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ABSTRACT: Remodeling of photosynthetic machinery induced by growing spinach plants under low light
intensities reveals an up-regulation of light-harvesting complexes and down-regulation of photosystem II
and cytochromeb6f complexes in intact thylakoids and isolated grana membranes. The antenna size of
PSII increased by 40-60% as estimated by fluorescence induction and LHCII/PSII stoichiometry. These
low-light-induced changes in the protein composition were accompanied by the formation of ordered
particle arrays in the exoplasmic fracture face in grana thylakoids detected by freeze-fracture electron
microscopy. Most likely these highly ordered arrays consist of PSII complexes. A statistical analysis of
the particles in these structures shows that the distance of neighboring complexes in the same row is
18.0 nm, the separation between two rows is 23.7 nm, and the angle between the particle axis and the row
is 26°. On the basis of structural information on the photosystem II supercomplex, a model on the
supramolecular arrangement was generated predicting that two neighboring complexes share a trimeric
light-harvesting complex. It was suggested that the supramolecular reorganization in ordered arrays in
low-light grana thylakoids is a strategy to overcome potential diffusion problems in this crowded membrane.
Furthermore, the occurrence of a hexagonal phase of the lipid monogalactosyldiacylglycerol in grana
membranes of low-light-adapted plants could trigger the rearrangement by changing the lateral membrane
pressure.

Vascular plants live in an environment with high fluctua-
tions in both light quantity and quality. The lack of their
mobility and the need for optimizing light harvesting on
variable light conditions led to the evolution of adaptation
mechanisms of their photosynthetic machinery localized in
the thylakoid membrane system of chloroplasts (1, 2). This
unique membrane is characterized by membrane stacks
(grana thylakoids) which are interconnected by unstacked
stroma lamellae (3). The energy-transforming machinery
consists of five membrane-integral multisubunit protein
complexes (PSII,1 PSI, cytochromeb6f complex, LHCII, and
ATPase) which can form oligomers called supercomplexes:
trimeric LHCII, PSI-LHCI tetramer, dimeric cytochrome
b6f complex, and dimeric LHCII trimer-PSII (4). These
complexes are nonhomogenously distributed between stacked
grana thyakoids (mainly PSII and LHCII complexes) and

stroma lamellae (mainly PSI, LHCI, and ATPase) (5).
Because on the molecular level even full sunlight is a diluted
energy source (6), efficient light harvesting and lossless
transformation of captured light quanta into NADPH and
ATP are of utmost importance at low photon flux densities.
In this respect a central adaptation strategy is the light-
controlled dynamic remodeling of the protein composition
in thylakoids which includes the down-regulation of the PSII,
cytochromeb6f complexes, and ATPase content and the up-
regulation of LHCII (e.g., ref7). At the microscopic level,
the size of grana stacks increases, i.e., the number of disks
in each granum increases (7), while the proportion of stroma
lamellae, i.e., the area of stroma lamellae as a percentage of
the total thylakoid area, remains constant, about 20% (8).
This leads to an improved light-harvesting function and a
down-regulation of the electron transport function.

However, the consequences of the low-light-induced
remodeling of the photosynthetic apparatus, i.e., the substitu-
tion of a fraction of relatively large PSII supercomplexes
by smaller LHCII, on the supramolecular organization of
protein complexes and their mobility and function are poorly
understood. It is interesting that PSII supercomplexes in
grana thylakoids have the potential to rearrange from a more
or less random distribution to a highly ordered semicrystalline
organization (see ref9 for a recent review), which highlights
the flexibility of the protein network. The functional sig-
nificance of the rearrangement in highly ordered arrays is
unknown. Evidence has accumulated that this could be

† H.K. is supported by the Deutsche Forschungsgemeinschaft and
P.-A.A. by grants from the Royal Physiographic Society in Lund and
the Carl Trygger Foundation.

* To whom correspondence should be addressed. Phone:+49 251
8324820. Fax:+49 251 8323823. E-mail: kirchhh@uni-muenster.de.

‡ Institute of Botany.
§ Max Planck Institute of Biophysics.
| Lund University.
1 Abbreviations: Chl, chlorophyll; EF, exoplasmic fracture face;Fv,

variable chlorophylla fluorescence; HII, inverted hexagonal phase of
MGDG; LHC, light-harvesting complex; MGDG, monogalactosyldia-
cylglycerol; LL, low light; OL, ordinary light; PQ, plastoquinone; PF,
protoplasmic fracture face; PS, photosystem; QA, primary chinon
acceptor of photosystem II.

