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ABSTRACT: We have determined the stoichiometric composition of membrane components (lipids and
proteins) in spinach thylakoids and have derived the molecular area occupied by these components. From
this analysis, the lipid phase diffusion space, the fraction of lipids located in the first protein solvation
shell (boundary lipids), and the plastoquinone (PQ) concentration are derived. On the basis of these
stoichiometric data, we have analyzed the motion of PQ between photosystem (PS) II and cytochrome
(cyt.) bf complexes in this highly protein obstructed membrane (protein area about 70%) using percolation
theory. This analysis reveals an inefficient diffusion process. We propose that distinct structural features
of the thylakoid membrane (grana formation, microdomains) could help to minimize these inefficiencies
and ensure a non-rate limiting PQ diffusion process. A large amount of published evidence supports the
idea that higher protein associations exist, especially in grana thylakoids. From the quantification of the
boundary lipid fraction (about 60%), we conclude that protein complexes involved in these associations
should be spaced by lipids. Lipid-spaced protein aggregations in thylakoids are qualitatively different to
previously characterized associations (multisubunit complexes, supercomplexes). We derive a hierarchy
of protein and lipid interactions in the thylakoid membrane.

Photosynthetic energy transduction in higher plants is
coupled to the thylakoid membrane inside the chloroplast.
A unique property of this membrane is the formation of
stacks (grana) interconnected by unstacked stoma lamellae.
Photosynthetic electron flux from water to NADP is managed
by the multisubunit complexes photosystem (PS)1 II, the
cytochrome (cyt.) bf complex, PSI and ferredoxin-NADP
oxidoreductase (FNR). Small diffusable electron carriers
connect these protein complexes: PQ between PSII and the
cyt.bf complex, plastocyanin between the cyt.bf complex,
and PSI and ferredoxin between PSI and FNR. The process
of light absorption and transmission of excitons to the
reaction centers of PSII and PSI is performed by core antenna
directly bound to the photosystems and tightly or more
loosely bound light harvesting pigment-protein complexes
(LHC).

In the last two decades, a number of experiments have
shown that multisubunit complexes can associate to produce
higher aggregation forms. These constitute homo- or hetero-
oligomeric assemblies. Homooligomeric protein assemblies
have been reported for LHCII (LHCII3) (1, 2) and the cyt.bf
complex (cyt.bf2) (3), while, on the other hand, heterooli-

gomeric associations exist for the majority of photosystem
II, PSIIR, (PSIIR-(LHCII) 3)2 (4), and photosystem I (PSI-
(LHCI)8) (1, 5). In contrast, it seems that another PSII type,
PSIIâ center, as well as the ATPase do not form higher
aggregation states. The functional role of these assemblies
has not been elucidated. They may enhance the effectiveness
of energy transduction in the photosynthetic process or may
stabilize proteins. Here, to distinguish such associations from
the multisubunit complexes we call them “supercomplexes”.
Analysis using electron microscopic and electron diffraction
techniques on isolated complexes have provided us with a
complete set of structures with a resolution of at least 2.5
nm (2, 4-7). This data set will be applied in this study.

In addition to supercomplexes, recent evidence supports
the existence of an even higher level of protein assemblies,
located mainly in the grana region. (i) By fast solubilization
of grana stacks, followed by electron microscopic single
particle analysis, heptameric LHCII-trimers (8) as well as
complexes formed by LHCII3 and (PSIIR-LHCII3)2 super-
complexes (9) are isolated. The authors conclude that these
aggregates also exist in the native membrane. (ii) The most
likely explanation for the well-established phenomena of
energy-transfer between PSIIR units (cooperativity) (10) is
that several PSIIR centers share a common antenna bed
mediated by LHCII complexes. To facilitate energy transfer,
close contact between several of these complexes must occur.
(iii) Analysis of light-induced changes in circular dichroism
of thylakoids indicates the existence of a long-range chiral
order. These signals are interpreted as indicating a macro-
domain structure in grana stacks (11). (iv) Associations
between a fraction of PSI centers and LHCII3 located in the
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grana margins are postulated (12, 13). (v) From a functional
analysis of electron transport reactions, a microdomain
hypothesis was developed originally postulated by Joliot,
Lavergne, and co-workers (14, 15) and extended by others
(16, 17). According to the microdomain hypothesis, (PSIIR-
LHCII3)2 and LHCII3 build up a network-like arrangement,
within which plastoquinone molecules are temporarily
trapped. The participation of cyt.bf complexes in these
networks is unclear. In contrast to supercomplexes, it is
expected that microdomains are less stable structures with a
finite lifetime (17, 18).

Given their existence, it is an open question as to whether
microdomains are random (15) or more ordered structures
resulting from specific protein interactions (17). In either
case, significant influences on the plastoquinone diffusion
process are expected. From the viewpoint of a plastoquinone
molecule, the thylakoid membrane is highly obstructed, by
integral proteins, which are visualized in electron micro-
graphs of freeze-fractured membranes (19, 20). From these
images, the intuitive question arises, is an efficient diffusion
process still possible in such a crowded membrane? The
efficiency of PQ diffusion is a critical factor, since dissipation
of energy by inefficient diffusion would decrease the overall
quantum yield for energy transduction (21). Furthermore, an
over-reduction of the plastoquinone pool could occur, which
would trigger acceptor side photoinhibition of photosystem
II (22). In this context, the role of microdomains remains
elusive. Such structures would prevent long range diffusion
between grana stacks and stroma lamellae, making this
electron transport inefficient. As a consequence, only cyto-
chrome bf complexes located near to active PSII complexes
in grana regions would have good access to reduced PQ.
This scenario would provide a mechanistic explanation for
the idea that linear electron transport is restricted only to
grana thylakoids (23, 24). The restriction of long range PQ
movement does not automatically imply that short-range
diffusion within appressed membranes is also inefficient.
Here, we demonstrate that short-range diffusion in a hypo-
thetical membrane with a random protein distribution and a
protein density determined from our stoichiometric analysis
is inefficient. In this context, we discuss advantages of grana
formation and microdomains for the process of short-range
plastoquinone diffusion.

While there is good evidence for the existence of higher-
level protein associations, especially in grana thylakoids,
almost nothing is known about the involvement of lipids in
these associations. In particular, an important question is
whether supercomplexes arranged in higher associations are
spaced by lipids or not. In principle, the membrane embedded
parts of proteins could form stable associations either with
other proteins or with lipids. It is likely that direct protein-
protein contact leads to more stable structures than protein-
lipid-protein associations.

