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In this study, we analyzed multibilayer lipid-protein membranes composed of the photosynthetic light-harvesting complex Il
(LHCII; isolated from spinach [Spinacia oleracea]) and the plant lipids monogalcatosyldiacylglycerol and digalactosyldiacylglycerol.
Two types of pigment-protein complexes were analyzed: those isolated from dark-adapted leaves (LHCII) and those from
leaves preilluminated with high-intensity light (LHCII-HL). The LHCII-HL complexes were found to be partially phosphorylated
and contained zeaxanthin. The results of the x-ray diffraction, infrared imaging microscopy, confocal laser scanning
microscopy, and transmission electron microscopy revealed that lipid-LHCIl membranes assemble into planar multibilayers,
in contrast with the lipid-LHCII-HL membranes, which form less ordered structures. In both systems, the protein formed
supramolecular structures. In the case of LHCII-HL, these structures spanned the multibilayer membranes and were
perpendicular to the membrane plane, whereas in LHCII, the structures were lamellar and within the plane of the membranes.
Lamellar aggregates of LHCII-HL have been shown, by fluorescence lifetime imaging microscopy, to be particularly active in
excitation energy quenching. Both types of structures were stabilized by intermolecular hydrogen bonds. We conclude that
the formation of trans-layer, rivet-like structures of LHCII is an important determinant underlying the spontaneous formation
and stabilization of the thylakoid grana structures, since the lamellar aggregates are well suited to dissipate excess energy
upon overexcitation.

INTRODUCTION of low light-illuminated plants (Kouril et al., 2012). Large-scale
rearrangements of the thylakoid architecture may be caused
by changes in light-harvesting complex Il (LHCII) molecular
organization within the lipid membrane in response to various
conditions.

The molecular composition and architecture of the thylakoid
membranes of plant chloroplasts are unique in several ways.
Although plant thylakoid membranes are typical lipid bilayers
modified with the presence of functional proteins, as in the case
of other biomembranes, the proportion of protein components
to lipids is extremely high. This phenomenon, referred to as
“molecular crowding,” can be characterized by a fraction of the
entire membrane surface occupied by proteins, which can ap-
proach 70% of the plant thylakoid membrane surface and up to
80% in the grana regions of the thylakoid membranes (Kirchhoff,
2008a). Interestingly, the lipid fraction of the thylakoid mem-
branes contains mostly monogalcatosyldiacylglycerol (MGDG;

In higher plants, the capturing of light energy and its conversion
into forms that can be directly used to drive the metabolic
reactions of living organisms, via processes of photosynthesis,
takes place in the thylakoid membranes of chloroplasts
(Hohmann-Marriott and Blankenship, 2011). This internal
membrane system is laterally differentiated into densely stacked
domains (grana) and unstacked regions (stroma lamellae) (Mustardy
and Garab, 2003; Shimoni et al., 2005; Mustardy et al., 2008;
Austin and Staehelin, 2011; Kouril et al., 2011). The thylakoid
membrane is a highly dynamic system capable of adapting to
changing environmental conditions. The large diameter of grana
discs, high stacking of thylakoids within the granum, and large
vertical distances between the stacked grana are characteristics
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40 to 60%), which is a non-bilayer-forming lipid, and a lesser
amount of another galactolipid, digalactosyldiacylglycerol
(DGDG), which is a typical bilayer-forming lipid (Wada and
Murata, 2010). In the case of spinach (Spinacia oleracea), MGDG
constitutes 57% of the thylakoid membrane lipids and DGDG
constitutes 27% (Douce and Joyard, 1996). The formation of the
relatively large areas of the planar lipid bilayers of the thylakoid


http://orcid.org/0000-0002-8245-3913
mailto:wieslaw.gruszecki@umcs.pl
http://www.plantcell.org
mailto:wieslaw.gruszecki@umcs.pl
http://www.plantcell.org/cgi/doi/10.1105/tpc.113.113076
http://www.plantcell.org

2156 The Plant Cell

membranes, such as in the case of the grana structures, is
thought to be possible due to the relatively high fraction of trans-
bilayer protein components, such as LHCII, which stabilize the
bilayer structure (Garab et al., 2000; Simidjiev et al., 2000).

Importantly, several of the membrane-bound antenna pro-
teins, including LHCII, the most abundant membrane protein in
the biosphere (Barros and Kuhlbrandt, 2009), are subjected to
phosphorylation, in response to regulatory mechanisms that
depend primarily on illumination (Allen, 1992; lwai et al., 2008;
Fristedt et al., 2009; Tikkanen and Aro, 2012). Other protein
components that undergo reversible phosphorylation are D1,
D2, CP43, and CP29 (Bennett, 1984; Bergantino et al., 1995).
The LHCII complex is phosphorylated on the N-terminal Thr by
STN7 kinase (Depége et al., 2003), which causes the complex to
detach from photosystem Il (PSll) in grana regions and its long-
range diffusion toward the stroma lamellae. The protein phos-
phorylation therefore results in a dynamic, lateral reorganization
of the thylakoid membranes and, consequently, in the re-
distribution of excitation energy between the regions enriched
in the reaction centers of PSI and PSII (Fristedt et al., 2009;
Tikkanen and Aro, 2012). This process is referred to as the state
1-state 2 transition. Interestingly, the process of LHCII phos-
phorylation has been reported to be regulated at the substrate
level by light, via reversible, light-induced conformational changes
(Zer et al., 1999).

