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SUMMARY

Conversion of solar energy into chemical energy in plant chloroplasts concomitantly modifies the thylakoid
architecture and hierarchical interactions between pigment-protein complexes. Here, the thylakoids were
isolated from light-acclimated Arabidopsis leaves and investigated with respect to the composition of the
thylakoid protein complexes and their association into higher molecular mass complexes, the largest one
comprising both photosystems (PSIl and PSI) and light-harvesting chlorophyll a/b-binding complexes
(LHCII). Because the majority of plant light-harvesting capacity is accommodated in LHCIl complexes, their
structural interaction with photosystem core complexes is extremely important for efficient light harvesting.
Specific differences in the strength of LHCII binding to PSIl core complexes and the formation of PSIl super-
complexes are well characterized. Yet, the role of loosely bound L-LHCII that disconnects to a large extent
during the isolation of thylakoid protein complexes remains elusive. Because L-LHCIl apparently has a flexi-
ble role in light harvesting and energy dissipation, depending on environmental conditions, its close interac-
tion with photosystems is a prerequisite for successful light harvesting in vivo. Here, to reveal the labile and
fragile light-dependent protein interactions in the thylakoid network, isolated membranes were subjected
to sequential solubilization using detergents with differential solubilization capacity and applying strict
quality control. Optimized 3D-IpBN-IpBN-sodium dodecyl sulfate-polyacrylamide gel electrophoresis system
demonstrated that PSII-LHCIl supercomplexes, together with PSI complexes, hierarchically form larger
megacomplexes via interactions with L-LHCII trimers. The polypeptide composition of LHCII trimers and the
phosphorylation of Lhch1 and Lheb2 were examined to determine the light-dependent supramolecular orga-

CE: Saravanan S
PE: Maheswari S|

Dispatch: 21.10.17
No. of pages: 12

WILEY

nization of the photosystems into megacomplexes.

Keywords: protein megacomplexes, thylakoid membrane,

photosystem, light-harvesting complex,

phosphorylation, native gel electrophoresis, 3D-gel electrophoresis, Arabidopsis thaliana.

INTRODUCTION

The photosynthetic electron transfer chain in the chloro-
plast thylakoid membrane is mediated by multisubunit
protein complexes, including photosystem (PS) Il, cyto-
chrome (Cyt) bef and PSI. Both PSII and PSI are associated
with peripheral light-harvesting complexes (LHC) that col-
lect photon energy to drive solar energy conversion into
chemical energy in reaction centers. PSI is tightly associ-
ated with four LHCI antenna subunits, while the dimeric
PSII core (C,) is accompanied by variable amounts of LHCII
trimers attached with varying strength to PSIl (Boekema
et al., 1999; Kouril et al., 2012). In C,S,-complex, one LHCII
trimer composed of Lhcb1 and Lhcb2 polypeptides is
strongly bound to each PSIl core unit via Lhch5 protein. In
the C,S,M,-complex, an additional trimer, composed of
Lhcb1 and Lhch3 proteins, is moderately bound to each

© 2017 The Authors
The Plant Journal © 2017 John Wiley & Sons Ltd

one of the core monomers via Lhcb4 and Lhcb6 proteins.
Furthermore, depending on light conditions, several addi-
tional L-LHCII-trimers may loosely associate with the
C,S,M,-complex (Kouril et al., 2013). A pool of L-LHCII-tri-
mers may also function as an antenna for PSI under certain
light conditions (Caffarri et al., 2009; Wientjes et al., 2013),
or energetically connect the entire thylakoid membrane
(Wientjes et al., 2013; Benson et al., 2015; Grieco et al.,
2015).

The higher plant thylakoid membrane is heterogeneous,
comprising both grana stacks and inter-connecting stroma
thylakoids. Grana stacking is dependent on the adhesive
forces created by cation screening. The formation of strong
salt bridges between cations and the stroma-exposed parts
of LHCIl proteins on adjacent membrane layers are
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considered the primary stabilizing force of grana stacking
(Murakami and Packer, 1971; Standfuss et al., 2005; Wan
et al, 2014), but interactions between the positively
charged N-terminus with the negatively charged stromal
surface of LHCIl also play a role in grana appression
(Standfuss et al., 2005). Distinct thylakoid subdomains
comprise different compositions of pigment-protein com-
plexes; the appressed grana core mainly consists of PSII-
LHCIlI complexes, while non-appressed stroma thylakoids
are enriched in PSI-LHCI complexes and ATPase (Ander-
sson and Anderson, 1980). The protein complex composi-
tion in the interface of the grana core and stroma
membrane is not as well defined but is enriched in both
photosystems (Albertsson, 2001; Suorsa et al., 2015). The
lateral distribution of Cyt bgf between the appressed and
non-appressed membranes may occur via adjustments of
stromal gap width (Kirchhoff et al., 2017).

During the past decade, with increasing knowledge of
regulation of photosynthetic light reactions and with
accumulation of experimental data from differentially light-
acclimated leaves, the concept of the strict lateral hetero-
geneity (Andersson and Anderson, 1980) of thylakoid
membrane protein complexes has been challenged.
Indeed, the previous use of only dark-acclimated plants as
experimental material masked the tremendous dynamics
in the distribution and interactions of pigment-protein
complexes in the thylakoid membrane. Such flexibility is
essential to guarantee the balance of excitation energy dis-
tribution between PSIl and PSI in naturally fluctuating light
conditions (Galka et al., 2012; Benson et al., 2015; Grieco
et al., 2015; Suorsa et al., 2015). The strictly fine-tuned
interactions of thylakoid protein complexes are mediated
through redox-regulated and opposing phosphorylation—
dephosphorylation of the LHCII trimer polypeptides Lhcb1
and Lhcb2 and PSII core proteins. PSlI core proteins D1, D2
and CP4l@reversibly phosphorylated by STN8 kinase
and count ing PBCP phosphatase (Bonardi et al., 2005;
Samol et al.,, 2012), while the corresponding enzymes for
reversible LHCII phosphorylation include STN7 kinase (Bel-
lafiore et al., 2005) and TAP38/PPH1 phosphatase (Pribil
et al., 2010; Shapiguzov et al., 2010). Reversible phospho-
rylation of Lhcb2 protein may regulate LHCII attachment to
PSI, while Lhcb1 phosphorylation has a role in grana stack-
ing (Pietrzykowska et al., 2014).