Thus, the involvement of lipids in supercomplex associa-
tions would influence the flexibility of these structures. This
could be important for dynamic adjustments of the photo-
synthetic apparatus in response to changing environmental
conditions. In this study, we examine the involvement of
lipids between supercomplex associations by calculating the
fraction of boundary lipids located in the first solvatiation
shell of membrane integral proteins.

Furthermore, we deduce the photochemically active plas-
toquinone concentration in the thylakoid membrane. Two

pools of plastoquinone can be distinguished in chloroplasts.
In addition to a functional active pool involved in photo-
synthetic electron transport, an inactive pool exists, localized
in plastoglobuli. The knowledge of the active plastoquinone
concentration in thylakoid membranes (given in moles per
liter) is a prerequisite for considering several questions
concerning the photosynthetic electron transport. This pa-
rameter is necessary for the simulation of PQ-dependent
electron transport reactions (17, 25) or calculations of PQ-
binding constants from the kinetic and thermodynamic
properties of redox centers (26). A number of publications
give relatiVe plastoquinone concentration values (in moles
per moles). These data refer the plastoquinone content to
the content of other components of the thylakoid membrane
including chlorophyll (27), lipids (27), or photosystem II (10).
To our knowledge, there has so far only been oneabsolute
value quoted (16), while other values are deduced from
theoretical considerations (25, 26).

MATERIAL AND METHODS

Thylakoid Preparation.Spinach leaves from 6-8-week-
old plants (Spinacea olearaceavar. polka), grown in a
hydroculture medium (28) at 13 to 16°C with 10 h daylength
(about 300µmol of quanta m-2 s-1), were harvested and
washed. The leaves were ground in a medium containing
330 mM sorbitol, 0.5 mM KH2PO4, 50 mM KCl, 1 mM
MgCl2, 1 mM MnCl2, 2 mM EDTA, and 25 mM MES (pH
6.1). The homogenate was filtered and centrifuged at 2000g
for 1 min. The pellet was resuspended in a medium
containing 5 mM MgCl2, 150 mM NaCl, and 20 mM Tricine
(pH 7.8) and centrifuged. After a washing step, thylakoids
were resuspended in a medium containing 7 mM MgCl2, 10
mM KCl, 330 mM sorbitol, and 50 mM HEPES (pH 7.5).
Chlorophyll concentrations were determined according to ref
29. The suspension was aliquotated, flash frozen, and stored
at -70 °C in the dark.

Quantification of Thylakoid Lipid Components.All steps
for the lipid analysis were done in a N2 atmosphere to
minimize the contact with oxygen. For the isolation of lipids,
1 mL of 2-propanol was added to 1 mL of thylakoid
suspension (adjusted to 0.5 mg of chlorophyll/mL), heated
to about 95°C for 10 min, cooled, and mixed with 12 mL
of chloroform/methanol (2:1) and then with 3.5 mL of 0.9%
aqueous KCl solution. After centrifugation (5 min 1000g),
the lower phase was quantitatively harvested, and the organic
solvents were evaporated under N2 gas. The dried lipids were
suspended in 1 mL of chloroform and stored at-20°C (lipid
extract).

The separation and quantification of the individual lipids
were carried out using thin-layer chromatography on pre-
coated silica gel 60 plates (Merck, Germany), as described
in ref 30. Prior to this, the exact chlorophyll concentration
of the lipid extract was determined. A 300µL lipid solution
was applied to an activated (30 min 130°C) chromatography
plate. The solvent system for the separation consisted of
chloroform/methanol/H2O in a ratio of 65:25:2. Lipid bands
were visualized using iodine vapor and marked. Iodine was
evaporated (15 min 130°C), and the marked bands were
scraped off for quantification. For the identification of the
individual bands, see Results. The galactolipids were quanti-
fied spectroscopically according to ref31. Phospholipids
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were quantified by the ammonium molybdat method ac-
cording to ref32.

Surface-Pressure Area Isotherms.Surface-pressure area
isotherms were measured with a computer supported film
balance from NIMA Technology (type 601M, Coventry,
UK). A total of 6.9 or 8.3 nmol of a thylakoid lipid mixture
dissolved in chloroform was spread on the water-filled
(Milli-Q quality) Teflon trough (area 91 cm2). The surface
pressure was detected with a Wilhelmy plate system. After
evaporation of chloroform, the compression and expansion
of the monolayer were done with a barrier speed of 5 cm2/
min. The film balance was temperature controlled to 20(
0.1 °C.

Spectroscopy.Quantitative absorbance changes (∆abs) of
particular marker redox centers were measured for the
quantification of PSI (P700), PSII (C550 signal), and
cytochrome bf complex (cytochrome f and b6). For P700
and C550 determination, thylakoids were incubated for at
least 5 min in a medium containing 80 mM KCl, 7 mM
MgCl2, 300 mM sorbitol, 30 mM HEPES (pH 7.6), 0.2%
(w/v) â-dodecylmaltoside. Additionally, 10µM methyl
viologen and 5 mM sodium ascorbate were added for P700
or 6 mM ferricyanide and 10µM DCMU for C550. The
experimental setup was as described previously (17). Saturat-
ing light pulses of 50 ms were given to induce quantitative
redox changes. The concentration of the cytochrome bf
complex was determined from chemically induced absor-
bance changes. Thylakoids were incubated in 20 mM KCl,
50 µM EDTA, 20 mM HEPES (pH 7.6), and 0.03% (w/v)
â-dodecylmaltoside. Stepwise redox changes were induced
by addition of 1 mM ferricyanide, 5 mM sodium ascorbate,
and small grains of sodium dithionite. Absorbance changes
in the range of 520 to 580 nm were recorded using a Hitachi
U3010 photometer with a head on photomultiplier. The
spectra were fitted with reference spectra for cytochrome f,
high potential cytochrome b559 and P700 (ascorbate minus
ferricyanide) and cytochrome b6, low potential cytochrome
b559 and C550 (dithionite minus ferricyanide). The reference
spectra were taken from refs17 and 33. Differential
extinction coefficients for cytochrome f were taken from ref
34 and for cytochrome b6 from ref35. Before curve fitting,
a baseline was subtracted, defined by the wavelengths 540
and 575 nm. The baseline corrected coefficients are 28.7 and
22.0 mM-1 cm-1 for cytochrome f and b6, respectively.

From the maximum absorbance changes, the concentra-
tions of the redox centers were calculated using eq 1 (36).

wherec is the concentration of the component in mM,d is
the optical path length of the cuvette (1.75 cm),∆abs is the
maximal absorbance change, and∆ε is the differential
extinction coefficient in mM-1 cm-1 at a given wavelength
or wavelength pair, respectively.

