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ABSTRACT: The distribution of photosystem (PS) Il complexes in stacked grana thylakoids derived from
electron microscopic images of freeze-fractured chloroplasts are examined for the first time using
mathematical methods. These characterize the particle distribution in terms of a nearest neighbor distribution
function and a pair correlation function. The data were compared with purely random distributions calculated
by a Monte Carlo simulation. The analysis reveals that the PSII distribution in grana thylakoids does not
correspond to a random protein mixture but that ordering forces lead to a structured arrangement on a
supramolecular level. Neighboring photosystems are significantly more separated than would be the case
in a purely random distribution. These results are explained by structural models, in which boundary
lipids and light-harvesting complex (LHC) Il trimers are arranged between neighboring PSII. Furthermore,
the diffusion of PSIlI was analyzed by a Monte Carlo simulation with a protein density of 80% area
occupation (determined for grana membranes). The mobility of the photosystems is severely reduced by
the high protein density. From an estimate of the mean migration time of PSIl from grana thylakoids to
stroma lamellae, it becomes evident that this diffusion contributes significantly to the velocity of the
repair cycle of photoinhibited PSII.

In higher plants, the conversion of light energy into process are transferred to plastoquinone in a reaction
metabolically usable forms by photosynthesis takes place atmediated by PSII. Plastoquinone is the only electron-transfer
the thylakoid membrane in the chloroplasts. The mature component that is not protein-bound. It diffuses in the
membrane is folded into a complex three-dimensional hydrophobic membrane phase and passes electrons onto the
network in which two structural elements can be distin- cyt bf complex. From here, electrons are transferred to
guished ¢, 2). About 80% of the membrane consists of plastocyanin, which diffuses in the thylakoid lumen to PSI,
strictly stacked membrane disks (grana thylakoids) with a which in turn passes these, via ferredoxin, to NADFPhe
cylindrical shape and a diameter of about @r5. These energy for the strongly endergonic electron-transfer reactions
membrane disks are interconnected by unstacked stromayccurring in the reactions centers of the two photosystems
lamellae. The protein complexes involved in energy trans- comes in the form of excitons. Each reaction center is
duction are inhomogeneously distributed between thesefunctionally coupled to several hundreds of accessory pig-
subcompartments3]. Photosystem (PS)Il and light-  ments (mainly chlorophylls) bound to light-harvesting com-
harvesting complex (LHC) Il are concentrated in the stacked plexes. The light-harvesting complexes have the important
grana areas, whereas PSI, LHCI, and ATPase complexes ar¢unction of efficiently passing absorbed light energy to the
found in the unstacked areas. The distribution of the reaction centers.
cytochrome (cyt) bf complex is still under discussipn b.Ut is_ In the past decade, significant progress has been made in
assumed to be homogeneous. Energy transduction in this

system comprises a sequence of electron-transfer reaction%UCidating the structure of the protein complexes involved
by which water is oxidized and NADPreduced. Water photosynthetic energy transductioh{8). Furthermore,