11169Biochemistry2007,46, 11169-11176

10.1021/bi700748y CCC: $37.00 © 2007 American Chemical Society
Published on Web 09/11/2007



correlated with a stress response of the plant (9), indicating
that ordering of PSII into 2D crystals in grana thylakoids
could be associated with an optimization of photosynthetic
functions under suboptimal environmental conditions. In this
study we examined the low-light-induced remodeling of the
photosynthetic apparatus and correlated the alterations with
changes in the PSII organization in grana thylakoids mea-
sured by freeze-fracture electron microscopy.

MATERIALS AND METHODS

Preparation of Thylakoid and Grana Membranes. Spinach
(Spinacia oleraciaL.) was grown hydroponically at 20°C
with a light period of 12 h and under cool white fluorescent
light at an incident light intensity of 300 (OL) or 30 (LL)
µmol of photons m-2 s-1. Thylakoids, grana vesicles (B3),
were isolated from exposed leaves by the batch procedure
as described (10, 11).

Spectroscopy. Cytochromef, b6, andb559 contents were
determined from chemical difference absorption spectra
measured between 520 and 580 nm (Hitachi U3010 spec-
trometer, spectral resolution 1 nm, scan speed 120 nm×
min-1, average of 10 scans) in the presence of 0.03% dodecyl
â-maltoside as described previously (12). Cytochrome con-
centrations were calculated with difference absorption coef-
ficients summarized in ref12 or of 25.1 mM-1 cm-1 at
560 nm for cytochromeb559 as recently determined (13). The
content of P700 was deduced from light pulse (200 ms,
6000µmol of quanta m-2 s-1) induced absorption changes
at 810 nm- 860 nm in the presence of 0.2% dodecyl
â-maltoside as recently described (14).

Chlorophylla fluorescence induction kinetics were mea-
sured with a home-built apparatus as described in ref15.
Isolated thylakoid membranes were incubated for at least
5 min in darkness in a buffer containing 7 mM MgCl2,
40 mM KCl, 330 mM sorbitol, and 25 mM HEPES (pH 7.6,
KOH) at a chlorophyll concentration of 10µg mL-1. One
minute before the actinic light was switched on 20µM
DCMU was added. The data were analyzed with SigmaPlot
version 8.0 (Jandel Scientific).

Electron Microscopy. A droplet of a dense membrane
suspension placed in copper sample holders was frozen at
-180°C in liquefied ethane. Using a double-fracture device,
the sample was then fractured in a BAF400T freeze-fracture
machine (BalTec, Liechtenstein) and the platinum/carbon
replicas were photographed in an EM208S electron micro-
scope (FEI Co.).

Raw images were analyzed with a particle count routine
(software OPTMAS 6.5). This routine finds particles which
are higher than a given height threshold and fit each

individual particle with an ellipse. The data of this fitting
are shown in Figure 2A.

RESULTS

Characterization of Thylakoid and Grana Membranes
Isolated from OL- and LL-Adapted Plants. Table 1 sum-
marizes the chlorophylla/b ratio and the content (relative
to chlorophyll) of marker redox chromophores for PSII
(cytochromeb559), cytochromeb6f complex (cytochromef
and b6), and PSI (P700) in membranes isolated from OL-
and LL-grown plants. The content of PSI is almost un-
changed in thylakoids from LL plants. In contrast, the
concentrations of both PSII and the cytochromeb6f complex
were reduced by about 30% in LL thylakoids. Furthermore,
the decreased chlorophylla/b ratio indicated an increased
LHCII content. These low-light-induced changes are in good
accordance with literature data (1, 2, 8, 16). Changes similar
to those for intact thylakoids were measured for isolated
grana thylakoids (Table 1). Interestingly, the ratio of PSII
to cytochromeb6f complex is nearly unchanged in both intact
thylakoids (2.7 for LL versus 2.5 for OL) and in isolated
grana membranes (3.1 for LL versus 2.9 for OL), indicating
the concerted regulation of the content of both protein
complexes.