The determination of PSII by C550 measurement is based
on the method described in ref37 with a differential
extinction coefficient of 3.6 mM-1 cm-1 deduced from ref
38. The differential extinction coefficient for P700 is taken
from ref 39.

Chlorophyll-a fluorescence induction curves were recorded
from thylakoids (10µg/mL chlorophyll) incubated in the

same medium as for P700 and C550 measurements. Ad-
ditionally, 10µM DCMU and 1µM nigericin were present.
The experimental setup was as described in ref17. Before
induction measurements, the samples were incubated for at
least 10 min in the dark at 7°C.

Quantification of Light HarVesting Complexes.The LHCII
content of thylakoids was derived from a quantification of
the Coomassie R250 brilliant blue staining of SDS/PAGE
gels according to ref40. This method is based on the
comparison of the stain intensity of LHCII bands from the
sample with the stain intensity of the bands from purified
protein on the same gel. LHCII isolated from pea was a kind
gift of M. Lamborghini, Frankfurt a.M., Germany. A 16.5%
acrylamide spacer gel was used, and the LHCII content was
quantified from a scanner analysis (AGFA photo look
software), using the program OPTIMAS, version 5.1. For
the determination of the LHCII content by this method, it is
important to note that Lhca3 proteins (24 kDa) associated
with PSI (1) could run at the same position as LHCII proteins
(V. H. R. Schmid, Mainz, Germany, personal communica-
tion). Therefore, the LHCII content derived from the
quantification of the gel bands are corrected by double the
concentration of photosystem I, because each PSI binds two
Lhca3 gene products (1).

Quantification of ATPase.The ATPase content was
determined from quantitative analysis of stained SDS gel
bands using the CF1 protein from the ATPase, as described
in ref 41. The method involves detachment of the CF1 part
from washed thylakoids by a NaSCN treatment (30 s, 2 M).
After centrifugation (4 min, full speed Beckmann microfuge
E) of the sample, the proteins in the supernatant were
precipitated using 1 M TCA, on ice. The denaturated proteins
were pelleted, separated by SDS gel electrophoresis, stained
with Coomassie Brilliant Blue, and destained as described
in ref 41. Staining of the separatedR- andâ- subunits of the
CF1 part was estimated by comparison with isolated refer-
ence proteins (a kind gift of Dr. Strotmann, Du¨sseldorf,
Germany) and used for calculation of the CF1 concentration
(41).

RESULTS

Lipid Analysis. (1) Determination of Lipid Content by
Thin-Layer Chromatography.Figure 1 shows an example
of the separation of thylakoid lipids achieved by thin-layer
chromatography. Lipids were visualized using iodine vapor.
The assignment of a particular band to a lipid class was
carried out in two ways. First, MGDG, DGDG, and PG were
identified by comparison with reference lipids (Sigma) run
in parallel to the thylakoid lipids. Second, the galactolipid
SQDG was assigned by staining withR-naphthol and the
phospholipids with a molybdate spray (42), resulting in
brownish and blue color, respectively. The correctness of
these assignments are supported by comparison with thin-
layer chromatography plates running under similar conditions
(30). The quantification of the lipid content, expressed
relative to the amount of chlorophyll, is summarized in Table
1 (left-hand column).

The relative distribution of the lipid classes, as well as
the total number of lipids per chlorophyll, agrees well with
published values (43-45). It was found that pure thylakoid
membranes contain no PC (46). The appearance of this lipid

c ) ∆abs
∆εd

(1)
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species in our thylakoid preparation can be put down to
contamination by the outer envelope membrane. Provided
that the individual ratio of PC to the other lipid classes given
in Table 1 for pure total (outer+ inner) envelope membranes
is known, it is possible to calculate the amount of lipids
coming from the envelope and to correct the measured values
(46). The result of this correction is given in the right column
and is based on the following ratio for envelope mem-
branes: MGDG/DGDG/SQDG/PG/PC) 1.60:1.50:0.30:
0.45:1 (46).

(2) Surface-Pressure Molecular Area Isotherms of a NatiVe
Thylakoid Lipid Mixture.We deduced the molecular area
covered by thylakoid lipids from surface-pressure area
isotherms. These measurements were performed with a
mixture of single lipids isolated from thylakoids by thin-
layer chromatography. Figure 2 shows a surface-pressure area
isotherm measured with a monolayer of this thylakoid lipid
mixture. Three compression/expansion cycles of the mono-
layer film are depicted. In an independent experiment, we
found that the monolayer collapses at a surface pressure of
about 45 mN/m (horizontal dashed line in Figure 2). On the
basis of this value, we decide to restrict the maximal surface
pressure to 40 mN/m in the repetitive compression/expansion
experiment. Obviously, the monolayer film in the first cycle
shows a higher compressibility and higher molecular areas
than in the second and third cycles. This phenomenon is often
observed in this kind of experiment and can indicate a
rearrangement of the lipid mixture during the first compres-

sion, due to disorder from the spreading process. To generate
an equilibrium state of the monolayer, which is comparable
to conditions within a bilayer of thylakoid lipids, the
monolayer was compressed and expanded one time to
exclude artifacts from the spreading process. Thus, we take
the second and third compression isotherms to calculate the
molecular area of the thylakoid lipid mixture.

The internal lateral surface pressure in biological mem-
branes is mainly governed by hydrophobic forces (47). From
both theoretical thermodynamic considerations and experi-
mental results, a surface pressure of 30 to 35 mN/m is
deduced (47). The reliability of this range is supported by
the fact that it is deduced from different methods. One
argument is that activities of membrane integral proteins
incorporated in artificial bilayers are comparable with in vivo
activities only when the surface pressure is in the above-
mentioned range (47). Furthermore, different membrane
bilayer properties, such as transition temperature shift,
enzyme turnover numbers, partition coefficient, etc. measured
on monolayers, as a function of surface pressure, are
observed at pressure values of 30 to 35 mN/m (summarized
in ref 47). For these values, a span for the average molecular
area of thylakoid lipids from 0.49 nm2 (35 mN/m third cycle)
to 0.58 nm2 (30 mN/m second cycle) can be deduced from
Figure 2. It is notable that this represents an average lipid
occupation area. This area is given by the weight areas of
the individual thylakoid lipids listed in Table 1. By determin-
ing the average area of a lipid mixture, rather than of
individual lipid species, possible interactions and packing
effects between distinct lipids are considered.

