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SUMMARY

Plant photosystem II (PSII) is organized into large supercomplexes with variable levels of membrane-bound

light-harvesting proteins (LHCIIs). The largest stable form of the PSII supercomplex involves four LHCII tri-

mers, which are specifically connected to the PSII core dimer via monomeric antenna proteins. The PSII

supercomplexes can further interact in the thylakoid membrane, forming PSII megacomplexes. So far, only

megacomplexes consisting of two PSII supercomplexes associated in parallel have been observed. Here we

show that the forms of PSII megacomplexes can be much more variable. We performed single particle elec-

tron microscopy (EM) analysis of PSII megacomplexes isolated from Arabidopsis thaliana using clear-native

polyacrylamide gel electrophoresis. Extensive image analysis of a large data set revealed that besides the

known PSII megacomplexes, there are distinct groups of megacomplexes with non-parallel association of

supercomplexes. In some of them, we have found additional LHCII trimers, which appear to stabilize the

non-parallel assemblies. We also performed EM analysis of the PSII supercomplexes on the level of whole

grana membranes and successfully identified several types of megacomplexes, including those with non-

parallel supercomplexes, which strongly supports their natural origin. Our data demonstrate a remarkable

ability of plant PSII to form various larger assemblies, which may control photochemical usage of absorbed

light energy in plants in a changing environment.

Keywords: clear native polyacrylamide electrophoresis, Arabidopsis thaliana, photosystem II, megacomplex,

single particle electron microscopy, grana membrane.

INTRODUCTION

Photosystem II (PSII) is one of the key protein complexes

involved in light reactions of photosynthesis. It is embed-

ded in thylakoid membranes of cyanobacteria, algae and

higher plants, where it uses captured light energy for split-

ting water molecules. In cooperation with other protein

complexes such as photosystem I (PSI) and cytochrome

b6f complex, it participates in the production of energeti-

cally rich molecules of ATP and NADPH, which drive reac-

tions of CO2 assimilation.

Plant PSII consists of a dimeric core complex (C2) and a

variable number of light-harvesting proteins (Lhcb1–
Lhcb6), which form light-harvesting complex II (LHCII). The

major part of the plant LHCII is represented by LHCII tri-

mers, which consist of three Lhcb proteins (Lhcb1–Lhcb3),
and which are associated with C2 via monomeric antenna

proteins Lhcb4 (also called CP29), Lhcb5 (CP26) and Lhcb6

(CP24). According to the strength of their binding to C2, the

LHCII trimers were designated as ‘S’ and ‘M’ (strongly and

moderately bound LHCII, respectively; Dekker and Boe-

kema, 2005; Kou�ril et al., 2012). Occasionally, C2 can also

associate with the ‘L’ (loosely bound) trimers (Boekema

et al., 1999a). Single-particle electron microscopy (EM)

analysis of PSII in various land plant species indicates that

the C2S2M2 supercomplex is the largest stable form of the

PSII supercomplex. In this supercomplex, C2 associates

with four LHCII trimers: two of them are strongly bound (S

trimers) at the side of Lhcb5, and two of them are moder-

ately bound (M trimers) via Lhcb4 and Lhcb6 (Boekema

et al., 1995; Caffarri et al., 2009). A recent finding has

revealed that the composition and architecture of the

C2S2M2 supercomplex is not conserved through all land

plant species. Two land plant groups lack Lhcb3
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(a constituent of the M trimer) and Lhcb6 proteins: the pine

family (Pinaceae) and Gnetales. Apart from as yet unspeci-

fied physiological consequences, the absence of these pro-

teins results in a structural modification of the C2S2M2

supercomplex. This modified supercomplex is unique

among land plants (Kou�ril et al., 2016) and resembles its

counterpart in green alga Chlamydomonas reinhardtii

(Tokutsu et al., 2012; Drop et al., 2014).

Despite progress in the specification of the positions of

Lhcb proteins in PSII supercomplexes, there are still some

Lhcb proteins with unclear localization. Biochemical analy-

sis indicates that in the thylakoid membrane, up to eight

LHCII trimers can be present per C2 (Peter and Thornber,

1991; van Oort et al., 2010; Kou�ril et al., 2013); however,

the binding capacity of C2 is limited to six LHCII trimers

(including the L trimers). The remaining LHCIIs have

so far been considered to be ‘free’ in the thylakoid

membrane.