Because the content of PSII reaction centers (quantified
by cytochromeb559) in grana thylakoids of low-light-adapted
plants decreased by about 30% (Table 1), it is likely that
this corresponds to a decrease in the density of PSII
complexes in this subcompartment. Testing this assumption,
we analyzed the particle density in stacked membrane regions
in electron microscopic micrographs of freeze-fractured intact
thylakoids. Freeze-fracturing splits the membrane bilayer into
two monolayers which are called EF (exoplasmic) and PF
(protoplasmic) fracture faces and are further subdivided into
EFs, EFu, PFs, and PFu (“s” for stacked and “u” for
unstacked membrane regions). There is good evidence that
PSII complexes are exposed exclusively in the EF half-
membrane and all other complexes (including LHCII) in the
PF half-membrane (16). The EFs face is easily identified by
(i) its larger particle size and lower density compared to those
of the PF face and (ii) by a higher density compared to that
of the EFu region. Examples of EM micrographs of freeze-
fracture LL and OL thylakoids are given in Figure 1. From
a quantitative analysis of such micrographs (Table 2), it
follows that the EFs particle density (per membrane area)
in LL thylakoids is significantly (17%) lower, indicating that
growing plants under low light leads to a dilution of PSII
packing in accordance with the cytochromeb559 data (Table
1). An unexpected observation was the occurrence of highly

Table 1: Chlorophylla/b Ratio and Content of Marker Redox Chromophores for Protein Complexes of Membranes Prepared from Plants
Grown under Low (LL) and Ordinary (OL) Light Intensitiesa

LL thylakoids OL thylakoids LL grana (B3) OL grana (B3)

chlorophylla/b 2.7( 0.1 3.0( 0.1 2.1( 0.1 2.4( 0.1
cytochromeb559 2.52( 0.25 3.29( 0.33 3.07( 0.19 4.41( 0.23
P700 1.27( 0.12 1.31( 0.07 0.59( 0.03 0.61( 0.03
cytochromef 0.90( 0.06 1.35( 0.03 0.96( 0.06 1.57( 0.05
cytochromeb6 × 1/2 0.94( 0.19 1.33( 0.05 0.99( 0.11 1.50( 0.25

a The values are the means of at least three independent determinations with standard deviations. The dimension, with the exception of the
chlorophylla/b ratio, is mmol/mol of chlorophyll. For a better comparison the values for cytochromeb6 are divided by 2 because each cytochrome
b6f complex contains twob6 molecules. Note the similarities of the cytochromef and 1/2 cytochromeb6 values, indicating the reliability of the
fitting procedure.
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ordered arrays of EFs particles in thylakoids from low-light-
adapted plants (Figure 1B).

Analysis of EFs Particles in Ordered Arrays in Thylakoids
from LL-Adapted Plants. In thylakoid membranes isolated

from low-light-adapted plants about 22% of the EFs particles
are organized in ordered arrays which are almost absent in
thylakoids from plants grown under OL conditions (Table
2). Typically EFs particles in 2D arrays were arranged in
one to three parallel rows (Figure 1B). It is noteworthy that
the occurrence of ordered EFs arrays is accompanied by an
onionlike arrangement of tubular structures (Figure 1B).
These structures represent very likely cylindrical inverted
micelles (HII phase) of the lipid MGDG (17). No HII phase
was observed in thylakoids from OL-adapted plants. For a
deeper analysis of the ordered EFs arrays the particles were
fitted with a particle count program (OPTMAS 6.5) assuming
an elliptical shape (16). The results of the fitting are
summarized in Figure 2. The lateral dimensions of the
particles deduced from the histogram in Figure 2A (15.2 nm
× 9.9 nm) are in agreement with published values for EFs
particles (16). Furthermore, the distance between two
adjacent particles within the same row (18.0 nm), the spacing
between two rows (23.7 nm), and the angle between the long
axis of an EFs particle and the axis of the row (26°) are in
good accordance with literature data on 2D EFs arrays (18,
19). An important question was whether the gaps between
adjacent EFs particles localized in the same row are filled
with protein complexes (e.g., LHCII trimers or cytochrome
b6f complexes). From inspection of PF micrographs which
show grooves corresponding to EFs particles organized in
2D arrays (18), it seems that the grooves are totally devoid
of particles (Figure 3), indicating the absence of protein
complexes between neighboring EFs particles. Although the
micrograph suggests that there is no mass within the grooves,
the resolution of the micrograph is too low to rule out the
possibility that there are small proteins (i.e., monomeric
LHCII) present.