e : . evidence has emerged that the protein complexes in the native
splitting takes place at PSII. The electrons liberated by this thylakoid membrane form relatively stable, more highly
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bound LHCII trimer (probably composed of two Lhcbl and the terms random, on one hand, and ordered or structured,
one Lhcb?2) 16). The supercomplex is furthermore associated on the other hand, will be used to distinguish the absence or
with loosely bound LHCII trimers in a way that 23@50 presence of interactions between the particles. The human
chlorophyll molecules are interacting with each reaction eye is not a reliable instrument to evaluate the randomness
center (0). Therefore, two LHCII pools exist: an inner of a distribution. Instead, we have used an approach based
(strongly bound) pool, which is part of the (PSLHCII3),, on objective mathematical methods to analyze the protein
and a “peripheral” (more loosely bound) pod7f. An distribution in the grana core of isolated chloroplasts.
alternative model for PSIl organization has PSIl as a The supramolecular organization of protein complexes in
monomer in the grana ared§); however, in addition to  grana thylakoids is of great physiological relevance for the
structural evidence (se&9 for a review), there are also photosynthetic energy transduction. For example, there are
arguments from biochemical and functional research sug-indications that the PQ diffusion in a random protein
gesting that PSII in the grana core is organized as a {PSIl arrangement is not efficien88—35). It was suggested that
LHCII3), (20, 21). The (PSIHLHCII3), supercomplex has inefficient PQ diffusion could be prevented through a
been isolated from spinact2d), Chlamydomonas 2Q3), structured arrangement of PSII and LHCIl complexes. It is
Arabidopsis 24), and the liverwort Marchanti®f) and has possible that an altered protein arrangement could disturb
been structurally characterized with a resolution of about 2.4 PQ diffusion, which would in turn have a direct influence
nm. The structures were found to be almost identical. This on its redox state. The redox state of the PQ pool in turn
can be taken as an indication that supercomplexes are &unctions as a central sensor in the thylakoid membrane,
widespread phenomenon in higher plants. regulating adaptations of the photosynthetic apparatus.
In contrast to the supermolecular level, little is known Processes shown to be governed by the PQ redox status are
about the structural cooperation of protein complexes at thethe reversible phosphorylation of LHCII and PSII subunits
higher, supramolecular, level. In particular, the relationship (36—38) and, more recently, differential control of photo-
between the peripheral LHCII pool and the PSII supercom- synthetic gene expressio8d). Furthermore, sustained over-
plex has not yet been clarified. Recently, associations of onereduction of the PQ pool leads to irreversible photoinhibition
or more LHCII trimers with the (PSHLHCII3), supercom- of PSII (37, 40). In this process, the D1 subunit of PSII is
plex in the grana area have been descril#s 26). This damaged, due to the formation of triplet oxygen. Damaged
became possible through careful isolation procedures and aPSIl must diffuse from the grana into the stroma lamellae,
sophisticated analysis of electron microscopic images. An where the damaged D1 is replaced by a de-novo synthesized
important finding of these studies is that the peripheral polypeptide. The reassembled PSII then migrates back to the
LHCIIs do not bind arbitrarily on the PSIl supercomplex; grana area. The supramolecular protein arrangement in the
rather, there are specific binding sites. Whether these granum could play an important role in this lateral trafficking.
associations also exist in the native membrane and howAdditionally, the spatial organization of protein complexes
multiple supercomplexes might be arranged together is still in the granum could influence the flow of energy in the PSII
unknown. The arrangement of protein complexes in grana antenna system. It is well established that, in the grana area,
thylakoids is potentially highly flexible. This was impres- multiple PSII reaction centers exist in excitonic contact,
sively visualized by early electron microscopic images of mediated by LHCII 41). It has long been known that in
freeze-fractured thylakoid membranes (e.g., se@7efSuch artificially destacked thylakoids with a randomized protein
studies show that incubation of membranes in low-salt media arrangement cooperativity between the PSIlI complexes is
leads to a rearrangement of protein complexes from alost (42and references therein). In such a randomly organized
seemingly random distribution to a highly ordered paracrys- membrane, exciton transfer in the antenna system of PSlI is
talline arrangement. In further studies, such two-dimensional obviously disturbed. These examples illustrate how closely
(2D) crystalline protein arrangements have frequently beenthe function and regulation of energy transduction are
described in grana thylakoids but never in stroma lamellae coupled to the supramolecular organization of protein
(28—32). It has been found that the 2D crystals can consist complexes in grana thylakoids.
of PSII supercomplexes as well as LHCII trimers. 2D arrays ~ We have used statistical methods to characterize particle
play an important role in the molecular and supermolecular distributions in terms of the nearest neighbor distribution
structural elucidation of PSIl and LHCII. In the native function (NNDF) and the pair correlation function (PCF) to
membrane, however, the protein complexes appear to bedetermine whether PSII distribution in grana membranes is
randomly distributedd4, 27, 29, see also the review in ref  random #3—45). This analysis also allows the comparison
19). Itis still an open question whether paracrystalline protein of different distributions. The exact positions of PSII in the
arrangements exist in native grana thylakoids alongside themembranes were obtained from electron microscopic pictures
random organization. Crystalline arrangements appear moreof freeze-fractured thylakoid membranes from isolated chlo-
often if the membranes are treated with deterge2fés31), roplast. Freeze fracture splits the thylakoid membrane at its
if they are destacked in media with low ionic streng®)( hydrophobic center, thus producing two half-membranes, the
or in cold-stressed plant4, 31). The latter has not yet been so-called protoplasmatic (PF) and exoplasmatic half-
systematically examined but opens up the interesting pos-membrane (EF). The half-membranes originating from the
sibility that the saturation level of fatty acids could have an stacked thylakoid area are labeled with the subscript g (EF
important influence on supramolecular protein organization, PR) and those originating from the unstacked area are labeled
as discussed in regl. with the subscript u (EF PR) (2). From a series of studies,
One question that remains open is whether the seeminglyit has been clearly established that PSllI is exclusively found
random protein arrangement in grana membranes is indeedn the EF half-membrane (for review, see 2fNNDF and
purely random or if there is a certain degree of order. Here, PCF data derived from these electron microscopic pictures
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were compared with purely random distributions of the grana in chromo-sulfuric acid, washed in water, and collected on
protein complexes generated by Monte Carlo methods. ThisFormvar film-coated copper grids for analysis in an electron
comparison suggests the existence of order in grana thyla-microscope (EM208S, Philips, Eindhoven, The Netherlands).

koids.