Besides a demand for the improvement of structural

information about the PSII supercomplexes, the investiga-

tion of their organization in thylakoid membranes is also

highly relevant. Considering that the excitation energy

transfer between pigment-protein complexes strongly

depends on their mutual distances, the interactions and

connectivity between adjacent PSII complexes in the thy-

lakoid membrane are very important for the regulation and

optimization of their photochemical yield (e.g. van Oort

et al., 2010; Amarnath et al., 2016). Most of the EM studies

suggest that the organization of PSII supercomplexes in

the thylakoid membrane is random (Dekker and Boekema,

2005; Kou�ril et al., 2012); however, in some cases a prefer-

ence for a parallel association of PSII supercomplexes into

megacomplexes was observed both on the level of isolated

protein complexes (see Dekker and Boekema, 2005) and in

isolated grana membranes (Kirchhoff et al., 2008). The

mutual interaction between two parallel PSII supercom-

plexes involves C2, the M trimers, and the minor antenna

proteins Lhcb5 and Lhcb6. S trimers and the Lhcb4 protein

were also shown to be able to mediate the interaction

between supercomplexes, but only in the case of the smal-

ler C2S2 supercomplexes (Boekema et al., 1999a,b; Yaku-

shevska et al., 2001a). The megacomplexes can further

associate into various semi-crystalline arrays, which have

been often observed in grana thylakoid membranes (Boe-

kema et al., 1999a,b, 2000; Yakushevska et al., 2001a,b;

Kirchhoff et al., 2007; Daum et al., 2010; Kou�ril et al., 2013).

A mechanism controlling the formation of the megacom-

plexes and semi-crystalline arrays, as well as their func-

tional relevance, is still not fully understood; however,

there is increasing evidence that these structures, in anal-

ogy with respiratory megacomplexes in mitochondria (see

e.g. Dudkina et al., 2010 for review), are important for the

regulation and optimization of photosynthetic processes

and small protein traffic (for reviews, see e.g. Kou�ril et al.,

2012; Kirchhoff, 2013; Tietz et al., 2015), and may also con-

tribute to grana formation (Daum et al., 2010).

In this work, we have revealed a remarkable ability of

PSII supercomplexes from Arabidopsis thaliana to form

variable types of megacomplexes. Apart from the known

parallel association of two PSII supercomplexes, we have

also found variable associations between two non-parallel

PSII supercomplexes. In some megacomplexes, novel

binding positions for additional LHCII trimers (including

the LHCII trimers so far considered to be ‘free’) were

revealed at the sides of the S and M trimers. Importantly,

we have also found some of these megacomplexes on the

level of grana membranes, which evidences their natural

origin. We propose that a dynamic formation of different

types of PSII megacomplexes can optimize photochemi-

cal utilization of absorbed light energy under variable

environmental conditions.

RESULTS

Separation of PSII megacomplexes using CN-PAGE

The PSII supercomplexes and megacomplexes can be sep-

arated from gently solubilized thylakoid membranes by

ultracentrifugation using sucrose gradient (Caffarri et al.,

2009) or by clear/blue-native polyacrylamide gel elec-

trophoresis (CN/BN-PAGE; e.g. J€arvi et al., 2011). The

advantage of CN/BN-PAGE is that it provides well-focused

protein zones. In order to preserve the integrity and to

maximize the yield of PSII megacomplexes, a mild deter-

gent such as n-dodecyl a-D-maltoside is often used. We

solubilized thylakoid membranes from A. thaliana leaves

using this detergent and modified the gradient of the

resolving gel in order to achieve the optimal resolution of

pigment-protein complexes of the highest molecular

weight. Figure 1(a) shows that a combination of these

approaches ensured a clear separation of PSII- and PSI-

containing supercomplexes and PSII megacomplexes at

the expense of the small protein complexes/proteins, such

as trimeric or monomeric LHCII (see the band at the bot-

tom part of the gel).