Another type of light-regulated modification of LHCII is based
on a change in xanthophyll composition, due to violaxanthin
deepoxidation (Jahns et al., 2001; Horton, 2012). Violaxanthin
deepoxidation results in the accumulation of zeaxanthin, which
has been proposed to result in quenching of excessive exci-
tations. Different molecular mechanisms of excitation quenching
via zeaxanthin have been proposed. Among those mechanisms
are the direct, singlet-singlet energy transfer from chlorophyll
(Frank et al., 2000) and the formation of zeaxanthin-chlorophyll
charge transfer complexes (Ahn et al., 2008). The indirect effect
of zeaxanthin on excitation quenching in LHCII has also been
proposed, based on the effect in molecular organization of LHCII
supramolecular structures (Ruban et al., 1997; Gruszecki et al.,
2010). Current concepts regarding molecular mechanisms in-
volved in photoprotection in the photosynthetic antenna sys-
tems have been recently overviewed (Ruban et al., 2012).

As mentioned above, the thylakoid membranes in plant
chloroplasts are involved in the formation of unique three-
dimensional structures characterized by the membrane stacks
called grana, connected by the thylakoid membrane of the
stroma region (Mustardy and Garab, 2003; Goral et al., 2012).
Precise microscopy studies have largely elucidated the archi-
tecture of thylakoid membranes. Furthermore, the molecular
principles responsible for the unique three-dimensional organi-
zation of thylakoid membranes seem to be understood (Chow
et al., 2005). It is generally accepted that van der Waals in-
teraction between the adjacent membranes involved in the
formation of grana stacks as well as attractive electrostatic
interactions between the opposite electric charges in those
membranes are the principal forces acting to merge adjacent
lipid-protein membranes into the grana structures (Chow et al.,
2005). Nonphosphorylated antenna complexes are mainly lo-
calized in the grana regions of the thylakoid membranes

(Tikkanen and Aro, 2012), and the process of phosphorylation is
generally thought to cause these complexes to move out of the
grana, toward the unstacked regions of the thylakoids of stroma
(Allen, 2003). Such a diffusion can be visualized in real time by
an elegant experimental approach based on fluorescence re-
covery after photobleaching (Goral et al., 2010).

Here, we present the results of our microscopy-based ex-
amination of model lipid-LHCIl membranes. The lipoprotein
membranes can spontaneously build stacks or act toward un-
stacking of the adjacent membranes, depending on whether the
protein components are isolated from the dark-incubated leaves
or from leaves preilluminated with strong light, respectively.
Moreover, the results of the molecular spectroscopy measure-
ments show that, in addition to other possible attractive inter-
actions, the formation of intermolecular hydrogen bonds between
the polar loops of the LHCII complexes localized in the adjacent
membranes provides important stabilization of grana-type mem-
brane structures.

RESULTS

Characteristics of LHCII Preparations

Examining the influence of polypeptide phosphorylation on
spectroscopic and structural properties of LHCIlI complexes
requires pure and well-defined preparations. The high purity of
the LHCII preparation was confirmed by SDS-PAGE electro-
phoresis and immunodetection (Figure 1), which showed the
presence of Light-harvesting chlorophyll a/b-binding protein 1
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Figure 1. Characterization of Protein Components of LHCIlI Prepara-
tions.