Isolation of membrane protein complexes from their
native lipid environments involves the use of mild, non-
ionic detergents with different properties. The most com-
monly used detergent, B-dodecyl maltoside (B-DM),
releases all protein complexes from the entire thylakoid
membrane network (Aro et al., 2005; Jarvi et al., 2011), but
concomitantly destroys weak hydrophobic interactions
between distinct protein complexes (Wittig et al., 2006).
Digitonin (DIG) is superior to p-DM in its ability to maintain
weak interactions between protein complexes, and is

therefore suitable when analyzing labile protein complex
networks. However, the analysis of supramolecular net-
works in the highly heterogeneous thylakoid membrane is
not straightforward because the bulky-structured DIG solu-
bilizes protein complexes only from non-appressed
regions, leaving the grana core fraction insolubilized (Jarvi
et al., 2011; Suorsa et al., 2015). Thus, analysis of thylakoid
heterogeneity with respect to protein complexes encoun-
ters the following dilemma: whether to study the entire
thylakoid network at the cost of losing labile protein—pro-
tein interactions or whether to analyze labile protein com-
plexes only from non-appressed thylakoid domains (Jarvi
et al., 2011). Although a vast amount of valuable functional
and structural information is available from individual pro-
tein complexes, we still miss a holistic understanding of
the thylakoid network, where the function of an individual
complex is never independent of its environment and
interactions with various partners.

Here, by improving the analysis of the heterogeneous
thylakoid membrane, we demonstrate the hierarchical for-
mation of the large PSII-LHCII-PSI megacomplex. The
interaction and regulation of the amount of PSIlI and PSI
allocated to the megacomplex are differentially regulated
via Lhcb1 and Lhcb2 protein phosphorylation.

RESULTS

DIG in aminocaproic acid (ACA) buffer enables gentle
solubilization of the entire thylakoid membrane with
minimal effects on protein-protein interactions

The heterogeneous organization of the thylakoid mem-
brane, composed of both strongly appressed and non-
appressed membranes, is a tremendous challenge for
investigation of the labile supramolecular network of pig-
ment-protein complexes. Here, to improve the holistic
understanding of labile interactions between the protein
complexes in the thylakoid membrane, we demonstrate a
new approach for comprehensive and gentle initial isola-
tion of the protein complexes from the entire thylakoid
membrane.

The mildest non-ionic detergent, DIG in commonly used
bis-tris-HCI (BTH) buffer, releases protein complexes from
non-appressed membranes, while a substantial fraction of
the membrane remains insolubilized (Jarvi et al., 2011). As
shown in Figure 1a and b, the commonly used 1% or 2%
DIG in BTH buffer only partially solubilized the pigment-
protein complexes from the thylakoid membrane, while a
large portion of chlorophyll (chl)-containing complexes
remained insoluble in the pellet (Figure 1a and b;
Table S1). Solubilization of non-appressed membranes is
indicated by the chl a/b ratio (4.5 and 3.7 after 1% and 2%
DIG/BTH treatments, respectively) that exceeded the over-
all thylakoid chl a/b ratio (3.0), and conversely by the chl a/
b ratios of insolubilized pellets that were lower than the

© 2017 The Authors
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overall thylakoid chl a/b ratio (2.7 and 2.5, respectively; Fig-
ure 1a and b; Table S1). Thus, increasing the DIG concen-
tration from 1% to 2% slightly improved the solubilization
but still kept the core of the appressed membranes insolu-
bilized (Figure 1a and b; Table S1). Intriguingly, changing
the BTH buffer to ACA buffer resulted in the solubilization
of almost the entire thylakoid membrane (more than 90%
chl in the solubilized fraction), including appressed grana
stacks (Figure 1c; Table S1). Importantly, the chl a/b ratio
of the solubilized fraction was 3.0, corresponding to that of
the entire thylakoid membrane. This result provided evi-
dence that DIG was equally efficient in solubilizing the
non-appressed stroma and appressed grana thylakoid
membranes. As a control, the thylakoid membrane was
treated with B-DM that, as expected, solubilized 97% of the
thylakoids (Figure 1d; Table S1) with a chl a/b ratio of 3.0,
similar to that of DIG/ACA. Thus, both the one-step DIG/
ACA treatment and B-DM resulted in the solubilization of
almost the entire thylakoid membrane without discrimina-
tion between different thylakoid domains or pigment-pro-
tein complexes.