To clarify the band assignment, we measured chloro-

phyll fluorescence from the whole gel at room temperature

(22 �C) using a gel imager (Figure 1a). As the quantum

yield of PSII fluorescence at room temperature is much

higher than the quantum yield of PSI fluorescence, this

measurement enabled us to identify both types of photo-

systems. Using this approach, PSI supercomplexes (PSI

core with LHCI) were identified in a relatively dense band

with undetectable fluorescence (see Figure 1a). In native

electrophoresis of pigment-protein complexes from thy-

lakoid membranes (BN-PAGE and CN-PAGE), the PSII core

dimer migrates close to the PSI supercomplex because it

has similar molecular weight (e.g. L�ıpov�a et al., 2010; J€arvi

et al., 2011). In our gel, the PSII core dimer is represented

© 2016 The Authors
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by a very faint green band, which can be observed just

below the PSI supercomplex band and which has high

chlorophyll fluorescence yield. The fluorescence imaging

of the gel further revealed that the green bands above the

PSI supercomplex band are highly fluorescent, i.e. that

they contain PSII. Based on the analogy with many papers

dealing with native electrophoresis of chlorophyll-contain-

ing proteins from thylakoids (e.g. J€arvi et al., 2011; Alba-

nese et al., 2016), we designated the group of bands above

the PSI supercomplex band as PSII supercomplexes and

PSII megacomplexes.

It is clearly visible that the yield of isolated PSII mega-

complexes is much smaller compared with the yield of

supercomplexes. The lower yields of PSII megacomplexes

can be caused either by lower stability during the isolation

procedure (both solubilization and separation by CN-

PAGE) or by a lower abundance in the thylakoid

membrane. In order to characterize the structure and the

composition of the separated megacomplexes, we excised

the corresponding green band from the gel, extracted the

pigment-protein megacomplexes by spontaneous elution

and performed their detailed structural characterization by

single-particle EM and image analysis.

PSII megacomplexes with specifically associated

supercomplexes

Figure 1(b) shows an electron micrograph of a negatively

stained specimen, where several PSII megacomplexes of

different shape can be distinguished. Image processing of

a large number of projections (about 50 000) selected from

almost 12 000 micrographs revealed the presence of 13 dif-

ferent types of megacomplexes. Each megacomplex

consisted of two PSII supercomplexes. Based on the

mutual position of individual PSII supercomplexes, the PSII

megacomplexes could be divided into two groups.

Whereas the first group represents the majority of mega-

complexes (about 80% of the data set), with the PSII super-

complexes associated in parallel (Figure 2a–f), the second

group (about 20% of the data set) represents PSII

supercomplexes interacting in a non-parallel manner (Fig-

ure 2g–m). In order to reveal the architecture of individual

megacomplexes in detail, the EM projection maps were

fitted with the pseudo-atomic X-ray model of the PSII

supercomplex (Caffarri et al., 2009). It is obvious that most

of the megacomplexes are formed by two copies of the

complete C2S2M2 supercomplex (Figure 3), with the excep-

tion of onemegacomplex that lacks oneM trimer (Figure 3l).

Interestingly, the detailed image analysis revealed the

presence of additional LHCII trimers in some of the mega-

complexes (Figure 3e,f,g,k). These LHCII trimers are not

regular constituents of PSII supercomplexes and so far have

been assumed to be ‘free’ in the thylakoid membrane. Our

results indicate that these trimers can interact with PSII

supercomplexes at as yet uncharacterized binding sites.

Electron microscopy of grana membranes

In order to investigate the physiological relevance of the

PSII megacomplexes separated using CN-PAGE, we also

searched for megacomplexes on the level of isolated grana

membranes. Figure 4(a) shows an example of an electron

micrograph of the grana membrane with resolved densi-

ties of PSII complexes. Projections of individual PSII com-

plexes were selected and processed by image analysis. If

there are any specific interactions between some of these

(a) (b)
Figure 1. Separation and imaging of Arabidopsis

thaliana pigment-protein complexes. (a) Clear-

native polyacrylamide gel electrophoresis (CN-

PAGE) separation of pigment-protein complexes

from thylakoid membranes solubilized by n-dodecyl

a-D-maltoside. The red frame indicates the band

with megacomplexes subjected to elution and sub-

sequent single-particle electron microscopy analy-

sis. The black and white image represents the

chlorophyll fluorescence emission detected from

the same gel. The fluorescence signal was detected

through a bandpass filter (690–720 nm); the excita-

tion wavelength was 460 nm. (b) Part of the elec-

tron micrograph of a negatively stained specimen

with photosystem II (PSII) megacomplexes. The

colour frames highlight different forms of PSII

megacomplexes.

© 2016 The Authors
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neighbouring PSII complexes in the grana membrane, they

should be revealed as distinct classes after image process-

ing. Indeed, image analysis revealed five specific classes

with resolved densities of pairs of PSII core complexes

(Figure 4b–f). Based on their mutual distance and orienta-

tion, we were able to link these pairs to the corresponding

class averages of PSII megacomplexes separated using

CN-PAGE (Figure 4g–k). Using this approach, the PSII

megacomplexes with both parallel and non-parallel associ-

ation of PSII supercomplexes were identified in the granal

thylakoid membrane, with the parallel associations being

about two times more abundant than the non-parallel

associations. This result provides evidence that the PSII

megacomplexes separated using CN-PAGE represent

native PSII structures appearing in thylakoid membranes.