MATERIAL AND METHODS

Chloroplast and Grana Membrane Preparatiddhloro-
plasts were isolated from 6-week-old leaves of spinach
(Spinacea oleraceagar. polka) grown in a hydroponics
medium @6) at 13-16 °C according to procedures in ref
33. The photoperiod was 10 h (3@6nol quanta m? s™1).
Grana thylakoids were isolated from the chloroplasts ac-
cording to procedures in rdf7 (BBY membranes) with slight
modifications. In detail, chloroplasts were centrifuged (2500
x g, 5 min), and the pellet was resuspended in 150 mM
NaCl, 5 mM MgCh, and 20 mM Tricine, pH 8.0 (NaOH),
and centrifuged again. The thylakoids in the pellet were
resuspended in 15 mM NacCl, 5 mM Mg€0.4 M sucrose,
and 20 mM 2-(morpholino)-ethanesulfonic acid (MES),
pH 6.5 (NaOH) (buffer C). The chlorophyll content
was determined according to the procedure in4&fThe
thylakoid suspension was diluted to 5 mg/mL chlorophyll.
Triton X-100 (Sigma Aldrich) in buffer C was slowly added
on ice to a final concentration of 5% (w/w). After 15 min
incubation, the solution was centrifuged (28 000g, 30

Images were taken at a magnification of 13 000 with a CCD
camera (TVIPS 1Kx 1K slow-scan CCD camera).

Monte Carlo CalculationsThe Monte Carlo calculations
were carried out for a square lattice. Periodic boundary
conditions were assumed, that is, the actual shape of the
lattice corresponded to a torus. Consequently, a particle that
was positioned at one edge of the lattice was continued at
the opposite side. The lattice spacing was chosen as 1 nm.
This is related to the typical size of lipids.

For the diffusion analysis of PSII, initially randomly
distributed obstacles were placed on the lattice at the required
concentrations as described in #5. Then, at each step,
the proteins were allowed to move to an immediately
adjacent unoccupied site by a random walk (diagonal
movements were not considered). For nonspherical particles,
for example, particles with the shape of photosynthetic
proteins, the exact calculation of their translation and rotation
in a membrane is very difficult due to the viscosity of the
membrane. Therefore some simplifications were needed.
Accordingly, it was assumed that translation in all dimensions
was equally probable. Furthermore, it was assumed that at
each step each particle rotated abit0°. That is, forces
tangential to the body surface (viscosity of the matrix

min), and the pellet was resuspended in detergent-free buffermolecules) and forces normal to the surface (pressure forces

C and centrifuged again (20009, 5 min) to remove starch.
After centrifugation of the supernatant (28 0@, 30 min),

caused by momentum transfer between the particles and the
matrix molecules) were not addressed directly but subsumed

the grana membranes were resuspended in buffer C, and théhto the ratio of rotational energy to translational energy.

chlorophyll concentration was determined.

Quantification of LHCII, PSII, and cyt bf CompleXhe
LHCII (Lhcb1—3) content of BBY membranes was deter-
mined by quantitative SDSPAGE gel analysis, comparing
the Coomassie staining of BBY membranes with isolated
LHCII (34). A chlorophyll-to-protein ratio of 14 was assumed
for the calculation of moles of isolated LHCII proteins from
the chlorophyll content4, 10).

The PSII content was derived from the light pulse induced
difference absorption signal of pheophytin at 550 minus 540
nm as described in detail in r84. The chlorophyll content
was 50uM. Typically 10 measurements per wavelength were
averaged. It was confirmed that this quantification is not

This is somewhat arbitrary but the exact degree of rotation
should not influence the general outcome. The pseudo-
random number generator usetd) produces more than 2
x 10" random numbers (see also E). All particles were
moved with the same probability, regardless of their size.
NNDF and PCF Analysis of Particle Distribution$he
Cartesian coordinates representing the position of PSIl in
the imaged portion of a freeze-fracture membrane area were
determined experimentally. These were used to calculate the
distances between individual PSlls. Estimators for the nearest
neighbor distribution function (NNDF) and the pair correla-
tion function (PCF) were used according to procedures in
refsb1and52. Standard technique§%, 53) were also used
to deal with the edge effects of the finite sample spaces. For

dependent on the intactness of the water splitting system.omparison, the distribution functions were also calculated
This can be concluded from comparing measurements Withfor tryly random distributions, calculated by Monte Carlo

an intact water splitting system with water splitting inacti-
vated by a hydroxylamine treatment.

The cytochrome bf complex was quantified from chemi-

simulations.
(a) Nearest Neighbor Distribution Functiofihis function,
d(r), is determined by measuring the nearest-neighbor

cally induced absorbance changes of cytochrome f anddistance for each particle of the sample. Then, the ac-

cytochrome b6 as described in r&4. The validity of the

cumulated frequency of the nearest neighbor distances is

quantification is supported by the result that the stoichiometry plotted versus distance. Specifically,

of cytochrome b6 to cytochrome fis 10 0.1 (h = 3).
Freeze-Fracture Electron Microscopigolated membranes

in suspension were loaded onto specimen holders (small
copper plates) and frozen in ethane cooled by liquid nitrogen.

Freeze fracturing was performed in a BAF400T freeze-

fracture apparatus (Balzers, Lichtenstein) keeping the speci-

men stage at-150 °C. Platinum/carbon shadowing was
carried out with an electron gun kept at an angle of 45

d(r) = P(distance from a typical particle to the
nearest particle of the sample is at mgst

whereP designates the accumulated probability.

Figures 2A and 4A do not show the NNDF directly but
the distribution of nearest neighbor distances.