Stoichiometric Analysis of Membrane Protein Complexes.
The photosystem I and II content of thylakoid membranes
was determined from light pulse induced difference absor-
bance signals shown in Figure 3A,B. The content of
cytochrome bf complexes in thylakoids was estimated from
chemical difference absorbance signals of the cytochromes.
The difference signals shown in Figure 3C are fitted with

FIGURE 1: Thin-layer chromatography of a thylakoid lipid extract.
Lipid bands were visualized using iodine vapor, giving a brownish
color. The free pigment bands were yellow (lower bands) and green
(upper bands), and the starting band was colorless. For the
identification of particular bands, see text.

Table 1: Lipid Content of the Thylakoid Membranea

lipid
mol of lipid/

mol of chlorophyll

correction for
envelope membranes

mol of lipid/
mol of chlorophyll

MGDG 1.04( 0.05 0.84( 0.07
DGDG 0.70( 0.03 0.51( 0.05
SQDG 0.42( 0.02 0.38( 0.02
PG 0.28( 0.01 0.22( 0.01
PC 0.13( 0.01
Total 2.57( 0.12 1.95( 0.15

a Values from three independent determinations. The correction (right
column) is based on the fact that pure thylakoid membranes contain
no PC (see text).

FIGURE 2: Surface-pressure molecular area isotherm of a native
thylakoid lipid mixture. Three compressions with one lipid mixture
are depicted. After compression and decompression, another cycle
begins at zero surface pressure. For clarity, the decompression
curves are omitted. A lipid volume corresponding to 6.9 or 8.3
nmol lipid mixture was put on the water surface of the film balance.
Both amounts gave identical results. The composition and concen-
tration of the lipid mixture, measured by thin-layer chromatography,
results in a ratio of MGDG/DGDG/SQDG/PG/PC of 0.52:0.27:
0.15:0.03:0.03. The horizontal dashed line indicates the surface-
pressure where the lipid monolayer film begins to collapse (about
45 mN/m), as determined in an independent measurement. Thin
lines indicate 30 and 35 mN/m surface-pressure (horizontal), which
were used to derive the average molecular area (vertical lines) of
the lipid mixture. The curves are the average of three independent
measurements.
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cytochrome f, cytochrome b559 high potential and P700
(ascorbate minus ferricyanide) and cytochrome b6, cyto-
chrome b559 low potential, and C550 reference spectra as
described in the methods. The values determined for PSI,
PSII, and cytochrome bf complex are summarized in Table
2. These lie within the range of published values (48-50).
It is notable that the concentration of protein complexes in
thylakoids is not a fixed quantity but depends on genetic
and environmental conditions.

(1) Light HarVesting Complexes.Figure 4 shows the SDS/
PAGE gel used for LHCII quantification. It can be seen that
the resolution is high enough to distinguish between 25 and
24 kDa bands. For quantification, we analyzed both bands,
giving an LHCII concentration of 33.68( 0.76 mmol/mol
of chlorophyll.

(2) ATPase.ATPase concentration was determined by
quantitative SDS gel electrophoresis of stroma-side extrinsic
protein components from washed thylakoids (41). The

extrinsic protein components were extracted from thylakoids
by NaSCN treatment (41). Figure 5 shows that this treatment
removes the CF1 subunits of the ATPase complex from the
thylakoid membrane. The concentrations of theR- and
â-subunits of CF1 were determined spectroscopically at 596
nm after cutting out the gel bands and dissolving them in
chloroform, by comparison with the CF1 standard (see Figure
5). From this analysis, we calculate a value of 0.95 mmol of

FIGURE 3: Light pulse-induced absorbance difference signals of
P700 (A) and C550 (B). Arrows indicate light pulse on (upward)
and off (downward). For each measurement, the chlorophyll
concentration in the cuvette was precisely determined (P700, 6.85
or 7.03µM; C550, 37.05 or 37.98µM). The curves were derived
from averaged signals: 20 measurements at 702 nm for P700 and
15 measurements at 540 and 550 nm for C550, respectively. The
repetition frequency was 0.09 Hz. For the P700 signal, a fluores-
cence artifact was subtracted. The C550 signal is the difference of
absorbance changes at 540 and 550 nm. Light pulses had an
intensity of about 6000µmol quanta m-2 s-1. The insets show
reference spectra determined for the given measuring conditions.
They are in good agreement with published spectra of isolated
protein complexes (39) for P700, (88) for C550. (C) Chemically
induced difference absorbance signals for cytochrome bf determi-
nation. The chlorophyll concentration is 41.28 or 39.54µM. 1.
Sodium ascorbate minus ferricyanide difference spectrum. This
spectrum was fitted with cytochrome f, cytochrome b559 high
potential and P700. 2. Sodium dithionite minus sodium ascorbate
difference spectrum, fitted with cytochrome b6, cytochrome b559
low potential and C550.

Table 2: Content of Multisubunit Complexes in the Thylakoid
Membranea

component mmol/mol of chlorophyll

PSI 2.25( 0.17
PSII 2.99( 0.22
cyt.bf complex 1.29( 0.05
LHC II 33.68( 0.76
ATPase 0.95( 0.06

a The values are determined from the same preparation as for lipid
quantification. The ATPase determination is derived from a different
membrane preparation. Values are the mean of 2 to 4 independent
experiments.

FIGURE 4: SDS-PAGE analysis for LHCII quantification of
thylakoid membranes. The stain intensity of the bands from isolated
LHCII (right lanes) was used to determine the LHCII content of
thylakoids. For further details, see text.

FIGURE 5: SDS-PAGE analysis for CF1 quantification of thylakoid
membranes. The supernatant (left block, containing CF1) and the
pellet (right block) of NaSCN treated thylakoids are depicted. In
the middle block, a CF1 standard from isolated ATPase was loaded
onto the gel. The numbers indicate nmol of chlorophyll for
thylakoids and pmol of CF1 for the standard. Greek letters indicate
the CF1 subunits. TheR- andâ-bands were cut out and quantified
by comparing the coloring with the CF1 standard bands. A blank
of the gel background was subtracted, in each case. Molecular
weights for CF1 subunits are 54.8 kDa (R), 53.7 kDa (â), 35.8
kDa (γ), 20.5 kDa (δ), and 14.7 kDa (ε). Note that the CF1 bands
occur in the supernatant and are largely absent in the pellet,
indicating a quantitative removal of the CF1 from thylakoid
membranes.
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ATPase/mol of chlorophyll. This is in good agreement with
previously published values (41).

(3) Composition and Shape of Protein Supercomplexes.
As mentioned in the introduction, there is good evidence
for many multisubunit complexes in thylakoid membranes
that are organized in noncovalently linked homo- or hetero-
oligomers, termed supercomplexes. The composition and
molecular area of the supercomplexes are deduced from the
literature and are summarized in Table 3.