Chlorophyll a Fluorescence Induction. Figure 4 shows
examples for induction kinetics of the variable chlorophyll
a fluorescence (Fv) in the presence of DCMU, reflecting the

FIGURE 1: Electron micrograph of freeze-fracture thylakoid mem-
branes: A, from OL-grown plants; B, from LL-grown plants. Note the
highly ordered EFs arrays and the onionlike structure at the upper right
in (B). Scale bar 200 nm.

Table 2: EFs Particle Analysis in Thylakoids from Low-Light- and
Ordinary-Light-Grown Plantsa

no. of analyzed
EFs particles

analyzed
area (µm2)

particle
density (µm-2)

fraction of particles
in arrays (%)

LL 3689 2.75 1436( 57 22
OL 2560 1.60 1720( 63 <2

a A total of 22 micrographs for NL thylakoids and 37 for LL
thylakoids were analyzed.

FIGURE 2: Statistical analysis of the EFs particle size, spacing, and
orientation in 2D ordered arrays. The dashed line in (C) indicates the
expected frequency for a pure random angle distribution. For the long
axis and width 173 particles, for the particle spacing 107 particles, for
the row spacing 63 rows, and for the angle 138 particles were analyzed.

FIGURE 3: PF fracture face from LL thylakoid membranes. Note the
grooves in the PF face (indicated by arrows). The distance between
the center of a groove and the center of the neighboring groove is
between 20 and 25 nm, which corresponds to the spacing of the EFs
rows (Figure 1B). Scale bar 100 nm.
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light-induced reduction of QA. Although the actinic light
intensity is the same (starting at 0 ms), the curve for
thylakoids isolated from LL-grown plants is significantly
faster and less sigmoid compared to that for OL thylakoids.
Extracting quantitative parameters fromFv kinetics in the
presence of DCMU can be done either by a method
established in ref20 or by a more recently developed
procedure which includes various models for excitonic
connectivity (21). Both models assume a PSIIR/PSIIâ
heterogeneity (22). Compared toâ-type centers,R-centers
have a 2-3-fold larger antenna size and are in excitonic
contact (connectivity); i.e., excitons are shared among several
reaction centers via connected antenna chlorophylls. Table
3 summarizes the results of both methods, which gave almost
identical values. The data indicate that in thylakoids isolated
from LL-adapted plants the antenna sizes of PSIIR and PSIIâ
centers are about 55-60% and 5-14% larger, respectively.
Furthermore, the fraction of fluorescence emitted byâ-type
PSII centers is almost unchanged, whereas the connectivity
parameter for PSIIR decreases significantly (see also the inset
in Figure 4).

DISCUSSION

Stoichiometries and Antenna Sizes. The data in Table 1
clearly indicate a remodeling of the photosynthetic machinery
in grana membranes of LL-adapted plants. To translate the

changes in Chla/b ratios and marker redox chromophores
in protein complex concentrations, Table 4 was generated.
For these calculations we neglect smaller PSII complexes
(e.g., CP43-free PSII complexes) which may reflect a
population of photosystems involved in the repair cycle (23).
It is reasonable to neglect this population because their
abundance in grana regions is rather low (about 5%;23).
An alternative calculation on the same type of grana vesicles
but using an estimation of PSII (signal II, YD) and PSI
(P700) from EPR (23) and different assumptions is presented
in Table 5. This gives an estimate of the number of LHCII
trimers per PSII in the intact appressed grana membrane in
the same way as shown in Table 4. The antenna sizes, i.e.,
number of chlorophyll molecules per PSII, given in Table 5
are larger than those given in Table 4. This is partly due to
the EPR method, which gives lower values for PSII than
those obtained for cytochromeb559 given in Table 4. The
relatiVechanges induced by low light are, however, the same
for the two alternative calculations.

The data in Tables 4 and 5 show that low photon flux
densities induced a significant increase in the LHCII/PSII
ratio, showing that chlorophylls were redistributed from
LHCII-PSII supercomplexes to LHCII whereas the chlo-
rophyll contribution from PSI was almost constant (see the
percentages in Table 4 and 5). Thus, the redistributions
occurred only in the central appressed core of the grana and
not in the peripheral stroma exposed margins.