(b) Pair Correlation Function.The distance distribution

between evaporation source and specimen stage. Carbonef objects is determined by their pair correlation function,

reinforced (carbon evaporation at*9@eplicas were cleaned

PCF¢) (54). When a typical central object is chosen, the
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Table 1: Characterization of the Chloroplast and BBY Membrane
Preparation

chloroplasts grana preparation

PSlI 2.60 (SH0.10) 3.97 (S 0.25)
mmol/mol chl mmol/mol chl
LHCII2 c 47.62 (SD2.08)
mmol/mol chl

cyt bf complex 1.31 (SP0.08) c
chla/b 3.10 (SB0.05) 2.28 (SP0.01)

@Lhch1-3 gene products. The numbers are the mean value of at
least three determination3Standard deviatiorf.Not detected.

average number of objectgr)dr located in a shell of radii
r andr + dr is given by

n(r)dr = pPCF¢)2zrdr

Therefore, the PCK( quantifies deviations of the local
density from the average density in a ring + dr around

a typical object. For randomly distributed point objects,
PCFRandon(r) = 1 forr > 0, because there exist, on average,
no deviations between local and global density. (

RESULTS

Characterization of the Membrane PreparatioriBhe

compositions of thylakoid membranes of isolated chloroplasts ‘=
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Ficure 1: Determination of photosystem Il positions in grana
membranes. Panel A shows an example of a 25001250 nm
sized electron micrograph from the Eface of freeze-fractured
chloroplasts. Each particle represents a PSIl complex. Magnification
is 356 000<. In panel B, the exact position of each PSIl was
determined from the lined ERparticle with the program Optimas
6.5. The program calculates the center of each particle (crosses)
from the lined area.

9 0,30 -ﬂ distribution of NN ' PCF B 15

= 0,25 1

3
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= 0,15 - r =
v |
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and BBY membranes are summarized in Table 1. The Monte & 0,05 - f

Carlo simulation performed in this study requires knowledge
of the ratio of LHCII trimers to PSII in the membranes. For
stacked grana membranes, we calculated a ratio oft4.0
0.4 (47.62 LHCII monomers/(X 3.97 PSII)) from Table
1. This corresponds well with values in the literatus)(
From electron microscopic images of freeze-fractured
chloroplasts, an Efface particle density of 170% 49 um2
can be deduced (12 Epictures were analyzed). This value
is in the density range reported for the grana region of intact
thylakoids, which is between 1500 and 2Qa02 (2). The
EF;s particles represent exclusively PSII complex&s. (
Assuming that PSII in the stacked grana region is organize
as the (PSH-LHCII3), supercomplex (see the introduction
section), the EEparticle density directly represents the PSII
supercomplex density. From the ratio of LHCII trimers to
PSII of 4.0+ 0.4, the density of the peripheral LHCII trimer
pool (not firmly bound in the (PSHLHCII 3), supercomplex)
can be estimated to be 10 2861315um~2 (1701x 2 x 4
— 1701 x 2). In principle, the LHCII trimer density can

4

ahig?

0 5 1015202530350 5 10 15 20 25 30 35

0,00

0,0

distance /nm distance /nm
FiIGurRe 2: Analysis of PSII distribution in grana membranes. Panel
A shows the distribution of next neighbor distances. For the
distribution of next neighbor distances, particle positions shown in
the gray-colored area in Figure 1B were analyzed. A total of 1016
particles from 12 micrographs were analyzed and averaged. Panel
B shows the PCF analysis. The PCFs were determined from the
same set of particle positions. Looking from a given PSiII, the PCF
gives the deviation of the local PSII density from the mean density
as a function of distance. Error bars indicate the standard error of

dthe mean.

the ER coordinates is shown in Figure 2. From the
distribution of next neighbor distances (Figure 2A), it follows
that for more than 80% of the Elparticles the distance to
the next photosystem is between 15 and 23 nm. We assume
that, in the stacked region of the granum, PSII is organized
as (PSILHCIl3), supercomplexes (see the introduction
section). This complex has an almost rectangular contour

also be deduced from the electron microscopic images ofwith a dimension of 12 nnx 27 nm ({4, 15, 19). In a first

the PF half-membrane. However, because of the significantly approximation, the distance between two neighboring PSII
higher density and the smaller diameter of LHCII, it is supercomplexes in the granum corresponds to their own size.
difficult to detect these particles in electron microscopic This explains the high density of PSII in grana thylakoids
images of freeze-fractured membranes in a reliable way. (see also Figure 3A for a visualization). From the R#iticle
Analysis of the EF Distribution in Chloroplasts.To density of 170lum~2 and the molecular area of the (PSlI
determine the PSII distribution in stacked grana areas, EM LHCII3), supercomplexes of 285 ring34), it follows that
pictures of the EFregion of freeze-fractured chloroplasts PSIl supercomplexes occupy 48% of the total area. The
were analyzed. The EFegions are easy to identify: on one relative area occupation of peripheral LHCII and cyt bf
hand, they differ clearly from the PF regions in having bigger complexes (assuming a cyt bf to PSII ratio of 0.5, see below)
particles; on the other hand, there is a lower particle density calculated in the same way is around 38% (10206 (LHCII)
in EF, compared to the Efhalf-membrane3). um=2 x 34 nn? + 851 (cyt bfy um™2 x 51 nnf). Therefore,
Figure 1A shows a typical part of an EM picture of the more than 80% of the total area in a grana thylakoid
EFs half-membrane. The coordinates of thesKfarticles membrane is covered by protein complexes.
(Figure 1B) were determined as the centers of the outlined The PCF (Figure 2B) reports the deviation of the local
objects. The analysis of the particle distribution derived from particle density from the mean density. In the range of 23
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Ficure 4: Comparison of the distribution of next neighbor distances