Proteins were separated using SDS-PAGE (top panel) and subsequently
probed against Lhcb1 and Lhcb2 proteins and phosphor-Thr residue
(P-Thr; bottom panel). LHCII/LHCII-HL ratios are calculated on the basis
of pixel intensity analysis. The nonphosphorylated and phosphorylated
LHCII complexes were isolated from the spinach leaves dark-adapted
and preilluminated for 30 min with white light of the photon flow density
of 1200 wmol photons m~2 s~'. The photon flux density, of the lamp
applied, is an equivalent of 1020 pmol photons m~2 s~ of the sunlight, in
terms of a number of absorbed light quanta (see Supplemental Figure 1
online for details of this estimation). Comparative immunoblot analysis
reveals 35% phosphorylation of LHCII, relative to the low-light illumina-
tion conditions (see Supplemental Figure 3 online). N.D., not determined.
[See online article for color version of this figure.]
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(Lhcb1) and Lhcb2 proteins. Previously, our detailed analysis of
LHCII preparations obtained from dark-stored spinach leaves,
by means of high performance liquid chromatography (HPLC)-
electrospray ionization/mass spectrometry (Gruszecki et al.,
2009a), revealed three isoforms: Lhcb1 and two Lhcb?2 isoforms.
The third antenna protein, Lhcb3, which was not detected by
antibodies, was identified by mass spectrometry. Quantitative
mass spectrometry analysis of the LHCIl preparation revealed
a Lhcb1/Lhcb2/Lhcb3 protein ratio of 12:6:1 (Gruszecki et al.,
2009a). As shown in Figure 1, the same proportion of Lhcb1 and
Lhcb2 peptides was found in both LHCII preparations (i.e., those
isolated from dark-stored and light-treated spinach leaves),
suggesting that the protein composition of these preparations is
unchanged (see Supplemental Figure 1 online for characteriza-
tion of the light treatment and Supplemental Figure 2 online for
the results of gel analysis of the preparation at different stages of
isolation). However, antibody was only found to interact with
phospho-Thr (Figure 1) in the LHCII sample isolated from light-
treated leaves, which means that this preparation contains at
least a fraction of phosphorylated protein. The LHCII preparation
isolated from dark-stored leaves is referred to as LHCII, while the
complex isolated from leaves preilluminated with high-intensity
light is referred to as LHCII-HL. A comparative immunoblot
analysis revealed that a 30-min illumination with high light (1200
pmol photons m=2 s~ resulted in 35% phosphorylation of
LHCII compared with the phosphorylation level of the LHCII
complex isolated from spinach leaves illuminated for 2 h
with low-intensity light (100 ymol photons m~2 s~ '; see
Supplemental Figure 3 online). The chlorophyll a to chlorophyll
b molar ratio in both preparations was ~1.3. The calculated
molar ratios of xanthophyll per LHCIl monomer (six chlorophyll
b molecules) (see Supplemental Figure 4 online) are as follows:
neoxanthin = 1.03 *= 0.17, violaxanthin = 0.65 * 0.16, lutein
2.12 + 0.02, zeaxanthin = not detected (LHCII), and neoxanthin =
1.0 = 0.06, violaxanthin = 0.37 = 0.04, lutein = 1.98 * 0.16, and
zeaxanthin = 0.16 = 0.01 (LHCII-HL). These results reveal partial
deepoxidation (~43%) of LHCII-bound violaxanthin in the LHCII-
HL preparation.

Diffractometric Analysis of Lipid-Protein Samples

Lipoprotein samples were formed with both LHCII (L-LHCII) and
LHCII-HL (L-LHCII-HL) and deposited to a solid support by
evaporation from the aqueous suspension. The fact that the
x-ray diffraction analysis was able to detect maxima in the low-
angle region, corresponding to the periodicity of the samples,
indicates that the deposited membranes are organized into the
form of multibilayers. The presence of the protein in the lipid
multibilayers increased the periodicity parameters to 6.0 nm, in
the case of L-LHCIl samples, and to 5.3 nm, in the case of
L-LHCII-HL, compared with the sample composed of the pure
lipid component (4.1 nm; Figure 2). On the other hand, the low-
angle diffraction maxima of the lipid-protein samples are re-
latively broad, which may be associated with a presence of
several slightly shifted and partially overlapped diffraction peaks
corresponding to the slightly different multibilayer periodicity
parameters. As can be seen, the L-LHCIl sample diffractogram
shows in the low-angle region not only the principal maximum

Modeling of Thylakoid Grana Organization 2157

20000 —
A A L=4.1nm
Lipids d=0.8 nm

15000 —

10000 —

5000 —

W 2000 —
8]
c -
3
S 1500
Sl -
>
=
% 1000 —
c
3 J
]
£ 500 —
PR B ——Se
{1 ic L=53nm
di=1.1nm
1600 — L-LHCII-HL o - 9.8 nm
1200 —
800 —
400 —
0 llililllllllllllllIllIIII
0 5 10 15 20 25
20 [deg]

Figure 2. Diffractometric Analysis of Lipid-Protein Multibilayers.

Original diffractograms of lipid (MGDG+DGDG) multibilayers modified
with LHCIl complexes. Red vertical dashed line indicates the low-angle
maximum corresponding to the periodicity of the multibilayer formed
with pure lipids. The inset is a schematic representation of a part of the
lipid multibilayer. Parameters L and d refer to the Bragg’s spacing related
to the low-angle and wide-angle diffraction maxima, respectively. The
value of parameters L and d were determined on the basis of a position
of diffractometric maxima according to Bragg’s law. Note the two dif-
ferent d spacing parameters determined in the case of the L-LHCII-HL
multibilayers.

(A) Multibilayers composed of the mixture of MGDG and DGDG in
a molar ratio of 2:1 (Lipids).

(B) Lipid multibilayers modified with LHCII complexes isolated from dark-
incubated leaves (L-LHCII).

(C) Lipid multibilayers modified with LHCII complexes isolated from
leaves preilluminated with high-intensity light (L-LHCII-HL).