(a) PSI-LHCI8. The structural organization state of higher
plant PSI is monomeric. Particles can be isolated where a
PSI complex is surrounded by a ring of eight monomeric
LHCI proteins (5). It is very likely that this PSI-LHCI8
assembly occurs also in vivo since the calculated antenna
size of about 210 chlorophyll’s per reaction center agrees
well with measured values (51).

(b) PSII-LHCII3 Dimer. It is widely accepted that PSIIR
centers localized in the grana region are in a dimeric state,
with one relatively strongly bound LHCII trimer per reaction
center, forming a (PSIIR-LHCII3)2 supercomplex (4). While
the localization of PSIIâ remains controversial, there is no
doubt as to its monomeric state (52). As PSIIâ centers have
a 2 to 3 times smaller antenna size than PSIIR, it is
reasonable to assume that they have no LHCII bound. This
is supported by biochemical analysis, indicating that agranal
PSII binds all minor antenna complexes but no LHCII (53).
On the basis of these data, we have calculated the area of
PSIIâ centers from the (PSIIR-LHCII3)2 complex (see Table
3). Recently, a third type of PSII center, called PSIIγ, was
detected (54). The concentration of this center is very low,
and there are results indicating a diminished trapping
efficiency (52). We quantified the relative amount of these
different PSII centers from chlorophyll-a induction curves
measured with DCMU-poisoned (20µM) thylakoids (not
shown). First order analysis of the normalized area growth
reveals three components corresponding to the three types
of centers described above. Because of the relatively low
concentration of PSIIγ (max. 5%, see Table 3) and the
absence of structural data, we have ignored this type of center
in the following. From the total PSII concentration (Table
2) and the relative contributions for PSII subtypes, we have
calculated the concentration for PSIIR and PSIIâ in the
thylakoid membrane, respectively.

(c) LHCII Trimer. There is good evidence for a trimeric
organization of LHCII protein in thylakoids (1). Structural
data, with the highest resolution so far reported for thylakoid
membrane proteins, are available (2, 55). Table 3 shows the
content of LHCII trimers not firmly bound in the (PSIIR-
LHCII 3)2 supercomplex.

(d) Cytochrome bf Complex Dimer.The cytochrome bf
complex can be isolated either in a monomeric or dimeric
form (56). There are indications that only the dimeric
complex is active (57, 58). Additionally, when the isolated
complex is reconstituted in liposomes it forms dimers (59).
A dimeric form is isolated from stroma lamellae and grana
fragments by a combination of sonication and two-phase
partitioning (56). The dimeric state is more established for
the cyt.bc complex (60); however, based on the above
arguments, we assume a dimeric state of the cytochrome bf
complex in thylakoid membranes. The structure of the
dimeric cyt.bf complex is taken from ref7.

(e) ATPase.So far there are no indications for a hetero-
or homooligomeric assembly of the ATPase. The shape of
the membrane spanning CFo part is taken from ref6.

On the basis of these data and with the concentrations of
monomeric protein complexes (Table 2), we calculated the
concentration of supercomplexes summarized in Table 3
(middle column). Additionally, the total area per chlorophyll
(right-hand column) is given from the area per complex and
the concentration of the complexes.

DISCUSSION

Diffusion Space for Plastoquinone in the Thylakoid
Membrane.The lipid analysis results in an average molecular
lipid area of 0.49 to 0.58 nm2 (for subsequent calculations
we use the mean, 0.54( 0.05 nm2) and a concentration of
1.95( 0.15 lipids/chlorophyll. Assuming that all lipids are
organized in a bilayer, a total bilipid area of 0.53( 0.05
nm2/chlorophyll molecule is attained. The area of all integral
proteins in the thylakoid membrane is 1.18( 0.09 nm2

(Table 3). Thus, each chlorophyll molecule corresponds to
a thylakoid membrane area of 1.71( 0.14 nm2. It follows
that 31( 5% of the thylakoid membrane area is occupied
by lipids, while the remaining area is covered by integral
proteins. A slightly higher lipid area fraction of 40% was
found in earlier studies (44). In contrast to these studies, we
incorporate in our analysis a quantification and distinct
structural information on each individual protein complex
and, furthermore, derive the lipid occupation area experi-
mentally. The lipid area derived from electronmicroscopic
analysis on freeze-fractured membranes is higher than in our
study. From the literature (19), we derive values of 39 to
52% for stacked membranes and 51 to 68% for unstacked
membranes. We have no definite answer to explain these
discrepancies but it should be noted that plastic deformations
during freeze-fracturing can reduce particle sizes (61). In
addition, a reduction in platinum deposition on samples with
high protein densities can further decrease the apparent
particle size (61). If we calculate the lipid area from protein
densities taken from freeze-fracture analysis (19) and the
protein areas from Table 3, the lipid area fraction would be
24 to 49%, which is in agreement with our estimate. For
this calculation, a ratio of stacked to unstacked membranes
of 60:40 is assumed (19).

Table 3: Content and Area of Protein Supercomplexes in the
Thylakoid Membranea

supercomplex

area per
complex

nm2

conc
mmol/

mol of chl.
total area
nm2/chl.

PSI-LHCI8 189.7 2.25( 0.17 0.43( 0.03
(PSIIR-LHCII 3)2 285.2 1.09( 0.08 0.31( 0.02
PSIIâb 108.6 0.66( 0.05 0.07( 0.01
PSIIγc 0.15( 0.01
LHCII3 34.0 9.05( 0.41 0.31( 0.01
cyt.bf2 51.3 0.65( 0.03 0.03( 0.01
ATPase 30.1 0.95( 0.06 0.03( 0.01
total 16.13( 1.33 1.18( 0.09

a The contours of supercomplexes were derived from the following
literature: ref4 for (PSIIR-LHCII 3)2, ref 2 for LHCII3, ref 87 for PSI-
LHCI8, ref 7 for cytochrome bf2, ref 6 for the CFo part of the ATPase.
b The area for PSIIâ is derived from the (PSIIR-LHCII3)2 supercomplex,
assuming that PSIIâ is a monomer without LHCII3 bound.c The area
for PSIIγ is ignored (see text). If necessary, a detergent shell of 1.7
nm is subtracted before area determination.
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It is important to note that the thylakoid membrane
contains free carotenoids. For different plants growing under
low or high light conditions a mean value of 0.07 mol
carotenoids/mol of chlorophyll (range 0.05 to 0.10) is
calculated (62). The molecular area of violaxanthin and
zeaxanthin is about 0.8 nm2 (63), given a total carotenoid
area of 0.06 nm2/chlorophyll. About 60% of these carotenoids
are involved in the xanthophyll cycle (64). It is assumed that
these pigments are located at the protein boundaries (64).
Thus, it can be estimated that about 0.04 nm2 carotenoid/
chlorophyll belong to the lipid phase. This is equivalent to
less than 2% of the total membrane area. For further
calculations, we neglect this component.