. oo TORR (A) and PCF (B) analysis of Efparticles with the random PSiII
Elr(f)lijeRii 3&55&3;{3:{@%%%3{ %esﬁg\:\llspc;sr:tlggallﬂqglgu(rﬁl)ér?ggggwm distribution calculated by Monte Carlo simulation. A total of 1060
distribution of (PSH-LHCII3), supercomplexes (light gray), LHGII particles from 10 Monte Carlo distributions on areas of 250xam
(gray), and cyt bf dimers (dark gray) calculated with the Monte 220 nm and 1016 particles from 12 Epictures were ar}alﬁlzed.
Carlo simulation. The protein density is the same as that determined] N€ €rror bars in the PCF indicate the standard error of the mean.

for the stacked grana regions (see text). Panel B shows the The light gray bars in panel B indicate distances of a decreased
distribution of the centers of the PSII supercomplexes. EFs density compared to the random Monte Carlo distribution,

whereas dark gray bars indicate an increased density.

24 nm, the PSII density displays a distinct maximum,
indicating a local density about 1.4 times greater than the 1,0 1 9999000"“""
mean. + f
Comparison of the PSII Distribution in Grana Membranes 0.8 1 + ¢
with a Random DistributionFor further investigations, 141 nm +
random distributions of LHCII trimers, cyt bf dimers, and 0,6 ' ¢
PSII supercomplexes were calculated with a Monte Carlo
simulation to allow the comparison with the PSII distribution 0.4 4
in grana membranes of chloroplasts. Published contours of o EF
LHCII trimers (9), cyt bf dimer £§6), and (PSI+-LHCII3), 0,2 - : y
supercomplex X4) were used for these calculations. The
particle density for LHCIl and PSIlI supercomplexes was 0,0
chosen according to the values determined for core grana : . . ; . ; .
membranes (see above). For the density of the cyt bf 0 5 10 15 20 25 30 35
complex, a cyt bf to PSII ratio of 0.5 is assuméfd)( This distance /nm
ratio should be taken as an upper limit because it Was g re5: Comparison of the NNDF analysi(r), of EF particles
calculated from Table 1 for the whole thylakoid membrane and Monte Carlo (MC) simulations. Data were calculated from
and, while PSill is concentrated in the grana, cyt bf complexesFigures 2A and 4A. The intersections with the abscissa were
are more homogeneously distributed. We also analyzeddedu‘?ed from a linear regression of values upl(ty = 0.4. Note
d?stributions without cyt bf compl_exes. No _signif_icant Lhéﬁsd;ﬁglig;teerﬁﬁgt S‘;Lr%gfd"iﬁgrfg][ tlﬁ;g;re(ilsltances. The errors
differences were seen compared with results including the
cyt bf complex (not shown). This is to be expected, since These deviations in the next neighbor distribution correspond
the relative area occupation of the cyt bf complex in the to changes in the local particle density analyzed by PCF
granum is only a few percent. An example for the distribution (Figure 4B). Both analyses of the particle distribution give
of particles resulting from a Monte Carlo simulation, together clear evidence that the organization of PSII in stacked grana
with the coordinates of PSIlI supercomplexes deduced from areas is different from a random distribution.
it, is shown in Figure 3. For the calculations, we assumed Further information about the particle distribution in the
no interactions between the complexes, except for hard-coreEF half-membrane can be deduced from the NNDF (Figure
repulsion. Therefore, these distributions represent a purely5), which was calculated from the data in Figures 2A and
random protein organization. 4A. The mean nearest neighbor distance of the distance
The analysis of the PSIl supercomplex distribution from distribution of the purely random protein ensemble is 17.9
the Monte Carlo simulation compared to thesBRalysis is nm, and thereby shorter than is the case for the stacked grana
summarized in Figure 4. In the next neighbor analysis (Figure membranes (19.4 nm). The nearest possible distance between
4A), as well as in PCF (Figure 4B), significant differences two neighboring PSII supercomplexes can be deduced from
are visible between the random Monte Carlo distribution and the intersection of the NNDF data with the abscissa. This
the ER distribution. In the EEparticle distribution, distances  distance is about 11 nm for the Monte Carlo simulation and
between 11 and 15 nm and between 17 and 21 nm occurredabout 14 nm for the ERdistribution (Figure 5).
less often (Figure 4A) than in the random distribution. This  Diffusion of PSII. To investigate PSIlI mobility in a
suggests that, looking from a typical PSII particle, photo- membrane with a protein density typical for grana thylakoids,
systems in the immediate proximity and at a distance of aboutMonte Carlo distributions were generated. The complexes
20 nm are less abundant than in a random distribution. In were then moved in a random direction on a square lattice
contrast, in distances between 15 and 17 nm and betweerwith a step width of 1 nm corresponding to the size of a
21 and 25 nm the Efparticles have a higher abundance. lipid headgroup. The step is allowed if the proposed position

d()