The next question was whether the thylakoids sus-
pended in ACA preserve the membrane stacking and lat-
eral heterogeneity of the pigment-protein complex
distribution. Low-temperature (77K) chl fluorescence mea-
surement is a well-established method to study the energy
distribution to PSIl and PSI, thus reflecting the structural
organization of thylakoid membrane pigment-protein com-
plexes. To study the relative fluorescence emission of PSII
and PSI, we diluted the thylakoid suspensions in ACA and
BTH buffers, and subsequently recorded their 77K fluores-
cence emission spectra using fully randomized (—MgCl,)
(Murata, 1969) and strictly stacked (+MgCl,) thylakoid

(a) (b) (©)
Chla/b 3.7 Chla/b 3.0

~ ~ ~
40**/, 66%' 91%*97% <\

Chla/b 4.5

Chla/b 2.7 Chla/b 2.5

Thylakoid megacomplexes 3

membranes as controls. Classical cation depletion experi-
ments (Barber, 1980) have demonstrated the destacking of
grana and the consequent randomization of thylakoid
membrane pigment-protein complexes, which concomi-
tantly increase excitation energy flow to PSI (Barber, 1980).

As demonstrated in Figure 2a, the 77K fluorescence
spectra of intact thylakoids were similar independent of
whether the thylakoids were diluted in BTH or ACA buffer,
indicating that ACA did not influence the lateral distribu-
tion of the pigment-protein complexes along the thylakoid
network. In contrast, upon randomization of the thylakoid
membrane by MgCl, depletion, a significant increase in rel-
ative fluorescence emission from PSI (peak at 730 nm) at
the expense of a decrease in fluorescence emission from
PSII (peaks at 685 and 695 nm) indicated a loss of hetero-
geneity in the lateral distribution of thylakoid protein com-
plexes, resulting in increased excitation energy flow to PSI
compared with that to PSIl (Figure 2a). Conversely, com-
pared with thylakoids suspended in BTH or ACA, thy-
lakoids suspended in the presence of extra MgCl, (+MgCl,)
exhibited a decrease in energy flow to PSI, as evidenced
by the low relative fluorescence from PSI (Figure 2a).

The special characteristic of ACA to allow DIG solubiliza-
tion of appressed grana membranes (Figure 1c) without
randomization of membrane protein complexes (Figure 2a)
indicates that ACA allows DIG to enter the tightly
appressed grana partitions, through an unknown mecha-
nism (Figure 2b). It is crucial that the composition and pro-
tein—protein interactions in the thylakoid membrane
remained fairly intact upon ACA treatment, as the random-
ization of the protein complexes, as in the case of MgCl,
depletion, would not provide a reliable basis for imple-
menting the obtained data.

(d)
Chla/b 3.0
N

Chla/b 3.0 Chla/b 3.2

mmm Detergent insoluble
Detergent soluble

Figure 1. Solubilization of thylakoid pigment-protein complexes with different detergent treatments.

Thylakoid membranes were solubilized with (a) 1% digitonin (DIG) in bis-tris-HCI (BTH) buffer, (b) 2% DIG in BTH buffer, (c) 2% DIG in aminocaproic acid (ACA)
buffer or (d) 1% B-dodecyl maltoside (B-DM) in BTH buffer. The insolubilized membranes were pelleted by centrifugation, and the chl content and a/b ratio in the
solubilized fraction (supernatant) and insolubilized fraction (pellet) were determined. The chl concentration and chl a/b ratio were measured from three biologi-

cal replicates.

© 2017 The Authors
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Figure 2. 77K fluorescence emission spectra from intact and detergent-trea-
ted thylakoids.

(a) Fluorescence emission at 77K was recorded from intact thylakoid sam-
ples diluted in bis-tris-HCI (BTH) buffer and aminocaproic acid (ACA) buffer,
as well as from samples with artificially destacked and randomized
(—MgCl,) or excessively stacked (+5 mm MgCl,) grana membranes. The 77K
fluorescence spectra were recorded at a chl concentration of 3pug per
100 pL and normalized to F685.

(b) Schematic presentation of the thylakoid architecture as affected by the
presence/absence of MgCl, and the comparison of BTH and ACA buffers.

(c) Fluorescence emission at 77K was recorded from thylakoid samples sol-
ubilized with 2% digitonin (DIG)/BTH, 2% DIG/ACA or 1% dodecyl maltoside
(DM)/BTH buffer. The fluorescence emission spectra were measured from
the solubilized fraction (supernatant) and normalized to the photosystem |
(PSI) emission peak. The intact thylakoid membrane (green curve) diluted
with BTH buffer was used as a control.

Detergent-specific disconnection of LHCII from the
thylakoid membrane integrity

As demonstrated in Figure 2a, and by the green curve in
Figure 2¢, the 77K fluorescence spectra of intact thylakoid
membranes comprise fluorescence emission peaks at 685
nm and 690 nm, which are both derived from PSII, and at
735 nm derived from PSI. Intact or mechanically fractioned
thylakoids never reveal a 77K fluorescence emission peak
at 680 nm, originating from free LHCIl (Andreeva et al.,
2003; Tikkanen et al., 2008). In contrast, addition of deter-
gents immediately induced a strong 77K fluorescence
emission peak at 680 nm, indicating that a large fraction of
LHCII trimers had become energetically uncoupled and
thus disconnected from the system (Figure 2c). However,
distinct differences exist between the solubilization sys-
tems. Even though both DIG/ACA and B-DM treatments

resulted in solubilization of the entire thylakoid membrane
(Figure 1c and d), there was a significant difference in the
emission from uncoupled LHCII trimers between the two
detergent treatments. 3-DM solubilization resulted in par-
ticularly strong relative fluorescence emission at 680 nm
(Figure 2c), which is indicative of dissociation of a large
fraction of LHCII trimers from the intact thylakoid mem-
brane. Compared with -DM treatment, DIG/ACA treatment
preserved a much larger fraction of LHCII still energetically
coupled to photosystems as demonstrated by remarkably
lower free-LHCIl fluorescence emission at 680 nm (Fig-
ure 2c). DIG/BTH solubilization resulted in only partial solu-
bilization of the thylakoid membrane (i.e. the non-
appressed domains; Figure 1a), and thus cannot be directly
compared with the results obtained with p-DM and DIG/
ACA treatments, which do not show discrimination in solu-
bilization of the different thylakoid domains (grana stacks
versus non-appressed stroma thylakoids and the margins).