DISCUSSION

Structural studies of plant PSII revealed its remarkable abil-

ity to form variable types of PSII supercomplexes, consist-

ing of PSII core and Lhcb proteins. Moreover, the

proximity of PSII supercomplexes in the grana membrane

enables the formation of larger assemblies, i.e. PSII

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l) (m)

Figure 2. Structural characterization of photosystem II (PSII) megacomplexes: (a–f) represent the megacomplexes with parallel orientation of PSII supercom-

plexes, whereas (g–m) represent the megacomplexes formed by two supercomplexes associated in non-parallel manner. The total sums of particles contributing

to the final images: (a) 1637, 4%; (b) 8411, 22%; (c) 16 928, 45%; (d) 2105, 6%; (e) 378, 1%; (f) 779, 2%; (g) 1640, 4%; (h) 418, 1%; (i) 2789, 7%; (j) 506, 1%; (k) 582,

2%; (l) 488, 1%; (m) 1082 (3%). The percentages indicate the relative abundance of the particular form of PSII megacomplex.

© 2016 The Authors
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megacomplexes or even structures of higher order (see

Dekker and Boekema, 2005; Kou�ril et al., 2012 for reviews).

Assembly/disassembly of PSII supercomplexes or mega-

complexes modulates the antenna size of PSII, which was

found to have an influence on the overall photochemical

yield (e.g. Amarnath et al., 2016). These changes of higher

PSII organization can represent one of the responses of

plants to dynamic changes of environmental conditions,

such as light intensity (Ballottari et al., 2007; Kou�ril et al.,

2013). A recent theoretical study indicates that the excita-

tion can move diffusively through the antenna proteins

within a radius of about 50 nm until it reaches the reaction

center (Amarnath et al., 2016). As the dimensions of the

PSII supercomplex C2S2M2 are 20 nm 9 33 nm, the excita-

tion can thus be shared within the whole megacomplex

formed by two supercomplexes.

Our structural analysis of PSII megacomplexes sepa-

rated using CN-PAGE revealed that a majority of them is

formed by the parallel association of two PSII supercom-

plexes (Figures 2a–f and 3a–f). The reason for their abun-

dance can be their higher structural stability when

compared with the megacomplexes formed by the non-

parallel association of PSII supercomplexes. Alternatively,

it could reflect the fact that the megacomplexes with PSII

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l) (m)

Figure 3. Structural models of the PSII megacomplexes shown in Figure 2. (a–m) Photosystem II (PSII) megacomplexes fitted with the proposed PSII crystalline

structure, as published by Caffarri et al. (2009). Individual PSII subunits are color-coded in the following manner: pale green, core complex; blue, M trimer;

orange, S trimer; magenta, additional LHCII trimers; yellow, Lhcb4; green, Lhcb5; red, Lhcb6.

© 2016 The Authors
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supercomplexes associated in parallel originate from solu-

bilized semi-crystalline arrays, which appear occasionally

in grana membranes (Boekema et al., 1999a,b, 2000; Yaku-

shevska et al., 2001a,b; Kirchhoff et al., 2007; Daum et al.,

2010; Kou�ril et al., 2013).

In the most abundant megacomplexes, PSII supercom-

plexes interact in parallel via core complexes, M trimers,

and Lhcb5 and Lhcb6 proteins (Figure 3a–c). Obviously,

the involvement of all these components in the interaction

increases the overall stability of megacomplexes, resulting

in their relatively high abundance; however, it seems that

the interaction between Lhcb5 and the core complex alone

is strong enough for the formation of the ‘parallel’ PSII

megacomplex (Figure 3d). Moreover, novel types of PSII

megacomplexes that consist of the parallel supercom-

plexes and additional LHCII trimers were revealed (Fig-

ure 3e,f). The additional LHCII trimers seem to be

indispensable for the stability of these megacomplexes, as

no analogous PSII megacomplexes lacking these addi-

tional trimers were detected.