10.8 nmi t

o random
(MC simulation)
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Einstein equation predicts a 2@0 times higher mean
displacement for a free particle. This enormous discrepancy
is mainly a result of the high protein densitg0j. The
Einstein equation is only valid for diluted particles. Because
of the extremely high density of obstacles, the diffusion
process of PSIlI supercomplexes in grana membranes is
drastically impaired.

DISCUSSION

distance /nm

Nonrandom PSII Distribution in Grana Membran&he
analysis of the EFdistribution in isolated chloroplasts gives
two clear lines of evidence that the organization of photo-
system Il in this subcompartment is not random. (i) The
0 . . . comparison between the PCF analysis of grana membranes

0 200 400 600 and a random distribution of protein complexes calculated
by a Monte Carlo simulation shows a significant decrease
in photosystem Il concentration in a distance range between
11 and 15 nm and around 20 nm and an increased

time /s

Ficure 6: Mean diffusion distance of PSII as a function of time
in Monte Carlo simulations. The horizontal error bars are given by

the range of diffusion coefficien® (2 x 10712to 4 x 10712cm2 concentration around 17 nm and between 21 and 25 nm
s!). The time scale is calculated from the number of Monte Carlo (Figure 4B). (ii) The pattern of next neighbor distances of
steps (1 nm step width) with the Einstein equatios X#4D. PSIl supercomplexes in grana membranes differs from a

One step corresponds to 0.6256.250 ms. The displacement of a ; it ;
PSII complex y-axis) was determined after 1000 (corresponding random protein_organization (Figure 4A). The NNDF

to 0.9375+ 0.3125 s) to 600 000 (corresponding to 562.387.5 analysis'(Figure 5) reveals thqt, compared to a purely random
s) Monte Carlo steps on a 35 nm 35 nm matrix. Each pointis  distribution, PSII complexes in the intact grana core mem-
the mean of at least 10 PSII analyzed. Vertical error bars indicate brane are further separated. These results confirm and
the standard deviation. quantify the intuitive impression that the EF particles in the

is not already occupied by another protein particle. Otherwise grana area of thylakoid membranes ‘repel” each othe). (

the particle remains in its original position. In this way, itis _ Besides the clear evidence for order in PSII organization
possible to simulate the diffusion in a membrane. A measure N 9rana thylakoids, there is also a randomizing influence
for the velocity of the PSII movement is gained from the visible. In the extreme case of a totally ordered protein

mean distance reached by a PSII after a given number oforganization, only one distance would occur in the distribu-
Monte Carlo steps. A Monte Carlo step can be transformed tion of the nearest neighbor distances and in the PCF maxima

into a physical time scale with the help of the two- would occur at multi_ples of the Iattice distanoe4x. In
dimensional Einstein equationf2 = 4Dt). For this calcula- contrast, the distribution of next neighbor distances and the
tion, a diffusion coefficient of PSIIE) must be assumed. P CF analysis of the grana thylakoids show a distinctly

Unfortunately the data available for estimating this are poor. different behavior (Figure 2). Thus, the PSII arrangement in
For the trimeric LHCII, published values lie betweenx2 ~ 9rana membranes is between a purely random and a totally
1012 and 4 x 102 cn 1 (57). These diffusion coef- ~ ordered distribution.
ficients are about 2 orders of magnitude smaller than those Similar results to intact chloroplasts were also obtained
for protein complexes of similar sizes in the mitochondrial from isolated BBY grana membranes (Figure 7). It is
inner membrane5g). As discussed in res7, this could be ~ noteworthy that BBY preparations contain no cyt bf complex.
attributed to the interaction of the protein complexes in the This implies that the supramolecular protein distribution in
grana thylakoids. Since it is to be expected that this Stacked grana thylakoids is mainly determined by LHCII and
interaction is also relevant for the movement of the (PSIl  PSIl and not by cyt bf complexes.
LHCIl3), supercomplex, the values from réf7 for the Our data indicate that, in addition to pure hard-core steric
trimeric LHCII were used for the transformation of the repulsion, there is an interaction force operating in grana
number of Monte Carlo steps into a time scale for the PSII thylakoids, which tends to separate the PSIlI supercomplexes
supercomplex (Figure 6). This assumption is supported by (Figure 5). The molecular reasons for these interactions are
an indirect determination of the PSII diffusion coefficient unclear. It is possible that the lipid environment of the
(59). In this study, chlorophyll fluorescence changes of supercomplexes plays an important radd)( For example,
restacked thylakoids after unstacking was examined. A the catalytic hydrogenation of highly unsaturated fatty acid
diffusion coefficient of (1.8-10) x 1072 cn? s * for PSII in thylakoid lipids causes an alteration in LHEIPSII
was determined for temperatures between 10 and@4  interactions, which can be explained as a dissociation of
Because data about the diffusion coefficients of photo- LHCII trimers from the PSII complex63). Furthermore, the
synthetic protein complexes are poor, our results must bedetergent-induced pronounced formation of paracrystalline
taken as a first approximation for the description of PSIl protein arrays in grana membranes of cold-stressed plants
diffusion within grana membranes. indicates the importance of the saturation level of lipid fatty
In the Monte Carlo simulation, the mean distance that a acids for the protein interaction8%). However, further
PSII supercomplex travels in 1 min is about 10 nm (Figure research is necessary to understand the protein interactions
6). This means that a complex moves only about half the in thylakoid membranes. It is noteworthy that the contour
size of its own dimension in a minute. In comparison, the of isolated protein complexes used for the Monte Carlo
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) MC simulation BBY
@ EF _BBY