Next, we tested the influence of the release of LHCII with
DIG/BTH, DIG/ACA and B-DM treatments on the level of
protein complexes by subjecting thylakoids to two-dimen-
sional (2D)-IpBN-sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). As shown in Figure 3a,
the protein complex patterns of DIG/BTH- and DIG/ACA-
treated samples in one-dimensional (1D)-IpBN-PAGE were
qualitatively similar, whereas p-DM treatment produced a
different pattern of protein complexes. All three thylakoid
treatments with detergents resulted in the release of a pool
of ‘free’ LHCII (Figure 3a); here, this pool is denoted as
loosely bound L-LHCII as it appeared to be the most easily
detachable and detergent-sensitive LHCII structure. DIG/
ACA and B-DM treatments also disconnected a fraction of
larger LHCIl structure, comprised of the LHCII trimer
together with Lhch4 and Lhcb6 proteins (Figure 3a). This
LHCIl represents disconnected M-LHCII (Caffarri et al.,
2009).

Closer inspection of the thylakoid protein complexes in
Figure 3a by 2D-SDS-PAGE revealed the individual protein
composition of each complex (Figures 3b-d and S1) and
allowed for the assignment of the nomenclature of various
complexes in Figure 3a. The identification of the protein
spots is based on our previous mass spectrometry analy-
ses (Aro et al., 2005; Jarvi et al., 2011; Suorsa et al., 2015).
Comparison of the SDS-PAGE gels in Figure 3b-d demon-
strated several differences between the treatments. (i)
Compared with DIG/BTH-treated samples, DIG/ACA-treated
samples, which also included grana core domain com-
plexes, had a much higher abundance of PSIl complexes.
(i) Upon treatment with DIG/ACA, a large fraction of PSI
and almost all PSIl complexes was associated with high
molecular mass super/megacomplexes (Figure 3c). (iii) The
yield of the largest megacomplex (B1) was more pro-
nounced with DIG/ACA treatment than with DIG/BTH treat-
ment. (iv) B-DM solubilization produced smaller complexes

© 2017 The Authors
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Figure 3. Comparison of the thylakoid membrane protein complexes obtained with different detergent treatments.

(a) Thylakoid membranes solubilized with different detergents were separated on 1D-IpBN-polyacrylamide gel electrophoresis (PAGE). The gel was then sliced
and subjected to 2D-sodium dodecyl sulfate (SDS)-PAGE to demonstrate the individual protein composition of each complex. The protein compositions of (b)
2% digitonin (DIG)/bis-tris-HCI (BTH)-, (c) 2% DIG/aminocaproic acid (ACA)- and (d) 1% p-dodecyl maltoside (-DM)/BTH-treated thylakoids were visualized with
SYPRO staining. The dark-green color in the thylakoid membrane illustrations below the 2D-SDS gels demonstrates the region of the thylakoid membrane solu-
bilized by each detergent and used for the analysis. The identification of individual proteins is based on Aro et al. (2005), Jarvi et al. (2011) and Suorsa et al.
(2015).
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(Figure 3d), clearly being unable to preserve the detergent-
sensitive interaction between the protein complexes. Thus,
B-DM disconnected the individual building blocks of the
supramolecular thylakoid network, while DIG/ACA pre-
served a much more intact system.

Comparison of the 77K fluorescence spectra (Figure 2c)
with the composition of protein complexes obtained with
different solubilization systems (Figure 3a-d) demon-
strated that the capability of DIG to maintain larger
supramolecular protein complexes is due to its ability to
maintain more interconnected LHCII, including both M-
LHCII and L-LHCII, in the system. For further characteriza-
tion of complexes B1-B9, see below.

Characterization of the large thylakoid mega- and
supercomplexes

The DIG/ACA-solubilized thylakoid membrane (Figure 3a,
lane DIG/ACA) comprised the largest amount of super- and
megacomplexes. To obtain further insights into the com-
position of these large protein complexes, we used the dif-
ferential capacity of the detergents to maintain the
protein—protein interactions. To this end, the DIG/ACA lane
in Figure 3a was treated with 1% B-DM and then subjected
to second IpBN-PAGE. As demonstrated in Figure 4, 3-DM
treatment broke down weak hydrophobic protein-protein
interactions, which were not affected by DIG, and thus
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Figure 4. Analysis of the building blocks of the supramolecular protein
complex assemblies.

For 2D-IpBN-IpBN-polyacrylamide gel electrophoresis (PAGE), the digitonin
(DIG)/aminocaproic acid (ACA)-solubilized protein complexes separated by
1D-IpBN-PAGE (top horizontal lane) were further treated with B-dodecyl
maltoside (B-DM) and separated into subcomplexes by 2D-IpBN-PAGE. The
ctrl lane on the left represents the thylakoid membranes directly solubilized
with B-DM (1D).

resulted in dissociation of the large complexes into their
subcomplexes during the 2D-IpBN-PAGE. The spots on the
diagonal represent protein complexes with preserved
masses, whereas the complexes below the diagonal repre-
sent dissociated protein  subcomplexes (Figure 4;
Table S2a). Two intriguing observations were made. First,
during 2D-IpBN-PAGE, a large amount of LHCII dissociated
from the large protein super- and megacomplexes present
in the 1D-IpBN-gel (Figure 4). Second, concomitant with
the release of LHCII, the megacomplexes were dissociated
into subcomplexes that, by their molecular mass, were
identical to those obtained with one-step p-DM solubiliza-
tion of the entire thylakoid membrane [the control (ctrl)
lane on the left in Figure 4 represents direct 3-DM solubi-
lization of the entire thylakoid membrane].