[See online article for color version of this figure.]
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related to the periodicity parameter L = 6.0 nm but additionally
the relatively small maximum at the 20 = 2.18°, corresponding
to the pure lipid multibilayer (L = 4.1 nm). Such an additional
maximum is not observed in the case of the L-LHCII-HL sam-
ples. This observation is consistent with the conclusion that
both phases appear in the L-LHCIl multibilayer samples: the
LHCII-modified phase and the protein-free lipid phase. In-
terestingly, the wide-angle diffraction maxima, corresponding to
the lipid headgroup packing (spacing parameter d = 0.8 nm)
(Gruszecki and Sielewiesiuk, 1991), are not observed in the
L-LHCII samples, in contrast with the multibilayers formed both
with the pure lipids and L-LHCII-HL. In the case of the L-LHCII-
HL sample, two sets of shifted diffractometric maxima have
been observed, corresponding to different parameters d: one
corresponding to the pure lipid phase (d = 0.8 nm) and another
one, greater (d = 1.1 nm; Figure 2), corresponding to the lipid
phase modified by the presence of the protein component. The
different organization of the lipid phase in the L-LHCII-HL
samples reflects the effect of the protein component on mo-
lecular organization of multibilayers. The lack of low-angle dif-
fraction maxima in L-LHCII is an indication that, to a large extent,
the samples remain in the form of the planar multibilayers, ori-
ented horizontally within the plane of the solid support. The
larger periodicity observed for such structures can be in-
terpreted in terms of an ordering effect of the protein with re-
spect to the hydrophobic lipid bilayer core and/or in terms of
location of the polar fragments of LHCII in the interbilayer space
of the multilayer. The fact that the protein effect on the multilayer

A

6.0 nm

5.3 nm

Figure 3. Model of Molecular Organization of the Lipid-Protein Membranes.

periodicity is more pronounced in the case of L-LHCII than in the
case of L-LHCII-HL can be interpreted as an indication that the
polar fragments of the protein molecules, present in the adjacent
bilayers, interact with each other, thus influencing, in a con-
certed way, the multibilayer organization. The smaller effect
observed in the case of L-LHCII-HL indicates that such an in-
teraction between the complexes in the adjacent layers does not
take place. This is most probably due to the electrostatic re-
pulsion of the phosphate groups present in the LHCII-HL
preparation. The model of the organization of the L-LHCII and
L-LHCII-HL multibilayers, corresponding to the results of the
diffractometric analysis, is presented in Figure 3.

Infrared Analysis of the Lipid-Protein Multibilayers

Infrared (IR) absorption imaging of L-LHCIl and L-LHCII-HL
multibilayers was performed to test the protein arrangement
proposed in the model presented in Figure 3. The rationale of
such an experiment was based on the expectation that the
putative formation of integrated trans-layer structures, by verti-
cally aligned LHCIlI molecules (trimers), should result in en-
hanced IR absorption in the spectral region corresponding
selectively to proteins (e.g., amide | region; see below). A more
homogenous distribution of the protein component in the
L-LHCII-HL samples, along the direction perpendicular to the
multibilayer, should result in a lack of such distinctive IR ab-
sorption regions of the protein. Figure 4 presents the results of
the IR imaging of the L-LHCIlI and L-LHCII-HL multibilayers,

41 nm

The model refers to the membranes formed with LHCII isolated from dark-adapted leaves (A) and leaves preilluminated with high-intensity light (B).
Phosphorylation of Thr at the N terminus of LHCII peptide is depicted by blue balls. The diffractometrically determined multibilayer periodicity pa-
rameters are shown. For clarity, only the protein components of LHCII is shown.

[See online article for color version of this figure.]



IR absorption

~50
l-3rs i
— @
E -

L-LHCH & ¥ |
£
L]
125 E

Lo

L-LHCII-HL £

IR amplitude [mV]

5 400

4 200
Es Al
= *

2 200

1 400

1 2 3 4 5
[1m]

Modeling of Thylakoid Grana Organization 2159

Topography Stiffness
T =
A >
('S
Topography
¥
£ =
z g
g g
g £

Figure 4. IR Absorption, Topography of the Surface, and Mechanical Stiffness Images, Recorded Simultaneously from the 5 X 5-um area of the Lipid-
Protein Multibilayer Deposited at the ZnSe Surface, Formed with LHCII Isolated from Dark-Incubated Leaves and Leaves Preilluminated with High-

Intensity Light.

The samples formed with LHCII are referred to as L-LHCII and formed with LHCII-HL are referred to as L-LHCII-HL. The maximum thickness of the
sample was 1.5 um. The IR absorption was scanned at 1650 cm~". The white crosses indicate the places in the samples at which the IR absorption
spectra were recorded (displayed in Figure 5). Scan resolution X, 512 points; Y, 256 points; and scan rate 0.4 Hz, eight coaverages.

using the atomic force microscopy (AFM)-detected IR absorp-
tion technique (IR-AFM) (Policar et al., 2011). The AFM-
determined height of the layers examined was ~1.5 pum, which
means that the samples consisted maximally of 250 bilayers. As
can be seen, the L-LHCIl multilayer contains regions charac-
terized by a relatively high concentration of the protein (marked
red), distributed heterogeneously within the plane of the sample.
These are in turn accompanied by regions with relatively high
concentration of lipids and relatively low concentration of LHCII
(marked violet). The L-LHCII-HL multilayers are characterized by
a more homogenous protein distribution and by the lack of re-
gions of relatively high protein concentration along axes per-
pendicular to the plane of the sample. The presence of LHCII
and lipids is represented by the pronounced band in the amide |
spectral region (1600 to 1700 cm~') and ester carbonyl
stretching vibrations with the maximum at 1727 cm~1, re-
spectively (Gruszecki et al., 2006, 2009b). This can be seen from
the IR absorption spectra recorded from the multibilayer sam-
ples (Figure 5). Further analysis of the samples revealed that the
protein-containing regions of the samples are characterized by
the higher mechanical stiffness (Figure 4). The fact that IR im-
aging of the lipid-protein multibilayers shows the regions of a
relatively high LHCII concentration exclusively in the case of the
L-LHCIl samples and more homogeneous protein distribution in

the case of the L-LHCII-HL samples, provides strong support to
the concept of formation of the integrated, trans-layer structures
by nonphosphorylated LHCII, which does not contain zeax-
anthin. The results of the control IR-AFM analysis of the multi-
bilayer formed with pure lipid components are presented in
Supplemental Figure 5 online.