In addition to the parallel association of the PSII super-

complexes into megacomplexes, the PSII megacomplexes

with non-parallel orientation of supercomplexes were

detected for the first time (Figure 3g–m). As in the previous

case, the supercomplex interactions within these mega-

complexes are mediated by core complexes, S and M tri-

mers, Lhcb5 and Lhcb6 proteins, and additional LHCII

trimers, although not all components are always involved

in the megacomplex formation. As a result of the asym-

metric structure, these megacomplexes lack the possibility

to form an arrangement similar to two-dimensional

crystals.

Another interesting question that can be at least partially

answered by our structural study is which subunits are, in

general, essential for the formation of PSII megacomplexes.

Their identification will help to understand a regulatory

mechanism controlling the formation and dissociation of

these megacomplexes. We propose that the contribution of

Lhcb5 to PSII megacomplex formation is the most signifi-

cant, as it participates to some extent in the formation of all

types of PSII megacomplexes, even in those where Lhcb6

and the M trimer are not involved (Figure 3d–f).
In the grana membrane, most of the PSII supercom-

plexes seem to be randomly organized (Figure 4; see also

Kou�ril et al., 2013); however, the observed variability in the

architecture of the PSII megacomplexes separated using

(a)

(b) (c) (d) (e) (f)

(g) (h) (i) (j) (k)

Figure 4. Photosystem II (PSII) megacomplexes

found within an intact thylakoid membrane. (a) An

example of an electron micrograph of negatively

stained thylakoid membrane isolated from Ara-

bidopsis thaliana, with densities corresponding to

the PSII core complex indicated by white arrows.

(b–f) PSII megacomplexes found within the

thylakoid membrane (the number of summed pro-

jections was 1838, 2620, 940, 682 and 825, respec-

tively). (g–k) PSII megacomplex analogs found in

the sample separated by clear-native polyacryla-

mide gel electrophoresis (CN-PAGE). (g–k) Mega-

complexes (a), (b), (h), (i) and (j), respectively, from

Figure 2. The red frames surround core complexes

of individual PSII supercomplexes and highlight

that the megacomplexes found in the thylakoid

membrane match with those obtained using CN-

PAGE.

© 2016 The Authors
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CN-PAGE indicates that what originally looked like com-

plete randomness can at least partially be explained by the

abundance of specific megacomplex forms. Image analysis

of PSII supercomplexes within the grana membrane

revealed specific associations of PSII supercomplexes

(both parallel and non-parallel interactions), which nicely

corresponds with the structures of PSII megacomplexes

isolated using CN-PAGE (Figure 4). In light of these results,

we realize that the positions of interacting PSII supercom-

plexes that we observed previously in the cryo-tomogram

of the grana membranes (Kou�ril et al., 2011) do not have

to be random, but can indeed be specific.

Taken together, the two sets of characterized PSII mega-

complexes (with parallel and non-parallel arrangements of

PSII supercomplexes) indicate that there are more LHCII tri-

mers bound in specific positions to PSII than has been con-

sidered previously (Dekker and Boekema, 2005). This fact

reduces the pool of ‘free’ LHCII trimers and supports the

idea of a more defined packing of all PSII-related compo-

nents in the grana membrane. The packing of PSII super-

complexes with ‘free’ LHCII trimers can be important for

the regulation of effective PSII antenna size. The dynamic

formation/disintegration of PSII megacomplexes can effi-

ciently manage the utilization of absorbed light energy by

PSII supercomplexes, as it enables the contact points

between PSII reaction centers and adjacent antenna pro-

teins to change. Nevertheless, the physiological signifi-

cance and potential benefit of the formation of PSII

megacomplexes under varying environmental conditions

remains to be elucidated.

EXPERIMENTAL PROCEDURES

Plant material and sample preparation

Arabidopsis thaliana plants were grown in a growth chamber at
21°C, with an 8-h light/16-h dark photoperiod, at an irradiance of
100 lmol photons m–2 s–1 of photosynthetically active radiation
(400–700 nm). Thylakoid membranes were isolated from 8-week-
old plants using the protocol described by Dau et al. (1995). The
chlorophyll content in the final thylakoid membrane suspension
was determined by a pigment extraction into 80% acetone (Licht-
enthaler, 1987). Thylakoid membranes with 10 lg of chlorophylls
were solubilized with n-dodecyl a-D-maltoside using a detergent:
chlorophyll mass ratio of 20, and supplemented with sample buf-
fer (50 mM HEPES, pH 7.2, 400 mM sucrose, 5 mM MgCl2, 15 mM
NaCl, 10% glycerol) to a final volume of 30 ll. Non-solubilized
membranes were removed by a short centrifugation (22 000 g,
4°C). After centrifugation, the supernatant was immediately
loaded onto a polyacrylamide gel with 4–8% gradient resolving
gel and 4% stacking gel (Wittig et al., 2007). The electrophoretic
separation was conducted in a Bio-Rad Mini protean tetra cell sys-
tem (Bio-Rad, http://www.bio-rad.com), starting with a constant
current of 4 mA for 15 min and then continuing with a constant
current of 7 mA until the front reached the bottom of the resolving
gel. The CN-PAGE gel was analyzed using a gel scanner
Amersham Imager 600RGB (GE HealthCare Life Sciences, http://
www.gelifesciences.com). To visualize all the bands, the gel was