To further analyze the composition of each of the DIG/
ACA-solubilized protein complexes (B1-B9), the following
three-dimensional (3D)-PAGE analysis was performed.
First, the 1D-IpBN gel (DIG/ACA lane in Figure 3a) was
sliced to collect the bands representing protein complexes
B1-B9. The excised bands were treated with §-DM and
placed in the well on the top of the second IpBN-PAGE gel.
After electrophoresis, nine lanes (corresponding to protein
complexes dissociated from complexes B1-B9) were cut
out, solubilized with Laemmli buffer and placed horizon-
tally on the top of a SDS-PAGE gel (Figure 5a-i) for 3D-
separation of individual proteins comprising the subcom-
plexes derived from B1-B9 (Figure 5a-i; Table S2b).

Results obtained from the 2D- and 3D-PAGE analyses of
the DIG/ACA-solubilized thylakoid protein complexes
revealed the hierarchical assembly of the larger protein
complexes from the smaller complexes that were released
upon B-DM treatment (Figures 4 and 5a-i; Table S2a and
b). The largest protein megacomplex (B1) obtained with
DIG/ACA treatment was fractioned into four PSII-LHCII
supercomplexes, and into PSI complex, PSIl monomer (C),
M-LHCII and L-LHCII trimer after the p-DM treatment and
subsequent 2D-IpBN-PAGE (Figures 4 and 5a). Notably, the
ATPase was completely absent, while a small amount of
the Cyt bef was detected in B1 (Figure 5a). Only a marginal
amount of B1 retained its mass after 2D-IpBN-PAGE, indi-
cating that the largest thylakoid megacomplex is main-
tained by fragile protein—protein interactions that are
mostly destroyed by -DM. The complexes B2 and B3 dis-
sociated into four and three PSII-LHCIl supercomplexes,
respectively, and into PSII dimer (C,), M-LHCII and L-LHCII
(trimer) (Figures 4, and 5b and c) after the B-DM treatment.
The B2 and B3 bands likely represent large C,S,M5 com-
plexes that due to B-DM-induced gradual release of M-
LHCIl were dissociated into smaller C,S,M, C,S, and C,S
supercomplexes. A small amount of PSI was also detected
in B2 and B3; thus, it is conceivable that large PSI super-
complexes co-migrate with the C,S,M 3 supercomplex in
these bands. The composition of these PSI

© 2017 The Authors
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Figure 5. Three-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the original digitonin (DIG)/aminocaproic acid
(ACA)-solubilized thylakoid membranes.

The bands representing protein complexes B1-B9 in 1D-IpBN-PAGE were solubilized with pB-dodecyl maltoside (B-DM) and run on 2D-IpBN-PAGE gels. The
obtained lanes (horizontal gels a—i) were further solubilized with Laemmli buffer, and the protein subunits were separated on 3D-SDS-PAGE gels. The gels were
stained with SYPRO Ruby.
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megacomplexes remains unknown, but they could repre-
sent dimeric or trimeric PSI complexes or monomeric PSI
complexes together with several LHCII trimers attached.
The B4 band representing PSI-LHCII, ‘state-transition” com-
plex was fractioned into PSI and L-LHCII trimer, composed
of Lhcb1 and Lhcb2 polypeptides (Figures 4 and 5d) as
result of the p-DM treatment. Notably, compared with the
amount of LHCII disconnected from complexes B1-B3 and
B9, the amount of L-LHCII disconnected from B4 was mar-
ginal (Figure 4). The complex B5 (monomeric PSI) retained
its integrity after 2D-IpBN-PAGE (Figure 5e), while in B6
the ATPase broke down into smaller ATPase complexes,
and a large fraction of PSII dimers broke down into mono-
mers (Figures 4 and 5f). The complexes B7-B9 retained
their masses in 2D-IpBN-PAGE (Figure 4) and were further
fractioned into their distinct protein subunits in 3D-SDS-
PAGE (Figure 5g-i).

Even though both photosystems in vivo may form larger
mega- and supercomplexes that are preserved only with
DIG (complexes B1-B4), both $-DM and DIG/ACA treat-
ments also produced individual PSI monomers, PSIl mono-
mers, ATPase and Cyt bgf, indicating that these complexes
are also present independently in vivo in the thylakoid
membrane.

Distribution of distinct LHCIl and P-LHCII proteins in
thylakoid super- and megacomplexes

To elucidate the role and origin of the different LHCII struc-
tures, 2D-IpBN gels (Figure 4) were subjected to
immunoblotting with antibodies raised against Lhcb1, 2
and 3 proteins (Figure 6a—c). As expected, all three Lhcb
proteins were found in the PSIl supercomplexes released
from complexes B1-B3. The M-LHCII released from B1-B3
and B8 comprised Lhch3 and Lhcb1 proteins, while Lhcb2
was completely absent (Figure 6a—c). The L-LHCII that dis-
connected from complexes B1-B4 and B9 upon sequential
electrophoretic runs was enriched in Lhcb1 and Lhcb2 pro-
teins, but a small amount of Lhcb3 was also detected (Fig-
ure 6¢). Because Lhcb3 and Lhcb2 do not form
homotrimers or any stable complexes together (Pietrzy-
kowska et al., 2014), the free L-LHCII trimers likely represent
Lhcb1/Lhcb2 or Lheb1/Lhcb3 heterotrimers or Lhcb1 homo-
trimers. The L-LHCII that disconnected from the so-called
‘state-transition’ complex (B4) was almost exclusively com-
posed of Lhch1 and Lhcb2, as previously reported (Pietrzy-
kowska et al., 2014; Crepin and Caffarri, 2015).