Figure 6 shows the macroscopic IR absorption spectra
(Fourier transform infrared absorption spectroscopy [FTIR]) of
the L-LHCIl and L-LHCII-HL samples in the amide | region.
Despite similarity of the spectra, certain small but significant
differences can be noticed. The differences are distinctively
pronounced in the difference spectrum presented in Figure 6B.
As can be seen, L-LHCII-HL is characterized by higher in-
tensities in the spectral band with the maximum in the region of
1620 cm~'. This region can be assigned to the lamellar aggre-
gated structures of LHCII (Gruszecki et al., 2009b). On the other
hand, the L-LHCIlI samples are characterized by higher in-
tensities in the spectral band with the maximum at 1688 cm~".
This spectral region can be formally attributed to antiparallel
B-sheet structures (Tamm and Tatulian, 1997), and it represents,
most probably, the B-like structures stabilized by the hydrogen
bonds between the polar loops of the LHCII complexes involved
in the formation of the trans-layer, integrated supramolecular
structures.
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Figure 5. IR Absorption Spectra Recorded from the Lipid-Protein Mul-
tibilayer Samples L-LHCII and L-LHCII-HL.

The spectral region corresponds to the white crosses in Figure 4: The
spectrum drawn with red dashed line was recorded from the L-LHCII
sample, and the spectrum drawn with green solid line was recorded from
the L-LHCII-HL sample (marked). The spectra were recorded in the
amide | region of the protein (1600 to 1700 cm~") and in the ester car-
bony! stretching region of the lipid components (1700 to 1750 cm~"). The
reference spectrum from the pure buffer evaporated at the surface of
the ZnSe crystal was recorded in the same spectral range and under the
same conditions. The original spectra are presented with gray lines,
superimposed on the processed spectra obtained by smoothing by the
Savitzky-Golay procedure (second order polynomial, 15 points). The
spectra were recorded with a resolution of 0.5 cm~", sample rate 12.5
MHz, and 256 coaverages. a.u., arbitrary units.

[See online article for color version of this figure.]

Fluorescence Analysis of Lipid-Protein Samples

Figure 7 presents the chlorophyll a fluorescence emission
spectra, recorded at 77K from the L-LHCIl and L-LHCII-HL
samples. As can be seen, both spectra show enhanced intensity
in the region of 700 nm, typical of aggregated LHCII (Ruban
et al., 1995; Zubik et al., 2013). The fact that the 700-nm band is
particularly intensive in the L-LHCII-HL samples corroborates
the observation that this band corresponds to the aggregated
structures of LHCII formed in the plane of the lipid-protein bi-
layer (Zubik et al., 2013). As can be expected, such structures
give rise to the shortened chlorophyll a fluorescence lifetimes.
This can be seen from the fluorescence decay distribution
analysis presented beneath the fluorescence lifetime imaging
microscopy (FLIM) scans in Figure 8. The FLIM analysis of both
the L-LHCII and L-LHCII-HL samples reveals a relatively ho-
mogeneous distribution of the spectral forms characterized by
the fluorescence emission lifetimes (Figure 8, top panel). The

fluorescence lifetime distributions are relatively narrow. As can
be seen, the maximum in distributions appears at a much
shorter lifetime (~0.7 ns) in the case of L-LHCII-HL compared
with the lifetime distribution corresponding to the L-LHCII par-
ticle (~1.3 ns). The intensity-weighted average fluorescence
lifetime values based on the three-component analysis (Figure 8,
bottom panel) are 0.78 and 1.06 ns in the case of the L-LHCII-HL
and L-LHCII samples, respectively. The lifetimes are distinctly
different despite the fact that the LHCII-HL preparation contains
a large fraction of nonphosphorylated protein and that only 43%
of the violaxanthin pool has been replaced by zeaxanthin. The
chlorophyll a fluorescence lifetimes in both types of samples are
distinctly shorter than in the case of trimeric LHCII in the de-
tergent solution (<> = 3.5 ns; van Oort et al., 2007) but in the
order of magnitude of the protein in the model lipid membrane
environment (<> = 1.01 = 0.02 ns; Zubik et al., 2013) and in
natural thylakoid membranes of Arabidopsis thaliana (<> =
0.9 = 0.1 ns, in the non-photochemical quenching (NPQ) state;
Belgio et al., 2012).
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Figure 6. IR Absorption Analysis of L-LHCII and L-LHCII-HL Samples.