scanned in transmission mode using white light illumination. The
black and white image of the same gel was acquired in fluorescent
mode to identify PSI- and PSII-containing bands. The excitation
wavelength was 460 nm and the fluorescence signal was detected
through a bandpass filter (690–720 nm). Subsequent elution of
protein complexes from the gel and the preparation of the speci-
men for EM analysis was performed according to the procedure
described by Kou�ril et al. (2014).

Grana membranes were obtained by the solubilization of thy-
lakoid membranes using digitonin (0.5 mg of chlorophylls per ml,
0.5% digitonin in buffer; 20 mM HEPES, pH 7.5, 5 mM MgCl2).
Incubation (20 min at 4°C while slowly stirred) was followed by
centrifugation in an Eppendorf table centrifuge (5 min, 12 000 g,
4°C). The pellet with the non-solubilized grana thylakoid mem-
branes was used for EM analysis.

Electron microscopy and image processing

Electron microscopy was performed on a Tecnai G2 20 Twin
electron microscope (FEI, http://www.fei.com) equipped with a
LaB6 cathode, operated at 200 kV. Images were recorded with an
UltraScan 4000 UHS CCD camera (Gatan, http://www.gatan.com),
either at 130 0009 magnification (in the case of isolated PSII
megacomplexes) or at 80 0009 magnification (in the case of
grana membranes), with a pixel size of 0.224 and 0.375 nm,
respectively, at the specimen level after binning the images to
2048 9 2048 pixels. GRACE (Oostergetel et al., 1998) was used for
the semi-automated acquisition of about 12 000 images, from
which a data set of about 50 000 single-particle projections of
PSII megacomplexes separated by CN-PAGE was obtained. Sin-
gle-particle image analysis (see e.g. Boekema et al., 2009) was
performed using GRIP and RELION (Scheres, 2012). Image analysis
revealed that about 75% of the projections from the data set
could be assigned to one of the distinct classes. The remaining
25% of the data set represented projections of the PSI-NDH
supercomplex (Kou�ril et al., 2014), which co-migrated with the
PSII megacomplexes during CN-PAGE separation, and projec-
tions of other unassigned particles. In the case of grana mem-
branes, about 800 images were recorded and about 20 000
projections of PSII particles were manually selected. Image anal-
ysis using RELION revealed that about 35% of the projections from
the data set could be resolved into five specific classes, for
which we were able to reliably determine the mutual orientation
of the PSII core complexes. The remaining 65% of the projec-
tions represented classes where the orientation could not be
determined, either because of a low signal to noise ratio (i.e. a
small number of particles) or because of non-specific interactions
between the adjacent PSII complexes.

ACKNOWLEDGEMENTS

This work was supported by the Grant Agency of the Czech
Republic (project 13-28093S/P501 to R.K.), by a Marie Curie Career
Integration Grant call FP7-PEOPLE-2012-CIG (322193 to R.K.) and
by grant LO1204 (Sustainable development of research in the Cen-
tre of the Region Han�a) from the National Program of Sustainabil-
ity I from the Ministry of Education, Youth and Sports, Czech
Republic. Work at the University of Groningen was supported by
NWO Chemical Sciences (http://www.nwo.nl). We thank Dr Iva
Il�ıkov�a for editing the article. The authors declare no conflicts of
interest.