The Lhcb protein composition and the phosphorylation
of the Lhcb1 and Lhcb2 proteins in different complexes
were analyzed by immunoblotting of 2D-IpBN gels with P-
Lhcb1- and P-Lhcb2-specific antibodies. Intriguingly, in thy-
lakoids isolated from leaves acclimated to steady-state
growth light (120 pmol photons m~2 sec™"), LHCIl was
highly phosphorylated at Lhcb1 throughout the PSII-LHCII
supercomplexes that were released from B1-B3
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Figure 6. Immunoblots demonstrating the distribution of Lhcb1-3 proteins
and P-lhcb1 and -2 proteins in photosystem Il (PSll)-light-harvesting chloro-
phyll a/b-binding complex (LHCIl) supercomplexes and disconnected M-
and L-LHCII.

The digitonin (DIG)/aminocaproic acid (ACA)-solubilized lane from 1DIpBN-
polyacrylamide gel electrophoresis (PAGE) was further solubilized with B-
mercaptoethanol and run on 2D-IpBN-PAGE gels. The 2D-IpBN-gel was
immunoblotted, and the accumulation of (a) Lhcb1, (b) Lheb2, (c) Lheb3, (d)
P-Lhcb1 and (e) P-Lhcb2 proteins was detected with specific antibodies.

(Figure 6d). In contrast, Lhcb2 was almost completely
dephosphorylated in PSII-LHCII supercomplexes, whereas
it was highly phosphorylated in the loosely bound L-LHClIs
that were derived from complexes B1-B4 and B9 (Fig-
ure 6e). The disconnected M-LHCII and L-LHCII also con-
tained some phosphorylated Lhcb1 proteins (Figure 6d).

DISCUSSION

Different molecular mechanisms that function in concert to
support efficient photosynthesis and protect the photosyn-
thetic apparatus against photodamage in rapidly changing
environmental conditions remain poorly characterized
(Tikkanen and Aro, 2014; Tiwari et al., 2016). To address
these mechanisms, it is crucial to understand the

© 2017 The Authors
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supramolecular organization of the photosynthetic protein
complexes in the thylakoid membrane, as various interac-
tions between the protein complexes are highly dynamic
(Suorsa et al., 2015). Achievement of the maximal effi-
ciency of the photosynthetic apparatus in one environmen-
tal condition requires a different configuration of thylakoid
protein complexes than, for example, that in a condition
where protection against photodamage of PSI or PSIl is
urgently needed. Although the individual thylakoid protein
complexes have been thoroughly investigated, the princi-
ples of their hierarchical organization and mutual interac-
tions in the entire thylakoid membrane remain surprisingly
elusive. Here, we addressed the hierarchical interactions of
various thylakoid protein complexes in Arabidopsis plants
acclimated to steady-state light conditions that allow bal-
anced function of the photosynthetic apparatus in the thy-
lakoid membrane. Detailed hierarchical analysis of
interactions between proteins and protein complexes pro-
vides the basis for in-depth analysis of thylakoid mem-
brane dynamics, which are essential for photosynthetic
regulation and protection in changing environmental
conditions.

Isolation of labile photosynthetic mega- and
supercomplexes from heterogeneous thylakoid
membranes

To address the question regarding the supramolecular
organization of the photosynthetic protein complexes, we
developed one-step DIG solubilization of the entire thy-
lakoid membrane. Thus far, the release of the protein com-
plexes from the entire thylakoid membrane has relied on
the use of detergents, such as DM or Triton-X, which are
unable to maintain weak interactions between protein
complexes. In contrast, DIG is considered one of the gen-
tlest detergents to preserve labile protein—protein interac-
tions upon isolation of membrane protein complexes
(Schagger and Pfeiffer, 2000), but also has the ability to
solubilize only non-appressed membrane domains while
leaving grana core domains intact (Jarvi et al., 2011). To
circumvent this problem, we used an optimized solubiliza-
tion method in which DIG, in concert with ACA, enables
the solubilization of nearly the entire thylakoid membrane,
including the appressed grana thylakoids, and concomi-
tantly preserves the labile supramolecular protein—protein
interactions (Figures 1c and 3c). Importantly, ACA does not
allow randomization of the thylakoid membrane protein
complexes as occurs when thylakoids are depleted in diva-
lent cation MgCl, (—MgCl,; Figure 2a). Instead, ACA facili-
tates the solubilization of the entire thylakoid membrane
by DIG without artificially affecting the distribution of the
protein complexes in the thylakoid membrane.

The 77K fluorescence spectra clearly demonstrated that
DIG/ACA treatment of the thylakoid membrane preserves
notably more L-LHCII attached to the protein complexes

© 2017 The Authors
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than does -DM treatment (Figure 2c), and accordingly pre-
serves the majority of PSIl and a great portion of PSI in
large supramolecular structures (Figures 3c, 4 and 7). To
resolve the composition of thylakoid mega- and supercom-
plexes, the DIG/ACA-derived complexes were subjected to
B-DM treatment. The treatment resulted in disconnection
of the majority of L-LHCIl and a fraction of moderately
bound M-LHCIl from the supramolecular structures (Fig-
ures 4 and 7). Concomitant with the release of LHCII, the
photosystems that were associated with larger
supramolecular structures were released into individual
entities (Figures 4 and b5a-d; Table S2a). Therefore, we
strongly believe that LHCII in vivo determines the hierarchi-
cal formation of large supramolecular structures in the thy-
lakoid membrane.