The changes in the LHCII/PSII stoichiometry were ac-
companied by a decrease in the EFs particle density in
electron micrographs of freeze-fractured thylakoids (Table
2), indicating a decreased PSII and an increased LHCII
abundance in LL grana membranes. From the EFs densities
and the calculated LHCII trimer/PSII ratios (Table 4 or 5),
one can estimate that the mean LHCII density was increased
by about 40% in LL grana thylakoids compared to their OL
counterparts (1436× 5.42/(1720× 3.28)). This redistribution
of chlorophylls is accompanied by an about 55-60%
increase in the functional antenna size of PSIIR centers in
low-light-grown plants concluded from fluorescence induc-
tion measurements (Figure 4, Table 3). This is roughly in
agreement with the calculated 44-46% increase in the PSII
antenna size taking the sum of chlorophylls from LHCII and
PSII in LL and OL grana thylakoids, as shown in Tables 4
and 5, suggesting that almost all LHCIIs are functionally
connected to PSII. In addition to the functional chlorophyll
redistribution in the antenna system of PSII, the mean density
of the cytochromeb6f complex decreased in LL grana
thylakoids. From the EFs densities (Table 2) and protein

FIGURE 4: Chlorophylla fluorescence induction kinetics of isolated
thylakoids from LL and OL plants. The normalized variable parts
of chlorophyll a fluorescence (Fv) are shown. Kinetics were
recorded in the presence of 20µM DCMU. Inset: Connectivity
plot for PSIIR. The normalized area growth of theFv transient
(deduced from the analysis described in ref20) reflecting the
fraction of QA- (x axis) is plotted versusFv. The higher the
deviation from linearity, the higher the connectivity.Fv/F0 ratios
were 3.2( 0.1 for OL and 1.6( 0.1 for LL samples.

Table 3: Analysis of Chlorophylla Fluorescence Induction Curvesa

kR (antenna size
of PSIIR) (s-1)

kâ (antenna size
of PSIIâ) (s-1) Fv,â

connectivity
of PSIIR

OL thylakoids 14.6( 0.8 7.0( 1.2 0.36( 0.01 1.75( 0.13
(15.2( 0.7) (7.5( 1.0)

LL thylakoids 23.1( 1.7 8.0( 0.9 0.27( 0.03 0.68( 0.10
(23.6( 1.1) (7.9( 0.6)

LL/OL ratio 1.58 1.14 0.75 0.39
(1.55) (1.05)

a The curves were analyzed according to the method based on the exciton-radical pair theory (21) or the method introduced in ref20. The
results from the latter analysis are given in parentheses. The numbers are the means of three independent determinations with the standard deviation.
Fv,â is the fraction of fluorescence emitted by PSIIâ centers. The connectivity parameter was deduced from the fitting of PSIIR fluorescence
according to ref21. The light intensity for chlorophyll excitation was the same in all experiments.
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ratios in Table 4 it follows that the cytochromeb6f particle
density decreased by about 24% (1436× 0.32/(1720×
0.35)). In summary, the remodeling in grana thylakoids of
low-light-adapted plants indicates an enhanced light-harvest-
ing function (LHCII) and a decreased electron-transport
function (PSII and cytochromeb6f complex) as was proposed
in the literature (e.g., refs1 and8). This could be a strategy
for an economic utilization of limited resources (light energy,
amino acids, cofactors) under low photon flux densities.

Ordered PSII Arrays: Effect on Plastoquinone Mobility.
As pointed out above LL-induced remodeling in grana
thylakoids leads to a decreased abundance of larger particles
(LHCII-PSII supercomplexes, area about 220 nm2; 12) and
an increase of smaller particles (LHCII trimers, area about
34 nm2; 12). It is expected that this influences lateral
diffusion processes, in particular the migration of plasto-
quinone from PSII to the cytochromeb6f complex andVice
Versa. Grana thylakoids are crowded by integral protein
complexes (24) which act as diffusion obstacles (24, 25).
With the same area occupation diffusion is more hindered
in membranes with smaller obstacles compared with mem-
branes with larger particles as shown by computer simula-
tions (25, 26). Furthermore, the efficiency of PQ diffusion
seems to be at its limit in OL-grown plants due to molecular
crowding (25). Slight changes in the protein arrangement
and density lead to pronounced effects on lateral plasto-
quinone mobility (25). Thus, it is expected that the increase
in density of (smaller) LHCII complexes and the fact that
the mean diffusion path for PQ between PSII and cytochrome
b6f complexes is increased in LL grana thylakoids due to
dilution of these protein complexes (Table 1) cause serious
problems for finding the binding niches by random migration.
We propose that supramolecular ordering of protein com-