(A) Infrared absorption spectra (FTIR) in the amide | region of the lipid-
protein multibilayers L-LHCII (solid line) and L-LHCII-HL (dashed line).
The spectra were normalized to get the same area beneath each
spectrum.

(B) Different spectrum calculated on the basis of the spectra presented in
the top panel. a.u., arbitrary units.

[See online article for color version of this figure.]
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Figure 7. 77K Chlorophyll a Fluorescence Emission Spectra Recorded
from the Lipid-Protein Samples L-LHCII and L-LHCII-HL.

The spectrum corresponding to the L-LHCII sample is plotted with solid
line, and the spectrum corresponding to the L-LHCII-HL sample is
plotted with dashed line. Excitation wavelength was at 470 nm. The
spectra were normalized to get the same area beneath each spectrum.
a.u., arbitrary units.

[See online article for color version of this figure.]

Confocal Laser Scanning Microscopy
of Lipid-Protein Samples

Visualization of chlorophyll a fluorescence by confocal laser
scanning microscopy (CLSM) enabled observation of the natural
lipid membranes containing the chlorophyll-protein complexes
(e.g., inside intact chloroplasts or leaves) without any fixation
procedure and in situ (Mehta et al., 1999; Garstka et al., 2005,
2007; Hasegawa et al., 2010; Rumak et al., 2010, 2012). Red
fluorescence was attributed mainly to chlorophyll a species emitted
at around 680 nm, because at room temperature the long-wave-
length emission, above 700 nm, was rather weak (Mehta et al.,
1999; Hasegawa et al., 2010). In our case, the CLSM images
revealed the chlorophyll a fluorescence from LHCII incorporated
into model lipid bilayers (Figure 9). Furthermore, the three-
dimensional distribution of fluorescence depicted the real
spatial interaction between membranes.

In the LHCIlI-containing membranes, most of the red fluores-
cence intensities are evenly distributed in the irregular cloud of
chlorophyll a fluorescence. In the case of the L-LHCII samples,
certain, not clearly separated structures, characterized by rela-
tively higher fluorescence intensity, can be observed, spanning
the entire lamella-like sample (Figure 9A; see Supplemental
Movie 1 and Supplemental Movie Legend 1 online). In the case
of L-LHCII-HL, the sample is clearly not organized into a lamellar
shape (Figure 9B). In this case, the condensation of chlorophyll
a fluorescence into brightly red fluorescent discs is observed,
only with slight fluorescence dispersion. Moreover, the irregu-
larly distributed red areas are clearly separated by dark space
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(Figure 9B). Because the chlorophyll a fluorescence is strictly
attributed to light-harvesting complexes, the CLSM images re-
vealed distribution of LHCII or LHCII-HL complexes in lateral
and vertical planes of the lipid-protein multibilayers.

Large numbers of fluorescence images were taken in different
focal depths (Garstka et al., 2005, 2007; Rumak et al., 2010,
2012). This allowed the creation of computer-generated three-
dimensional structures in which the spatial layout of chlorophyll
a fluorescence intensity was shown. The surface of chlorophyll
a fluorescence areas is shown from the front and side (Figures
9C to 9F). The three-dimensional models of the multibilayer
samples highlighted the tendency observed directly by CLSM
(see Supplemental Movies 1 and 2 and Supplemental Movie
Legends 1 and 2 online).

A spatial model for L-LHCII shows a wrinkled and irregular flat
disk of stacks, with a diameter of ~7 um and <0.5 pm thick
(Figures 9C and 9E). This indicates that these bilayers formed
the continuous surface, where neighboring membranes fit tightly
on a long distance. Since the stack of two adjacent thylakoid
membranes, mostly containing LHCII as a protein component, is
~17 nm high (Kirchhoff et al., 2008a; Rumak et al., 2010), the
stacks of L-LHCIl should be composed from ~20 membrane
pairs (Figure 9E). A similar conclusion can be reached based on
the diffractometrically determined periodicity parameter of the
multibilayer, taking into account the relatively broad diffraction
maxima observed in the case of the L-LHCII samples (Figure 2).
Quite a different structure was created by the L-LHCII-HL stacks
(Figures 9D and 9F). The layout of chlorophyll a fluorescence
forms many clearly distinguished egg-shaped areas with a di-
ameter of ~0.5 wm. These merge only at the edge, but some
ovals are not connected with the others (Figure 9F). It might be
suggested that the adjacent membranes in the L-LHCII-HL are
weakly connected in a stack due to electrostatic and hydration
repulsion between membranes (Rumak et al., 2010). The general
view of the model revealed that relatively small L-LHCII-HL
stacks are evenly arranged in all axes of three-dimensional
space, forming a wide three-dimensional cluster (Figure 9F). The
formation of the small three-dimensional structures, character-
ized by a relatively intensive chlorophyll a fluorescence in the
L-LHCII-HL samples, can be interpreted in terms of the forma-
tion of lamellar LHCII-HL aggregated structures. The size of
such structures (~250 nm) is in the optical microscopy limit and
does not allow us to determine the precise number of LHCII-HL
trimers involved in the formation of the supramolecular
structures.