To examine the consequences of this protein-rich lipid area
on plastoquinone diffusion, we have analyzed the diffusion
process using percolation theory, based on our protein density
data. Percolation theory describes the hindrance of two-
dimensional diffusion of a tracer molecule (PQ) in an
archipelago of obstacles (integral proteins) (65, 66). The
unhindered diffusion is described by Einstein’s equation
correlating the average of the square displacement for a tracer
(〈r2〉) with time (t). For a two-dimensional process the eq is

Percolation theory corrects the diffusion coefficientD for
the effects of collision and trapping by obstacles, giving a
new coefficientD*. The original theory deals with immobile
obstacles, which could form a finite cluster completely
surrounding a diffusion space when the obstacle concentra-
tion exceeds a particular threshold (65). We have applied
an extended version of this theory (65) where the obstacles
themselves can move (self-diffusion). For this situation,D*
approximates asymptotically and very rapidly to a distance-
independent value (66), which is given by eq 3 (65):

with

wherec is the area fraction occupied by obstacles,γ is the
jump rate ratio of tracer to obstacles, andR is a constant
depending on the lattice geometry.

The ratio of the jump rates (γ) can be obtained from the
unhindered diffusion coefficients for tracer and obstacles.
For plastoquinone, a diffusion coefficient in pure liposomes
of 1-3.5 × 10-7 cm2 s-1 (for further calculations we use
the mean 2.3( 1.3 × 10-7 cm2 s-1) was determined (67,
68). The situation for integral protein complexes in thylakoid
membranes is more complicated. A value of 4.4× 10-10

cm2 s-1 has been determined for the cytochrome bc1 complex
of mitochondria (69). In ref 70, a microscopic diffusion
coefficient for LHCII3 of 2-4 × 10-12 cm2 s-1 was derived
from Monte Carlo simulations. The authors concluded that
this low value is because protein-protein interactions occur
between LHCII3 and between LHCII3 and photosystem II,
while these interactions are missing for the cytochrome bc1

complex. From these values, we estimate an average diffu-
sion coefficient for our model membrane of 2× 10-10 cm2

s-1, based on individual weighted diffusion coefficients
(weight numbers from Table 3). This calculation is based
on the assumption thatD is proportional to the inverse of
the radius of the protein complexes, and that for (PSIIR-
LHCII) 3)2 and LHCII3 the lower diffusion coefficient and,
for all other complexes, the upper value is valid. From these
diffusion coefficients, a value of 1000 forγ is deduced. The
meaning of this value is that plastoquinone requires only
1/1000 of the time to travel a given distance in a pure lipid
membrane than does an average thylakoid protein. For high
values ofγ (> 10), D* calculated with eq 3 is lower than
that determined from Monte Carlo simulations (65). We
resolve this problem as follows. Forγ f ∞ (strongest
deviation), the predicted Monte Carlo value can easily be
obtained from eq 3 if, instead of the true area fraction (c), a
value ofc minus 0.06 is used. We derived this value from
Figure 3 in ref65. Thus, we calculate theD* value for the
thylakoid membrane for a protein area fraction of 0.63
instead of 0.69, given aD* value of 0.4 to 2.5× 10-3

depending on the lattice geometry. With the PQ diffusion
coefficient for pure liposomes (see above), a corrected
coefficient range of 0.9( 0.2× 10-10 to 6.7( 1.6× 10-10

cm2 s-1 is given. For further calculations, we use the mean
value 3.8( 2.9 × 10-10 cm2 s-1, which is in the range of
measured values of 1 to 30× 10-10 cm2 s-1, deduced from
steady-state pyren fluorescence data (16).

To analyze the PQ diffusion in a membrane with the
deduced protein density using percolation theory, the mean
distance between PSIIR complexes and cyt.bf complexes
must be known. Therefore, we calculated a random protein
distribution for PSIIR and cyt.bf complexes in a 300× 300
nm membrane region with the program MATHCAD, where
protein overlap is avoided. We assumed a circular shape for
both complexes, with diameters of 15 nm for PSIIR and 8
nm for cyt.bf. The densities of 56 (PSIIR-LHCII 3)2 and 34
(cyt.bf)2 for this area of 0.09µm2 were calculated from the
total membrane area and the numbers in Table 3. To
determine the distance from PSIIR to the closest cyt.bf
complex, only PSIIR centers located in an inner square of
200 × 200 nm were analyzed, to avoid edge effects. We
estimate an average distance of 35 nm (three independent
distributions were analyzed, range 33 to 38 nm).

This value is equivalent to the average distance a PQH2

must travel by a random walk through the protein obstructed
lipid phase. With the corrected diffusion coefficient deduced
from percolation theory given above, an average diffusion
time of 8( 6 ms is predicted. If the diffusion is not restricted,
the time is only about 10µs (eq 2), which reflects the fact
that the path of the plastoquinone molecule is greatly
extended by a large number of collisions with proteins.
Furthermore, three points not considered in percolation theory
must be taken into account, which increase the apparent
diffusion time of the PQH2 molecule. First, it is unrealistic
to assume that PQH2 binding at the Qo site of the cyt.bf
complex takes place at the first encounter, because no
electrostatic recognition exists between the two species, as
described for plastocyanin and photosystem I (71). Electro-
static attraction helps to build a reaction complex efficiently
(72). Second, the lipid diffusion space is unlikely to be
homogeneous. Lipids bound directly at the protein surface

〈r2〉 ) 4Dt (2)

D* ) (1 - c)

x[(1 - γ)(1 - c)f0 + c]2 + 4γ(1 - c)f0
2 - (1 - γ)(1 - c)f0 + c

2γ(1 - c)f0
(3)

f0 ) (1 - R)/[1 + (2γ - 1)]R
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are motionally restricted, compared to bulk lipids, which
could further hinder the diffusion process. Third, comparison
with measured diffusion coefficients indicates that percolation
analysis tends to overestimate theD* values (65, 68) leading
to diffusion times that are lower than experimental values.
Thus, the diffusion times calculated from percolation theory
must be taken as a lower limit. These considerations point
to the lifetime and the diffusion path for PQH2, generated at
PSIIR in a membrane with a random protein distribution and
no differentiation between grana thylakoids and stroma
lamella, being drastically increased by the obstruction of the
lipid diffusion space. The times derived from percolation
analysis tends to be higher than the intrinsic reaction time
of the cytochrome bf complex, which is in the range of 3.3
to 5 ms (58, 73). This reaction is known to be the
rate-limiting step in electron transport (74, 75). This implies
that linear electron transport in a statistical membrane
becomes diffusion limited. Under high light conditions, this
situation would lead to an overreduction of the plastoquinone
pool which can trigger acceptor side photoinhibition of
photosystem II (22). Furthermore, a long lifetime for reduced
PQ decreases the overall quantum efficiency of electron
transport in low light, due to dissipation processes (21). In
consequence, the PQ mediated electron transfer in a hypo-
thetical membrane with a random protein distribution would
be both dangerous and inefficient.