REFERENCES

Albanese, P., Manfredi, M., Meneghesso, A., Marengo, E., Saracco, G., Bar-

ber, J., Morosinotto, T. and Pagliano, C. (2016) Dynamic reorganization

© 2016 The Authors
The Plant Journal © 2016 John Wiley & Sons Ltd, The Plant Journal, (2017), 89, 104–111

110 Luk�a�s Nosek et al.

http://www.bio-rad.com
http://www.gelifesciences.com
http://www.gelifesciences.com
http://www.fei.com
http://www.gatan.com
http://www.nwo.nl


of photosystem II supercomplexes in response to variations in light

intensities. Biochim. Biophys. Acta 1857, 1651–1660.
Amarnath, K., Bennet, D.I.G., Schneider, A.R. and Fleming, G.R. (2016) Mul-

tiscale model of light harvesting by photosystem II in plants. Proc. Natl

Acad. Sci. USA 113, 1156–1161.
Ballottari, M., Dall0Osto, L., Morosinotto, T. and Bassi, R. (2007) Contrasting

behavior of higher plant photosystem I and II antenna systems during

acclimation. J. Biol. Chem. 282, 8947–8958.
Boekema, E.J., Hankamer, B., Bald, D., Kruip, J., Nield, J., Boonstra, A.F.,

Barber, J. and R€ogner, M. (1995) Supramolecular structure of the photo-

system II complex from green plants and cyanobacteria. Proc. Natl Acad.

Sci. USA 92, 175–179.
Boekema, E.J., van Roon, H., Calkoen, F., Bassi, R. and Dekker, J.P. (1999a)

Multiple types of association of photosystem II and its light-harvesting

antenna in partially solubilized photosystem II membranes. Biochem-

istry, 38, 2233–2239.
Boekema, E.J., van Roon, H., van Breemen, J.F.L. and Dekker, J.P. (1999b)

Supramolecular organization of photosystem II and its light-harvesting

antenna in partially solubilized photosystem II membranes. Eur. J. Bio-

chem. 266, 444–452.
Boekema, E.J., van Breemen, J.F.L., van Roon, H. and Dekker, J.P. (2000)

Arrangement of photosystem II supercomplexes in crystalline macrodo-

mains within the thylakoid membrane of green plant chloroplasts. J.

Mol. Biol. 301, 1123–1133.
Boekema, E.J., Folea, M. and Kou�ril, R. (2009) Single particle electron micro-

scopy. Photosynth. Res. 102, 189–196.
Caffarri, S., Kou�ril, R., Kereiche, S., Boekema, E.J. and Croce, R. (2009) Func-

tional architecture of higher plant photosystem II supercomplexes.

EMBO J. 28, 3052–3063.
Dau, H., Andrews, J., Roelofs, T., Latimer, M., Liang, W., Yachandra, V.,

Sauer, K. and Klein, M. (1995) Structural consequences of ammonia

binding to the manganese center of the photosynthetic oxygen-evol-

ving complex: an X-ray absorption spectroscopy study of isotropic

and oriented photosystem II particles. Biochemistry, 34, 5274–5287.
Daum, B., Nicastro, D., Austin, J., McIntosh, J. and K€uhlbrandt, W. (2010)

Arrangement of photosystem II and ATP synthase in chloroplast mem-

branes of spinach and pea. Plant Cell, 22, 1299–1312.
Dekker, J.P. and Boekema, E.J. (2005) Supramolecular organization of thy-

lakoid membrane proteins in green plants. Biochim. Biophys. Acta 1706,

12–39.
Drop, B., Webber-Birungi, M., Yadav, S.K., Filipowicz-Szymanska, A.,

Fusetti, F., Boekema, E.J. and Croce, R. (2014) Light-harvesting complex

II (LHCII) and its supramolecular organization in Chlamydomonas rein-

hardtii. Biochim. Biophys. Acta 1837, 63–72.
Dudkina, N.V., Kou�ril, R., Peters, K., Braun, H.P. and Boekema, E.J. (2010)

Structure and function of mitochondrial supercomplexes. Biochim. Bio-

phys. Acta 1797, 664–670.
J€arvi, S., Suorsa, M., Paakkarinen, V. and Aro, E.M. (2011) Optimized native

gel systems for separation of thylakoid protein complexes: novel super-

and mega-complexes. Biochem. J. 439, 207–214.
Kirchhoff, H. (2013) Architectural switches in plant thylakoid membranes.

Photosynth. Res. 116, 481–487.
Kirchhoff, H., Haase, W., Wegner, S., Danielsson, R., Ackermann, R. and

Albertsson, P.A. (2007) Low-light-induced formation of semicrystalline

photosystem II arrays in higher plant chloroplast. Biochemistry, 46,

11169–11176.

