction of plastoquinol diffusion. This expands our
earlier approach where we considered the protein complexes
as immobile relative to plastoquinol (Mitchell et al., 1990).
Diffusion of a tracer in the presence of immobile and randomly
arranged obstacles is limited if the fraction of the total area
covered by the obstacles exceeds the threshold of percolation
whichisabout 0.5in a two-dimensional lattice (Saxton, 1987).
In Figure 5, this fraction is even higher than 0.7. The tracer
trapped in finite clusters, i.e., in the domains of Lavergne et
al. (1992), could not undergo long-range diffusion. The small
size of the clusters at this high density of obstacles is indicated
by the black areas in Figure SA-C. If movement of the
obstacles occurs, long-range diffusion of a tracer molecule
like plastoquinone is not prevented but only retarded. Such
adynamic model as used in our approach is a more appropriate
description of a biological membrane than the static one
(Saxton, 1987; Lavergne & Joliot, 1991).

The opening of isolated regions by movement of the
complexes enables contact through gaps to other regions. This
connectivity between temporarily isolated regions is visualized
by the hatched area in Figure 5B,C. After a mean period of
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7 walks, an isolated region is found to be adjoined to a
neighboring region. This period corresponds to 1040 ms at
a diffusion coefficient of (1.9-0.44) X 10-12cm?s~! for LHCII
(¢f. eq 2) as determined from the experimental data at a ratio
of Dy Luc/Druc between 1 and 10 (¢f. Table II). Thus, the
movement of the integral proteins as derived from the
subfractionation experiments suggests connections between
the isolated lipid areas in the millisecond time scale that are
wide enough for passage of plastoquinone. Thisindicates that
the hindrance of plastoquinol diffusion by membrane proteins
is not negligible within the rate-limiting time of electron
transport of 15 ms (Stieht & Witt, 1969; Joliot et al., 1992).
However, it is not consistent with the suggestion that the
plastoquinone pool within the grana membrane is composed
of substantially isolated smaller pools which equilibrate slowly
within seconds (Joliot et al., 1992).

In conclusion, the present Monte Carlo analysis shows that
the membrane cannot be regarded as a solid structure even
within the short time scale of the electron-transfer reactions.
A fluid lattice with its transient fluctuations is more appropriate
to describe the lateral motion even in the appressed grana
membrane region where we have found severely restricted
movement of the integral complexes.
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