plexes is a strategy to overcome these potential diffusion
problems in crowded membranes. Evidence has been pre-
sented that the protein complexes in grana thylakoids are
not randomly distributed but form ordered, local arrange-
ments which might optimize lateral diffusion (24). In this
respect the occurrence of ordered PSII arrays in LL-adapted
plants which were almost absent in their OL-grown coun-
terparts (Figure 1, Table 2) is interesting. To visualize the
organization of complete LHCII-PSII supercomplexes in
these arrays, known supercomplex structures were modeled
in the EFs arrays (Figure 5). It is assumed that the EFs
particles represent a PSII core dimer which may or may not
bind minor LHCII complexes (16). Furthermore, the position
and orientation of the dimeric PSII core within the super-

Table 4: Calculation of Protein Complex Concentrations in Grana Thylakoids on a PSII Basisa

LL grana OL grana LL/OL

PSII complex (monomeric, without LHCII), set as 1.00 1.00 (20%) 1.00 (29%)
LHCII-PSII supercomplex (dimeric) 0.50 (33%) 0.50 (48%)
LHCII trimer (total) 5.42 (70%) 3.28 (61%) 1.65
LHCII trimer (not bound in LHCII-PSII supercomplexes) 4.42 (57%) 2.28 (42%)
PSI (including four LHCIs) 0.19 (10%) 0.14 (10%)
cytochrome b6f complex 0.32 0.35
antenna size of PSII 66+ 5.42× 42 (LL); 66 + 2.59× 42 (OL) (number of chlorophyll molecules/PSII) 294 204 1.44

a It is assumed that (i) the PSII complex contains 66 chlorophylls (108 for the LHCII-PSII supercomplex (27), minus 42 for one LHCII trimer
(45), (ii) each LHCII trimer binds 42 chlorophylls (45), and (iii) each PSI complex binds 4 LHCIs, which sums up to 167 chlorophylls (46). On
the basis of these assumptions, the PSII/chlorophyll ratio (cPSII) is given bycPSII ) 1/[66 + cLHCII/cPSII × 42 + cPSI/cPSII × 167]. cLHCII/cPSII (total
LHCII trimer in the table) was calculated by solving this equation and taking the data forcPSII andcPSI from Table 1. The data are expressed relative
to the PSII concentration (set as 1). Percentage values in parentheses give the chlorophyll fraction bound to the complexes calculated fromcPSII,
cPSI, cLHCII, and the chlorophyll/complex ratios given above. Italic numbers indicate an organization in dimeric LHCII-PSII supercomplexes.

Table 5: Calculation of Protein Complex Concentrations in Grana Thylakoids Based on EPR Quantifications and Assuming That PSI in Grana
Has a 40% Larger Antenna than Stroma Lamellae (47)a

LL grana OL grana LL/OL

PSII (monomeric, without LHCII), set as 1.00 1.00 (17%) 1.00 (25%)
LHCII trimer (total connected to PSII) 7.1 (57%) 4.2 (48%) 1.69
PSI (including four LHCIs and LHCIIs connected to PSI) 0.58 (26%) 0.42 (27%)
antenna size of PSII (number of chlorophyll molecules/PSII) 388 266 1.46

a Assumptions: (i) PSII without LHCII trimer binds 90 chlorophylls (48). (ii) Each LHCII trimer binds 42 chlorophylls (Table 4). (iii) Each
grana PSI complex (PSIR) has a 40% larger antenna than PSIâ (set as 167; see Table 4), i.e., 1.4× 167) 234 Chl’s/PSIR. The same equation as
in Table 4 was used for calculating the LHCII/PSII stoichiometry. The PSII concentration for OL and LL is 2.74 and 1.91 mmol/mol of Chl,
respectively. The OL value 2.74 is from ref11, and the LL value is obtained by multiplying the 2.74 by the ratio LL/OL (3.07/4.41) for cytochrome
b559 of grana (Table 1). The PSI concentration for OL and LL is 1.14 and 1.10 mmol/mol of Chl, respectively. The OL value 1.14 comes from ref
11, and the LL value is obtained by multiplying it by 0.59/0.61, the LL/OL ratio from Table 1. The chlorophyll values in ref11, determined by the
Arnon method, have been converted to values according to the method of Porra; see ref11. Percentage values in parentheses as in Table 4.