0 5 10 15 20 25 30 35

distance /nm

Ficure 7: PCF analysis of the PSII distribution in isolated grana
membranes (BBY). A total of 448 particles from seven electron
micrographs were analyzed. The bars indicate density changes i .
between the Efdistributions and Monte Carlo distributions for A
intact chloroplasts taken from Figure 4B. The errors bars indicate
the standard error of the mean.

simulation is corrected for their detergent shell. The natural

lipids could explain the observed separation of photosystemsF 8: Tentative constructs of PSII supercomplexes and LHCI|
. - : . : IGURE 8: iv u u X
Il'in the core granum (Figure 5). This will be discussed trimers. The structures of the complexes were taken fromief

below. for PSII and refd for LHCII. The binding sites of LHCII trimers
Supramolecular Interpretation of the PSII Distributicin at the PSH-LHCII supercomplex are taken from re2$ and 26.

important result of this work is that the nearest neighbor Gray arrows in panels A and B indicate suggested QB binding sites
distance of two adjacent PSIl supercomplexes ins EF ?1t t;‘neq Sf;r'n?e‘tjggrcomplex' Gray circles in panel B represent lipids
distributions is greater (14 nm) than in random Monte Carlo '
distributions (11 nm) (Figure 5). A minimal distance of 11 approximately 12 nmx 27 nm rectangle, all four binding
nm between two photosystems occurs due to a direct contackites are located on the longer sides of the rectangle,
at the longer sides of the supercomplexes (Figure 8A). specifically at the top and bottom en®8). Based on these
Corresponding pairs of photosystem are recognizable in thedata, two models were constructed in which PSIHCII
Monte Carlo picture (Figure 3A). A possible explanation for supercomplexes are separated from each other by two (Figure
the increased distance in the £Ralf-membrane is that  8C) or four (Figure 8D) LHCII trimers. In these models, the
supercomplexes are surrounded by a shell of strongly separation of two photosystems is minimal, since boundary
attached boundary lipids (Figure 8B). The resulting separa- lipids were not taken into account (direct protein contact).
tion of PSII would also lead to the increased abundance of Two associations comparable to Figure 8C were recently
distances between 15 and 17 nm and the decrease betweetliescribed for grana membran@s) and were called mega-
11 and 15 nm in the next neighbor analysis of thes EF complexes. The PSHPSII distance of 20 nm in both
distributions (Figure 4A). In fact, there is evidence from megacomplexes is bigger than that in Figure 8C (17 nm).
biochemical studies and measurements with spin-labeledAs discussed above, this could be explained by strongly
lipids that protein complexes in the thylakoid membrane are bound boundary lipids. However, distances between 17 and
separated by boundary lipids (see 34J. This lipid-induced 21 nm are less abundant in the &lstribution compared to
separation could be important for the accessibility of plas- the Monte Carlo distribution (Figure 4A). This indicates that
toquinones to the QB binding niche of photosystem Il. The in the grana there is no driving force toward the construction
suspected positions for binding nichdgll are marked with of megacomplexes such as those shown in Figure 8C.
gray arrows in Figure 8A,B. The increased abundance of distances between 21 and 25
The comparison of the analysis of Ewith random nm in the EFs half-membrane could be explained by a model
distributions allows distances that are caused by interactionshown in Figure 8D. This arrangement is based on the
forces other than simple hard-core repulsion to be screenedassumption that in the stacked grana area all binding sites
for. These distances should have an increased abundance ifor LHCII at the PSII supercomplex are occupietb,(26).
the next neighbor analysis (Figure 4A). In the NNDF, By rotating the right LHCI+-PSII construct (gray in Figure
distances between 21 and 25 nm occur more often in the8D) around the left construct (black in Figure 8D) different
EF; distribution than in the random distribution. It is possible distances between 19 and 24 nm can be generated. Boundary
to interpret this result on a supramolecular level based on lipids could lead to further separation. The suggested model
the recently discovered LHCII binding sites at the PSIlI  in Figure 8D could explain the increased abundance of
LHCII supercomplex25, 26). Four discrete LHCII binding  distance between 21 and 25 nm in thes BRIf-membrane
sites at the (PSHLHCII3), supercomplex have been identi- (Figure 4A). Furthermore this arrangement is attractive since
fied. Looking at the contour of the supercomplex as an there would be space for a dimeric cyt bf complex between