DIG-released thylakoid protein complexes

C2S2M (2)  PSI-LHCII PSII-LHCII-PSI
Complexes
of higher
organization
L (B2, B3) (B4) (B1)
-t
M-LHCII L- LHCII
Individual
complexes
(B7) (B8) (B9) (BS)
B-DM -released thylakoid protein complexes
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Figure 7. Schematic representation of hierarchical formation of large pho-
tosynthetic thylakoid protein complexes from smaller subcomplexes.
Detergent treatment of thylakoid membranes always disconnects part of the
light-harvesting chlorophyll a/b-binding complex (LHCII) antennas from the
thylakoid membrane integrity. Yet, the digitonin (DIG)/aminocaproic acid
(ACA) treatment (upper panel) still preserves a large amount of LHCII inter-
connected with photosystems. This is indicated by preservation of the labile
PSII-LHCII-PSI megacomplexes (B1), large C2S2M(2) supercomplexes (B2,
B3) and PSI-LHCII (B4) supercomplexes even after the DIG treatment. A frac-
tion of PSIl is present as core monomer (B7), and some M- and L-LHCII (B8
and B9, respectively) are always disconnected from the photosystems. Con-
trary to the DIG treatment, B-dodecyl maltoside (B-DM) treatment (lower
panel) detaches all photosystem-bound L-LHCII, and consequently the labile
protein megacomplexes (B1, B4) dissociate during solubilization. p-DM fur-
ther detaches some of the moderately bound M-LHClIs from C2S2M2 com-
plexes (B2,B3), thus producing smaller C252M and C2S2 supercomplexes.

The Plant Journal © 2017 John Wiley & Sons Ltd, The Plant Journal, (2017), doi: 10.1111/tpj.13732
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Hierarchical assembly and putative regulation of thylakoid
mega- and supercomplexes

The use of B-DM to release protein subcomplexes from the
larger entities, the mega- and supercomplexes obtained by
DIG/ACA treatment, not only provided compelling evidence
for the existence of specific PSII-PSI megacomplexes in
the thylakoid membrane, but also gave a tool to assess the
hierarchical assembly of the large thylakoid protein com-
plexes from various protein subcomplexes (Figure 7). As
described above, LHCII structures are most important for
the formation of larger protein complex assemblies. Based
on the strength of LHCII trimer association with the PSII
core, the LHCII trimers are classified as strongly bound S-
LHCII (comprising Lhcb5 in addition to the LHCII trimer),
moderately bound M-LHCII (comprising Lhcb4 and Lhcbh6
in addition to the LHCII trimer) and loosely bound L-LHCII
trimer (Boekema et al., 1999; Kouril et al., 2012).

The exact polypeptide composition (Lhcb1-3) of the
LHCII trimer determines its interaction with minor antenna
(Lhcb4-6) proteins as well as with PSIl and PSI. L-LHCII that
easily disconnects from the protein mega- and supercom-
plexes upon sequential solubilization is mainly composed
of Lhcb2 and Lhcb1, but some Lhcbh3 is also present (Fig-
ure 6a-c). Similarly, as expected, all major Lhcb polypep-
tides are present in the PSII-LHCII supercomplexes derived
from complexes B1-B3 by -DM treatment (Figure 6a-c).
Intriguingly, in our study, Lhcb1, but not Lhcb2, is highly
phosphorylated throughout the PSII-LHCII supercomplexes
(Figure 6d and e), whereas the disconnected L-LHCII trimer
is highly phosphorylated at the Lhch2 polypeptide.

Both Lhcb1 and Lhcb2 are the main substrates for the
STN7 kinase (Bellafiore et al., 2005), as well as for the
counteracting TAP38/PPH1 phosphatase (Pribil et al., 2010;
Shapiguzov et al., 2010), yet the phosphorylation of Lhcb1
and Lhcb2 apparently has distinct and individual roles in
the regulation of photosynthesis (Pietrzykowska et al.,
2014). A recent report suggests that Lhcb1 phosphorylation
affects the flexibility of the appressed membranes (Pietrzy-
kowska et al., 2014) and, here, in accordance, the strong
phosphorylation of Lhcb1 in PSI-LHCIl supercomplexes
(Figure 6d) facilitates the physical interaction of the two
photosystems under steady-state illumination. Moreover,
strong Lhcb2 phosphorylation in L-LHCIl trimers (Fig-
ure 6e) is a prerequisite for energy transfer from LHCII to
PSI (Pietrzykowska et al., 2014).

Importantly, L-LHCII, which is tightly associated with PSI
and disconnects from the PSI-LHCIl ‘state-transition’
complex, clearly represents only a minor fraction of the
total L-LHCII associated with the larger mega- and super-
complexes, and detaches from them when p-DM treatment
breaks the weak protein—protein interactions (Figure 6d
and e). Potentially, the ‘state-transition’ complex repre-
sents only a part of a larger megacomplex that accounts

for the energy distribution between PSIl and PSI. Indeed,
isolated PSI complexes are associated with up to three
LHCII trimers rather than just one (Bell et al., 2015; Bos
et al., 2017), and it is likely that these larger PSI-LHCII com-
plexes, which may be located in the interphase of grana
core and stroma lamella (Bos et al., 2017), have the capac-
ity to also interact with PSII.

Photosystome comprises both pigment—protein
complexes involved in LET

Loosely bound L-LHCII, which to a large extent dissociates
from larger protein complexes upon B-DM treatment, is
associated with both photosystems in vivo. Here, we called
the isolated PSII-LHCII-PSI megacomplex a photosystome,
based on the analogous organization of the respiratory
chain protein complexes, the respirasome, in mitochondria
(Schagger and Pfeiffer, 2000). The most recent model of
the respirasome, a plasticity model, describes the dynamic
nature of various associations of the membrane protein
complexes (Acin-Pérez et al., 2008). Similar to the respira-
some, the photosystome in the plant thylakoid membrane
is speculated to allow fluent and balanced electron transfer
between PSIl and PSI.