FIGURE 5: (Left) Summary of the organization of the EFs particles
in 2D arrays. (Middle and right) Models of the supercomplex
arrangement. The contour of the supercomplex and the positioning
of the PSII core dimer (dark gray) in model 1 were taken from ref
27. The contour for the model was from ref29. Asterisks mark the
position of the QB binding pocket. The small black circle in the
models represents the size of PQ.
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complex are known (9, 27). On the basis of these findings,
models 1 and 2 in Figure 5 were generated. Because only
medium-resolution structures of the supercomplex are avail-
able, there is some degree of uncertainty in the overall shape.
We therefore model two extreme cases of published struc-
tures (Figure 5). Support for these models comes from the
observation that probably no proteins (i.e., LHCII trimers)
are between neighboring EFs particles localized in the same
row (Figure 3) as predicted by Figure 5. The models predict
that two adjacent supercomplexes in neighboring rows share
one LHCII trimer (the overlap in Figure 5). Noteworthy is
that similar particles (dimers of supercomplexes) were
recently isolated after mild solubilization ofChlamydomonas
thylakoids (9). A number of EM data on PSII arrays with
higher resolution were published for detergent-solubilized
membranes (e.g., refs28 and 29). These data suggest that
there is hardly any protein-free space between PSII rows.
Detailed comparisons of our data with the published ar-
rangements reveal slight differences concerning the spacing
and angles of supercomplexes in ordered arrays (not shown).
These differences seem to be important because they
determine whether a lipidic gap is formed between PSII rows
(Figure 5) (28, 29). A possible explanation for these
differences could be that in refs28 and 29 detergent-
solubilized membranes were examined, which could induce
slight changes in the PSII arrangement. In this respect it is
of note that photosynthetic membrane protein complexes
show a differential solubilization tendency. E.g., for the
isolation of cytochromeb6f complexes from thylakoids the
detergent concentration can be adjusted to selectively extract
b6f complexes but to leave chlorophyll protein complexes
in the membrane (30).

Concerning the potential problems with PQ diffusion in
grana thylakoids from LL plants (see above), the proposed
models have interesting features. Reduced PQ released from
the QB binding niche (marked by asterisks) would migrate
in a kind of lipidic diffusion channel (in the horizontal
direction). The vertical direction is blocked by overlapping
LHCII trimers. As a consequence PQ diffusion would switch
from a two-dimensional to a kind of one-dimensional process,
which, according to the Einstein equation, lowers the
diffusion times. Furthermore, the organization in Figure 5
ensures that the QB binding niche is not blocked by proteins
due to a spacing of supercomplexes. Thus, the arrangement
of the PSII complex in 2D arrays in the LL grana membrane
could be a strategy to overcome potential problems with PQ
diffusion which arose from a tighter packing of (smaller)
LHCII complexes. An attractive speculation is that cyto-
chromeb6f complexes are associated with ordered PSII rows.
For example, it could be that this complex is localized in or
at the end of the PQ diffusion “channel”. This arrangement
would ensure a very efficient functional connection of PSII
and Cytb6f complexes. However, at the moment there is no
evidence for or against this model. An uncertainty with the
models in Figure 5 is the question of whether the lipidic
areas between the rows are completely protein free. The
uncertainty results from the low resolution in the PF
micrographs. In ref31 the quality of micrographs showing
PF grooves corresponding to ordered EF arrays was better.
These images support our suggestion. However, further
studies are necessary to answer this question.