Comparison of the random protein distribution analyzed
in this work with the native membrane makes it possible to
speculate about the advantages that distinct architectural
features of thylakoids might bring for the PQ diffusion
process. One of the main differences is the differentiation
between grana thylakoids and stroma lamellae. According
to the thylakoid model of Albertsson (23), the core of the
grana thylakoids contain only PSIIR, cyt.bf complexes and
LHCII3. This composition excludes complexes not involved
in reactions with PQ (PSI, PSIIâ and the CFo-part of the
ATPase) from the lipid space and increases the local
concentration of reaction partners for plastoquinone (PSIIR,
cyt.bf complex). Additionally, if one accepts the micro-
domain hypothesis, where (PSIIR-LHCII3)-dimers and LHCII-
trimers form temporarily enclosed lipid PQ-diffusion areas,
further advantages are conceivable. If the microdomains build
up a network-like structure, then a nearly protein free lipid
area between the net-boundaries is likely. Two possibilities
exist for the localization of cyt.bf dimers in these structures.
The complex could be trapped, like plastoquinone, in a
domain or could participate in the network structure.
However, if we assume a distinct sealing of a microdomain,
a reduced PQ released from a PSIIR “sees” only a small
local lipid area. Thus, a fast unhindered redox contact to a
cyt.bf complex located within this domain or at the domain
boundary is possible. These considerations throw new light
on the role of architectural features of the thylakoid
membrane on the effectiveness of PQ-diffusion in this highly
protein obstructed membrane. Enhancing the local concentra-
tions of PSIIR and cyt.bf complexes by grana stacks and
formation of nearly protein free lipid areas by microdomains
could avoid a tortuous diffusion path. The “finding “ of the
right target protein would become much easier. Thus
potential disadvantages connected with plastoquinone dif-
fusion are minimized.

Plastoquinone Concentration in the Lipid Bilayer.In the
foregoing discussion, it was deduced that each chlorophyll
molecule corresponds to a thylakoid membrane area of 1.71
( 0.14 nm2. The thickness of a lipid bilayer is 4.0 to 4.5
nm (4.3( 0.3 nm), as derived from analyzing the energetics
of protein-membrane interactions (76). On the basis of these
data, it can be calculated that each chlorophyll molecule is
associated with a membrane volume of 7.35( 1.11 nm3,
equivalent to a concentration of 226( 34 mM. Furthermore,
based on these values, the absolute plastoquinone concentra-
tion can be calculated. We estimate a PQ - pool size of 6.7
( 0.4 (seven determinations) per photosystem II, from
chlorophyll-a fluorescence induction experiments for our
spinach preparation (not shown). This analysis includes the
photoreducable plastoquinone pool only. In combination with
the PSII concentration listed in Table 3, a value of 0.0190
( 0.0025 PQ/chlorophyll molecule is determined (taking
only PSIIR andâ centers into account). From this value and
the thylakoid volume corresponding to each chlorophyll
derived above, we calculate a plastoquinone concentration
of 4.3 ( 1.2 mM. It is important to note that about 70% of
the thylakoid membrane is covered by proteins (see discus-
sion above). It follows that the PQ concentration in the
protein-free lipid space is 14( 7 mM, which is in agreement
with a determination made by Blackwell and co-workers
(16).

Boundary Lipids. Boundary lipids are relatively im-
mobilized lipids, located in the first solvation shell of
membrane complexes. In a first approximation, the number
of these lipids can be deduced from the shape of these
complexes (illustrated in Figure 6 for PSIIR and LHCII3).
Table 4 summarizes these numbers. An average molecular
lipid area of 0.54 nm2 is taken as a basis for these
calculations, given a total number of 1.13( 0.08 boundary
lipids per chlorophyll molecule (Table 4). Assuming that (i)
no lipids are locatedwithin the supercomplexes and (ii) all
supercomplexes are completely surrounded by lipids, 58(
10% of lipids contribute to the boundary lipid phase. The
assumption that no lipids are located within complexes may
be an oversimplification. No lipids are expected in the direct
contact zones between proteins in supercomplexes. On the
other hand, it is reasonable to assume that gaps or holes as,
for example, seen between PSII in dimers, PSI and LHCI,

FIGURE 6: Models for the participation of boundary lipids in (PSIIR-
LHCII3)2 - LHCII3 (top) or LHCII3 - LHCII3 (bottom) associa-
tions. The protein shapes are taken from ref4 for (PSIIR-LHCII3)2
and ref2 for LHCII3. The lipid molecular area was set to 0.54 nm2

(see text). The docking sites for the LHCII3 on the (PSIIR-LHCII3)2
supercomplex are taken from ref9. Panel A assumes that the contact
zones between supercomplexes are spaced by lipids. Panel B
proposes a lipid-free contact zone, leading to direct protein-protein
interaction. The lipids depicted on the right-hand end are released
from supercomplexes associations if direct protein-protein contact
occurs. See text for further details.
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or in LHCII trimers, are filled with boundary lipids. We
estimate the following numbers of gap lipids from the
structure of the supercomplexes (see legend in Table 4): 16
for PSI-LHCI8, 12 for (PSIIR-LHCII3)2, 8 for PSIIâ, 2 for
LHCII3, and 18 for the CFo. However, the overall number
of these “gap” lipids is relatively low. If these lipids are
incorporated, the total fraction of boundary lipids only
increases from 58% to about 64%. Recently, an alternative
PSIIR structure was postulated, where two additional LHCII-
trimers and two CP24 proteins are attached to the (PSIIa-
LHCII3)2 supercomplex (77). For this scenario, we calculate
a boundary lipid fraction of about 54%. If we take the gap
lipids into account, the fraction would be 60%.