Certain size and shape parameters may be determined in
three-dimensional fluorescence models. The ratio of surface
area to total volume (A/V) was calculated for both models of the
samples, L-LHCII and L-LHCII-HL. Eight independent models
for each experimental variant were analyzed. This parameter
was estimated to be 3.84 + 0.35 for L-LHCII and 4.83 * 0.48 for
L-LHCII-HL (P < 0.0003). Because chlorophyll a fluorescence is
related to the amount of light-harvesting complexes as well as to
the length and height of lipid-protein stacks, the A/V ratio in-
dicated the surface irregularity and unfolding degree of stacks
(Rumak et al., 2012). Thus, these calculations confirm the ob-
servations (Figure 9) that in L-LHCII stacks the adjacent mem-
branes are tightly connected, while in L-LHCII-HL, the membranes
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Figure 8. FLIM Images of the 60 X 60-um Areas of the Glass Slides Covered with Poly-L-Lys, on Which L-LHCII and L-LHCII-HL Particles Were
Deposited from the Aqueous Suspensions of the Samples Diluted to Micromolar Concentration of LHCII.

Fluorescence lifetime distribution (middle panel) and fluorescence decay traces (bottom panel) were presented below each image. The intensity-

2 _

weighted average lifetimes (<7>) of each scanned sample are displayed, based on the three component deconvolution: 0.49, 1.19, and 3.78 ns (x® =
1.003) in the case of L-LHCIl and 0.24, 0.59, and 3.78 ns (x2 = 1.044) in the case of L-LHCII-HL. Lifetime threshold corresponding to 1 ns is marked in

histograms by red dashed line. Bars = 10 pm.

are partially separated and the protein clusters are rather formed
in the plane of each membrane.

For a better view of the three-dimensional structure of prep-
arations, animated models are included in Supplemental Movies
1 (L-LHCIl) and 2 (L-LHCII-HL) and Supplemental Movie
Legends 1 and 2 online.

The CLSM results showing that the L-LHCII samples can or-
ganize into multilayer structures, in contrast with the L-LHCII-HL

samples, were confirmed by an analysis of transmission electron
microscopy images (Figure 10).

DISCUSSION

The samples examined in this study were formed by a self-
organization of the mixture of chloroplast lipids (MGDG with
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L-LHCII

L-LHCII-HL

Figure 9. Chlorophyll a Fluorescence of Lipid-LHCII Samples Revealed
by CLSM and Subsequent 3D Reconstruction.

The L-LHCII (A) or L-LHCII-HL (B) samples were incubated in buffered
medium containing 10 mM KCI. Each red image presents the sum pro-
jection of deconvolved stack of CLSM. Gray images represent three-
dimensional models of the L-LHCII ([C] and [E]) or L-LHCII-HL ([D] and
[F]) created after deconvolution. Face ([C] and [D]) and rotated ([E] and
[F]) view of three-dimensional sample models is shown. Bars = 2 pm.
[See online article for color version of this figure.]

DGDG) and LHCII complexes isolated from spinach chlo-
roplasts. Formation of the lipid-protein systems was achieved by
slowly removing detergent from the aqueous suspension. The
procedure yielded relatively small, LHCII-containing membrane
fragments (17 to 83 nm; see Supplemental Figure 6 online),
which can assemble into lipid-protein multibilayers when de-
posited on a solid support. Such structures are two-component,
mixed lipid-protein systems. This conclusion is based on the
analysis of the x-ray diffractograms (Figure 2). The positions of
the diffractometric maxima show the appearance of the new
lipid-protein multibilayer phases, created upon incorporation of
LHCII, at the expense of the intensity of the maxima characteristic
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for the pure lipid phase. Moreover, the fluorescence microscopy
analysis of the emission originating from the LHCII-bound
chlorophyll molecules and from the fluorescence label mole-
cules embedded in the lipid phase shows colocalization over the
entire lipid-LHCIl sample volume (see Supplemental Figure 7
online).

Two types of antenna complexes were studied, those isolated
from leaves that were dark adapted (LHCII) and preilluminated
with high intensity light (LHCII-HL). The immunostaining analysis
showed that 35% of the LHCII pool was phosphorylated in such
a sample after the strong light treatment compared with the
LHCII phosphorylation level evoked by illumination with low light
intensity (see Supplemental Figure 3 online). This observation
corroborates the finding that the maximum phosphorylation of
LHCII in spinach can be achieved during illumination with rela-
tively low light intensity (~100 pymol photons m~2 s~1) and de-
creases following an increase in light intensity (Rintamaki et al.,
1997). The pigment composition analysis shows that 43% of the
violaxanthin present in the LHCIl preparation is replaced by
zeaxanthin in the LHCII-HL samples. The results of our spec-
troscopic measurements show that both the LHCII preparations,
isolated from dark-adapted and preilluminated leaves, do not
differ significantly. This can be seen from the comparison of the
chlorophyll a fluorescence lifetime analysis and emission spec-
tra recorded both from LHCII and LHCII-HL in a trimeric form
(see Supplemental Figure 8 online). On the other hand, the LHCII
organization in a lipid-protein system is distinctly different and
gives rise to pronounced differences in protein organization,
manifested by chlorophyll a fluorescence lifetimes, 77K fluo-
rescence emission spectra, and FTIR spectra.