As a consequence of the higher LHCII and lower PSII
density in LL grana thylakoids the mean separation between
neighboring photosystems should be larger. It is noteworthy
that the density of 1436 EFs’s/µm-2 is a mean value of
semicrystalline and noncrystalline areas. Because the density
in the ordered regions is larger (about 2380 EFs’s/µm-2,
calculated from Figure 5, left), the density in the 2D array
free EFs areas is still lower. Assuming that 22% of the EFs
particles are organized in 2D arrays (Table 2), a value of
1170 EFs’s/µm-2 can be calculated for noncrystalline areas
((1436- 2380× 0.22)/0.78). Thus, in these regions PSII is
about one-third diluted in LL grana thylakoids compared to
OL membranes (1170/1720), indicating an increased separa-
tion. Because the apparent antenna size of PSIIR was
increased (Table 3) and the LHCII/PSII ratio raised (Tables
4 and 5) in LL thylakoids, it is likely that additional LHCII
complexes were arranged between neighboring PSII com-
plexes in noncrystalline regions of grana thylakoids. This
could be the reason for the decreased connectivity between
PSIIR centers in thylakoids isolated from plants grown under
low light (Table 3 and inset in Figure 4). Evidence has been
presented that the lateral diffusion radius for excitonic energy
migration in grana membranes (which require both intra- and
intermolecular energy transfer) is limited to a few tens of
nanometers (32). Thus, the probability for the transfer of
excitons from a given photosystem to its neighbors decreases
with an increase in distance. Following this interpretation
would imply that the connectivity between PSIIR centers
decreases with increasing antenna size (see Figure 4) as
should be realized in nonordered regions in LL grana
membranes but not in ordered regions.

Nonbilayer HII Phase and Membrane Pressure. In parallel
to 2D ordered EFs arrays the nonbilayer HII phase of MGDG
in thylakoids occurred (Figure 1B) which was absent in OL-
grown plants. This suggests that both phenomena are
affiliated with each other as was already supposed (19, 31).
It is noteworthy that MGDG in the HII phase does not
contribute to the membrane bilayer phase. Furthermore, it
was reported that growing squash in LL did not significantly
alter the lipid content and composition in thylakoid mem-
branes compared to OL plants (33). Combining both
observations would mean that HII phase formation has two
effects in grana membranes of LL plants. First, the protein
density in the membrane bilayer increases (fewer lipids in
the bilayer). This implies that potential PQ diffusion prob-
lems as mentioned above could be intensified by HII phase
formation. Second, the ratio of non-bilayer-forming to
bilayer-forming lipids decreases within the membrane bi-
layer. It is expected that this has consequences on the lateral
pressure in membranes. Due to its cone shape MGDG
intrinsically has a high tendency to from concave half-
membranes (17). Forcing MGDG in a bilayer generates a
physical “frustration” which causes a lateral pressure in the
hydrophobic core of the membrane (34). As a fraction of
MGDG forms HII phases in LL grana thylakoids, the
abundance of this lipid in the bilayer phase decreases and
the lateral membrane pressure should be lower compared to
that of OL plants. One can speculate that decreasing the
membrane pressure causes an alteration in the binding
properties of trimeric LHCII to PSII supercomplexes, leading
to its unbinding. This could trigger the reorganization of PSII
supercomplexes into 2D semicrystalline arrays. Interestingly,
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decreasing the level of unsaturation of thylakoid fatty acids
leads to a dissociation of LHCII form PSII (35). Noteworthy,
it is expected that this treatment causes a decrease of lateral
membrane pressure (36). It has been suggested that the
thylakoid bilayer structure is stabilized not only by the
membrane proteins but also by carotenoids. There is strong
evidence that most of the xanthophylls (violaxanthin, zeax-
anthin, and antheraxanthin) are free in the lipid phase (37,
38), and it has been suggested that these stabilize the bilayer
structure (39-41). The amount of xanthophylls decreases
with low irradiation during growth (42), which means that
there are fewer xanthophylls in our low-light vesicles and
hence there is less stabilization. This could be the primary
reason for formation of HII phases, in our LL grana
thylakoids, followed by less space for proteins and an
decrease in lateral pressure. Furthermore, the MGDG to total
lipid ratio decreases in cold- or salt-stressed plants (43, 44),
indicating that the lateral membrane pressure could be of
physiological significance. It seems that stress in general
induces HII phase formation, so one might conclude that
very low light is a stress factor. However, further studies
are necessary to understand the relationship between mem-
brane pressure and protein organization in thylakoids.

This study shows that growing plants under low photon
flux densities leads to a remodeling of the protein complex
composition which improves the light-harvesting function.
This was accompanied by a lateral segregation in grana
thylakoids: Highly ordered semicrystalline PSII arrays
occurred in the same membrane patch with unordered
regions. Probably this rearrangement could be a response to
potential lateral diffusion problems associated with the
increased abundance of smaller LHCII complexes and the
dilution of PSII and cytochromeb6f complexes.
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