The analysis of ESR spectra with spin labeled thylakoid
lipids reveals two fractions of lipids. One fraction is
composed of motionally restricted lipids while the other
corresponds to free bulk lipids (78, 79). It was found that
the fraction of motionally restricted lipids strongly depends
on the membrane protein-to-lipid ratio (79). To compare our
data with the ESR analysis, we determined the protein
content according to Markwell (80) as was done in the ESR
experiments. On a weight basis, we determine a lipid/
chlorophyll/protein ratio of 0.34:0.13:1. From these values,
the ESR measurements would predict a fraction of motionally
restricted MGDG of about 62% (79). As motionally restricted
lipids detected by ESR analysis can be related to protein
boundary lipids (81), there is a good agreement with our
calculations.

Boundary Lipids in Higher Protein Associations.As stated
above, we assume that all integral membrane supercomplexes
are surrounded by boundary lipids. In the introduction, we
summarized arguments for the existence of supercomplex
aggregations, in particular between (PSIIR-LHCII 3)2 and
LHCII3 in grana thylakoids. Two scenarios can be described
for these associations: (i) the contact zones are lipid-
containing areas where lipids prevent direct protein contact
(Figure 6A); (ii) the contact zones between supercomplexes
are lipid-free areas (direct protein-protein interactions;
Figure 6B). From Figure 6, we can estimate the decrease in
the number of boundary lipids for alternative B, assuming
that all LHCII3 docking sites on the (PSIIR-LHCII 3)2

complex (9) are occupied by LHCII3 and that two-thirds of

the remaining LHCII3 are connected. Given these assump-
tions, the fraction of boundary lipids decreases to 43( 9%
(49% if gap lipids are taken into account). The true value is
expected to be even lower, since postulated aggregations
between LHCII3 and a fraction of PSI complex (12, 13) are
not considered. However, a fraction of 43% is not in
agreement with prediction from the ESR data (62%). We
therefore conclude that the contact zones between super-
complexes in higher protein aggregation networks are spaced
by lipids (Figure 6A). This view is supported by ESR
measurements with spin-labeled PG, performed under dif-
ferent conditions. Neither protein phosphorylation nor destack-
ing (which are known to disconnect a “mobile” LHCII
fraction from PSII supercomplexes) increase the fraction of
motionally restricted lipids (82). This indicates that weak
associations between supercomplexes already contain lipids
and do not bind them additionally upon dissociation.

From these considerations, a tentative picture for nonco-
valent protein-protein interactions in thylakoid membranes
can be drawn: (i) Strong interactions exist between subunits
in the multisubunit complexes of PSII, PSI, cyt.bf, and
ATPase. (ii) Interactions of intermediate strength are re-
sponsible for supercomplex formation [PSI-LHCI8, (PSIIR-
LHCII 3)2, LHCII3, and cyt.bf2]. It is expected that these
associations contain only a few lipids, which could be
important for the function of the protein complexes (83).
(iii) Relatively weak interactions result in supercomplex
associations, in particular among mobile LHCII3 or between
mobile LHCII3 and (PSIIR-LHCII3)2. These supramolecular
structures incorporate boundary lipids (Figure 6A) which is
a qualitative difference to the former two interactions. The
involvement of lipids could bring about flexibility and a more
dynamic behavior of lateral supercomplex networks in
thylakoids.

Lipid spaced supercomplex associations exclude the pos-
sibility of direct protein-protein interactions in the hydro-
phobic membrane phase. The question then arises, what
forces are involved in this aggregation type? One possibility
is that protein interactions occur between hydrophilic parts
of supercomplexes. In this context, it is worth noting that
all protein complexes extend a few nanometers over the lipid
bilayer plane. Furthermore, the stroma-facing hydrophilic
N-terminus of the LHCII seems to have a relatively high
flexibility ( 55, 84). Thus, it is conceivable that protein bridges
in the aqueous phase above the lipid bilayer bring super-
complexes together.

Alternatively, it is possible that the aggregations are
determined by lipid-lipid interactions. Horvarth and co-
workers found that the association between PSII and LHCII3

is a function of the hydrogenation status of lipids (85). They
proposed that highly unsaturated fatty acids in the contact
zones between LHCII and PSII are necessary for aggregation.
Hydrogenation leads to a disconnection of LHCII from PSIIR
centers, resulting in PSIIâ centers (85). Furthermore, Ivancich
and co-workers (86) found an extremely immobilized bound-
ary lipid fraction in PSII-enriched membrane preparations.
About one-third of boundary lipids exchange much more
slowly, or not at all, with bulk lipids, while the remaining
fraction should have more rapid contact. It is possible that
the former fraction represents boundary lipids located within
supercomplex contact zones, while the latter fraction repre-
sents boundary lipids located outside these zones. From these

Table 4: Number and Concentration of Boundary Lipids of Integral
Protein Supercomplexesa

no. of
boundary
lipids per
complex

conc of
supercomplexes

mmol/
mol of chl.

conc of
boundary lipids
mol/mol of chl.

(PSIIR-LHC3)2 168 1.09( 0.08 0.17( 0.01
PSIIâb 114 0.66( 0.05 0.08( 0.01
PSI-LHCI8 122 2.25( 0.17 0.27( 0.02
LHCII3 58 9.05( 0.41 0.52( 0.02
(cyt.bf)2 64 0.65( 0.03 0.04( 0.01
ATPase 52 0.95( 0.06 0.05( 0.01
total 1.13( 0.08

a The number of boundary lipids per complex is deduced from the
protein shapes (see legend of Table 3). It is considered that boundary
lipids should exist on both membrane sites (bilayer).b The number for
PSIIâ is derived from the (PSIIR-LHCII3)2 supercomplex assuming that
PSIIâ is a monomer without LHCII3 bound. For the calculation of the
concentration of boundary lipids (right column), the number of lipids
per complex (left column) is multiplied by the concentration of
supercomplexes (middle column).
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considerations, one can speculate that highly unsaturated,
relatively immobilized lipids interact in supercomplex contact
zones. From our data, we calculate that the lipid fraction
located between supercomplexes is in the range of 23 and
28% of total boundary lipids. This range is lower than that
determined in ref86, but it should be noted that these
measurements were performed using PSII-enriched mem-
branes, where supercomplex associations are expected to be
more frequent. However, these points are speculative and
further experiments are necessary to elucidate the driving
forces for supercomplex aggregation.

In the same way as for the interaction hierarchy among
protein complexes, a differentiation could also be made for
lipids. “Bulk” lipids have the highest mobility. Boundary
lipids not located between supercomplexes are motionally
restricted but can exchange at a distinct rate with bulk lipids.
Boundary lipids between supercomplexes could be extremely
motionally restricted. Furthermore, a specialized lipid class
could be involved in the catalytic function of supercomplexes
(83).
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