Kirchhoff, H., Lenhert, S., B€uchel, C., Chi, L. and Nield, J. (2008) Probing the

organization of photosystem II in photosynthetic membranes by atomic

force microscopy. Biochemistry, 47, 431–440.
Kou�ril, R., Oostergetel, G.T. and Boekema, E.J. (2011) Fine structure of

granal thylakoid membrane organization using cryo electron tomogra-

phy. Biochim. Biophys. Acta 1807, 368–374.
Kou�ril, R., Dekker, J.P. and Boekema, E.J. (2012) Supramolecular organiza-

tion of photosystem II in green plants. Biochim. Biophys. Acta 1817, 2–12.
Kou�ril, R., Wientjes, E., Bultema, J.B., Croce, R. and Boekema, E.J. (2013)

High-light vs. low-light: effect of light acclimation on photosystem II

composition and organization in Arabidopsis thaliana. Biochim. Biophys.

Acta 1827, 411–419.
Kou�ril, R., Strouhal, O., Nosek, L., Lenobel, R., Chamr�ad, I., Boekema, E.J.,

�Sebela, M. and Il�ık, P. (2014) Structural characterization of a plant photo-

system I and NAD(P)H dehydrogenase supercomplex. Plant J. 77, 568–
576.

Kou�ril, R., Nosek, L., Barto�s, J., Boekema, E.J. and Il�ık, P. (2016) Evolution-

ary loss of light-harvesting proteins Lhcb6 and Lhcb3 in major land plant

groups - break-up of current dogma. New Phytol. 210, 808–814.
Lichtenthaler, H.K. (1987) Chlorophylls and carotenoids. Pigments of photo-

synthetic biomembranes. In Methods in Enzymology (Colowick, S.P. and

Kaplan, N.O., eds). San Diego/New York: Academic Press, pp. 350–382.
L�ıpov�a, L., Krch�n�ak, P., Komenda, J. and Il�ık, P. (2010) Heat-induced disas-

sembly and degradation of chlorophyll-containing protein complexes

in vivo. Biochim. Biophys. Acta 1797, 63–70.
van Oort, B., Alberts, M., de Bianchi, S., Dall0Osto, L., Bassi, R., Trinkunas,

G., Croce, R. and van Amerongen, H. (2010) Effect of antenna-depletion

in photosystem II on excitation energy transfer in Arabidopsis thaliana.

Biophys. J . 98, 922–931.
Oostergetel, G.T., Keegstra, W. and Brisson, A. (1998) Automation of speci-

men selection and data acquisition for protein electron crystallography.

Ultramicroscopy, 74, 47–59.
Peter, G.F. and Thornber, J.P. (1991) Biochemical composition and organi-

zation of higher plant photosystem II light harvesting pigment-proteins.

J. Biol. Chem. 266, 16745–16754.
Scheres, S.H. (2012) RELION: implementation of a Bayesian approach to

cryo-EM structure determination. J. Struct. Biol. 180, 519–530.
Tietz, S., Puthiyaveetil, S., Enlow, H.M. et al. (2015) Functional implications

of photosystem II crystal formation in photosynthetic membranes. J.

Biol. Chem. 290, 14091–14106.
Tokutsu, R., Kato, N., Bui, K.H., Ishikawa, T. and Minagawa, J. (2012) Revis-

iting the supramolecular organization of Photosystem II in Chlamy-

domonas reinhardtii. J. Biol. Chem. 287, 31574–31581.
Wittig, I., Karas, M. and Schagger, H. (2007) High resolution clear native

electrophoresis for in-gel functional assays and fluorescence studies of

membrane protein complexes. Mol. Cell Proteomics 6, 1215–1225.
Yakushevska, A.E., Jensen, P.E., Keegstra, W., van Roon, H., Scheller, H.S.,

Boekema, E.J. and Dekker, J.P. (2001a) Supermolecular organization of

photosystem II and its associated light-harvesting antenna in Arabidop-

sis thaliana. Eur. J. Biochem. 268, 6020–6028.
Yakushevska, A.E., Ruban, A.V., Jensen, P.E., van Roon, H., Niyogi, K.K.,

Horton, P., Dekker, J.P. and Boekema, E.J. (2001b) Supermolecular orga-

nization of photosystem II and its associated light-harvesting antenna in

the wild- type and npq4 mutant of Arabidopsis thaliana. In Proceedings:

12th International Congress on Photosynthesis. Melbourne, Australia:

CSIRO Publishing, pp. S5-006.

© 2016 The Authors
The Plant Journal © 2016 John Wiley & Sons Ltd, The Plant Journal, (2017), 89, 104–111

Plant photosystem II megacomplexes 111