The photosystome is likely located in the interphase of
the grana and stroma thylakoids where PSI, with its
stroma-protruding structure, can form a large complex
with PSIl via LHCII. This interaction likely allows the bal-
anced function of the two photosystems. Most importantly,
the interactions of the protein complexes forming the pho-
tosystome are dynamically regulated by Lhcb1 and Lhcb2
protein phosphorylation, which eventually occurs in con-
cert with many other redox-regulated processes in the thy-
lakoid membrane (Tikkanen and Aro, 2014). We suggest
that Lhch1 phosphorylation in PSII-LHCII mediates the
accessibility of PSI to the terminal parts of the grana via
regulating the structural flexibility of the membrane (Pietr-
zykowska et al., 2014). Thus, Lhcb1 phosphorylation ulti-
mately and dynamically regulates the proportion of
individual photosystems associated with a photosystome.
Moreover, Lhch2 phosphorylation in the photosystome is
essential for excitation energy transfer to PSI from the
LHCIl antenna system (Pietrzykowska et al, 2014).
Although our isolation system excluded the Cytbgf com-
plex from the photosystome, its presence in the vicinity of
the photosystome is likely guaranteed by other concomi-
tantly occurring regulatory mechanisms (Kirchhoff et al.,
2017).

EXPERIMENTAL PROCEDURES
Plant material and thylakoid isolation

Arabidopsis thaliana ecotype, Columbia wild-type, was grown
under a photon flux density of 120 pmol photons m~2 sec™" with
an 8-h light/16-h dark regime (GL) at 23°C. OSRAM PowerStar

© 2017 The Authors
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HQIT 400/D Metal Halide Lamps served as a light source. Leaves
from 5-week-old plants were harvested during the light period,
2 h after shifting the lights on, and thylakoids were immediately
isolated according to Jarvi et al. (2011) using buffers supple-
mented with 10 mm sodium fluoride (NaF). Chlorophyll concentra-
tion was determined from the samples according to Porra et al.
(1989).

Isolation and separation of thylakoid protein complexes

The thylakoid membrane (equivalent to 15 pg of chl) was first pel-
leted at 6000 g at 4°C for 2 min, and the supernatant was dis-
carded. The pellet was resuspended in either BTH buffer [25 mm
BisTris/HCI (pH 7.0), 20% (w/v) glycerol and 0.25 mg ml~" Pefa-
bloc, 10 mm NaF] or ACA buffer [50 mm BisTris/HCI (pH 7.0),
375 mm ACA, 1 mm EDTA and 0.25 mg ml~' Pefabloc, 10 mm
NaF]. An equal volume of detergent solution (in BTH or ACA buf-
fer) was added to the sample to achieve final concentrations of
1% w/v (B-DM; Sigma-Aldrich) and 1% or 2% w/v (DIG; Cal-
biochem). After solubilization for 2 min on ice (p-DM) or 8 min
with continuous gentle mixing (DIG), the insolubilized material
was separated by centrifugation at 18 000 g at 4°C for 20 min. The
supernatant was used for the analysis of thylakoid membrane pro-
tein complexes. The solubilized thylakoid protein complexes were
separated on large-pore (Ip) BN-PAGE (as in Jarvi et al., 2011),
and the composition of complexes was analyzed either with 2D-
SDS-PAGE (12% acrylamide, 6 m urea) or 2D-IpBN-IpBN-PAGE
(protocol modified from Schagger and Pfeiffer, 2000). For 2D-
IpBN-PAGE analysis, the gel slices from 2% DIG/ACA-solubilized
protein complexes separated by 1D-IpBN-PAGE were further solu-
bilized with 1% $-DM in BTH for 40 min and subsequently placed
horizontally on a second IpBN-PAGE gel to separate the elemental
complexes in each band. The 3D-SDS-PAGE analysis from lanes
obtained with 2D-IpBN-PAGE was performed in the same manner
as 2D-SDS-PAGE, as described in Jarvi et al. (2011). The proteins
were visualized with silver staining (Blum et al., 1987) or SYPRO®
Ruby staining according to Invitrogen Molecular Probes™ instruc-
tions. For immunological analysis, the 2D-IpBN gels were elec-
troblotted  onto  polyvinylidene  difluoride  membranes
and immunoprobed with anti-Lhcb1-3 and P-Lhcb1/2 antibodies
(Agrisera). Three biological replicates were measured for each
experiment.

Randomization of thylakoid membrane and 77K chl a:
fluorescence measurements from intact and detergent-
treated thylakoids

Thylakoid membranes were diluted with BTH or ACA buffer. To
obtain excessively stacked grana membranes, BTH buffer was
supplemented with 5 mm MgCl,, while thylakoid randomization
and grana destacking were achieved by removing MgCl, with sev-
eral washes with BTH buffer (Murata, 1969). Thylakoid mem-
branes were solubilized with different detergents as described
above. Fluorescence emission spectra were recorded from intact
thylakoids and from the solubilized fractions after detergent treat-
ments (3 pg chl per 100 pL) at 77K with Ocean Optics S2000 spec-
trometer. Thylakoids were excited with blue light (480 nm
wavelength). The signal was normalized to 685 nm (intact thy-
lakoids) or to PSI fluorescence emission peak (detergent-treated
thylakoids). Three biological replicates were measured.
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