Distance ca. 17 nm Distance 19 to 24 nm
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the protein complexes. This was postulated in the so-calledtogether with the proteins, pigments bound to the light-
“microdomain” concept deduced from functional measure- harvesting complexes also have a high concentration in the
ments 83, 61). The accessibility of the plastoquinone binding thylakoid membrane. Therefore, it is highly probable that
niche at PSIl and cyt bf complex could be optimized by light passing through a chloroplast will be absorbed and
“microdomains”. At present, however, the model in Figure available for use in photosynthesis. However, a high protein
8D should be understood as a suggestion that needs furthedensity may also cause problems. Plastoquinone diffusion
verification. in the thylakoid membrane might be hindered by the large
It is noteworthy that PSII distances other than those number of diffusion obstacles (e.g., see r@8s 35, 61, 65,
discussed above occur in the grana core. However, theseand66). This is of great physiological relevance, since the
distances are not more abundant than expected from a purefPQ pool has an important sensor function for several
random distribution. regulatory processe81—39) and a long-lasting reduction
Lateral PSIl Diffusion. The diffusion analysis of the of PQ atthe QB binding site leads to photoinhibition of PSII
(PSII-LHCII 3), supercomplex in the Monte Carlo simulation (40, 67). This study gives evidence that the involvement of
gives an impression of how restricted the mobility of this boundary lipids and specific interactions between light-
protein complex is in a randomly organized membrane with harvesting complexes could have an organizing effect on the
a protein density like that of grana thylakoids. In 1 min, the supramolecular arrangement of PSIlI supercomplexes and
complex would only move about 10 nm, half of its own size. LHCII trimers. Lipids and LHCII trimers positioned between
Extrapolating the data with a root function for prolonged PSII complexes could keep these at a certain distance. Direct
times, it is possible to estimate the PSIl supercomplex contact of PSIlI complexes at their longer sides is thus
movement for longer times (Figure 6, line). The mobility of avoided. This would ensure the accessibility of the QB
the PSII supercomplex is important for the lateral transport binding niche for plastoquinone, which is positioned on this
from grana thylakoids to the stroma lamellae during the repair side (L5) and allow an efficient electron transfer from PSlI
cycle of photoinhibited PSII40). The primary photodamage to PQ.
of PSII takes place in the grana membranes, whereas repair Beside these structuring factors, there also exist random-
of the damaged PSII, including D1 degradation and the jzing forces in the supramolecular protein organization in
insertion of de-novo synthesized D1 takes place in stroma-grana thylakoids. In contrast to photosynthetic bacteria, in
exposed membranes. Thus, the accessibility of the enzymesyhich a highly ordered but rigid organization of light-
of the repair cycle localized in the unstacked thylakoid harvesting complexes and photosystems is realiggy the
membranes requires a lateral transport of PSII out of the grrangement in grana membranes is a mixture of random
grana membranes. In a grana disk with a diameter of400 distributions and highly ordered arrangements. This can be
500 nm @, 3), the mean migration distance for half of the explained by relatively low interaction energy between the
PSIl into unstacked regions is 600 nm. By the extrapola-  protein complexes in grana. In this case, the protein arrange-
tion mentioned above, a half-time of altoll h can be  mentis significantly influenced by Brownian movement and
predicted for a movement of this distance. Notably, the half- represents the result of this randomizing force and the
time for D1 degradation falls into the same time ran@®.(  structure-inducing interactions. The thylakoid membrane is
This suggests that the diffusion rate of the PSII complexes a highly dynamic membrane, in which the permanent
out of the grana area could have a strong influence on therearrangement of the protein organization is an adaptive
speed of the repair cycle of photoinhibited PSII. It is likely response to changing environmental conditichs86). It is
that the photoinhibited PSlis do not diffuse as a complete possible that the necessary flexibility of the protein organiza-
supercomplex into stroma lamellae but that flanking Lhcb tion is facilitated by the significant contribution of the
proteins are already removed@7]. Probably this complex  Brownian molecular movement. This would be an evolution-
could diffuse at a higher speed, due to its smaller size. In ary development, compared to the rigid protein arrangement
this context, it is noteworthy that the diffusion coefficients in photosynthetic bacteria.
reported for the trimeric LHCII §7) and PSII 69) have
similar values, even though their size is clearly different. ACKNOWLEDGMENT
This indicates that the size of the protein complexes plays a ) )
minor role in the diffusion process in grana membranes. We thank Conny Vinnemann and Dr. Giles N. Johnson
Unfortunately, the diffusion coefficients of protein complexes for help with the manuscript.
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