Diffractometric analysis of the samples deposited on a solid
support by evaporation from aqueous suspensions has shown
that both samples, L-LHCIl and L-LHCII-HL, are at least partially
organized into multibilayers. The periodicity of the multibilayers
formed with pure lipid mixture, determined to be 4.1 nm, was
distinctly lower than that observed in the case of the system
composed of lipids and LHCII-HL (5.3 nm) or composed of lipids
and LHCII (6.0 nm). Interestingly, in the case of L-LHCII, the
diffractometric technique has shown additionally the formation
of oriented lamellar multibilayer structures. Moreover, the ability
of the L-LHCII system to form such structures has been

. L-LHClI L-LHCII-HL

Figure 10. Transmission Electron Microscopy Images of the L-LHCII
and L-LHCII-HL Samples.

L-LHCII (A) and L-LHCII-HL (B) samples. Bars = 200 nm.
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concluded based on the results of CLSM and electron mi-
croscopy. All the measurements, outlined above, have been
integrated into the schematic model of organization of the lipid-
protein multibilayers binding LHCII isolated from dark-adapted
and preilluminated leaves (Figure 3). As depicted in the model, in
the L-LHCII lamellar samples, the protein molecules are orga-
nized within the supramolecular structures, which are aligned
vertically with respect to the plane of the multibilayer. The for-
mation of such trans-layer structures has been exclusively ob-
served in the case of the L-LHCIl samples, but not in the case of
the L-LHCII-HL samples, most probably owing to the electro-
static repulsion of the negatively charged phosphate groups.
Such an observation has strong support from the microscopy
imaging based on IR absorption (Figure 4). The IR-AFM tech-
nique showed, in the case of the L-LHCII layers, the distinct
areas characterized by a relatively high protein concentration,
sharply separated from the areas characterized by domination of
the lipid component. This observation is consistent with the
accumulation of a large number of LHCII complexes along axes
perpendicular to the plane of the scanned sample. Such a con-
clusion can be drawn due to the fact that the IR-AFM technique
is sensitive to a concentration of probed molecules, located
beneath the AFM tip (Policar et al., 2011; Lahiri et al., 2013). A
comparative analysis of the FTIR spectra recorded from the
L-LHCII and L-LHCII-HL multibilayers shows that the trans-layer,
supramolecular structures formed by the nonphosphorylated
complexes, which do not contain zeaxanthin, are stabilized by
intermolecular hydrogen bonds, which give rise to the antipar-
allel B-like structures, corresponding to the IR absorption band
centered in the region of 1688 cm~" (Figure 6B). Most probably,
the protein loops localized in the interbilayer region are re-
sponsible for the formation of such bonds. On the other hand,
the protein components in the L-LHCII-HL samples were found
to be involved in the formation of another type of supramolecular
structure, stabilized by intermolecular hydrogen bonds, which
give rise to the IR absorption band centered in the region of
1620 cm~" (Figure 6B). Such aggregates of LHCII have been
referred to as lamellar supramolecular structures formed in the
plane of monomolecular layers (Gruszecki et al., 2009b). In-
terestingly, formation of such aggregated structures of LHCII
has been reported to be facilitated by the presence of zeax-
anthin (Ruban et al., 1997; Gruszecki et al., 2006, 2010). En-
hanced formation of the lamellar aggregated structures in the
L-LHCII-HL samples is corroborated by the presence and rela-
tively high intensity of the band at ~700 nm, in the 77K fluo-
rescence emission spectra of chlorophyll a (Figure 7), and by
shortened chlorophyll a fluorescence lifetimes (Figure 8). The
absence of such a high number of lamellar aggregates of LHCII,
in the samples composed of nonphosphorylated protein, can
be explained in terms of involvement of the complex molecules
in formation of the trans-layer structures, which naturally
limits diffusional freedom of the protein complexes within the
individual lipid bilayers and therefore limits formation of the
diffusion-controlled protein assemblies. The absence of zeax-
anthin in the LHCII samples has to be also considered as a po-
tential determinant of molecular organization of the protein, in
light of the finding that this xanthophyll promotes formation of
lamellar molecular structures (Ruban et al., 1997; Gruszecki

et al., 2006, 2010). An important consequence of assembling of
LHCII complexes, into the trans-layer structures, stabilized by
intermolecular hydrogen bonds, and, therefore, relatively stable,
seems to be the formation of the rivet-like structures, linking
adjacent bilayers to the membrane stacks. The formation of
such stable lamellar membrane stacks has been confirmed by
the results of the microscopy analyses, which include CLSM
(Figure 9) and transmission electron microscopy (Figure 10).
Microscopy techniques, and in particular CLSM, show close
similarities in the organization of natural chloroplast membranes
and the model systems studied in this work (Rumak et al., 2010,
2012). In particular, the process of grana stack formation by the
thylakoid membranes appeared to have its analog in the model
system composed of the mixture of chloroplast lipids (MGDG
with DGDG, 2:1) and nonphosphorylated and zeaxanthin-lacking
LHCII isolated from dark-adapted leaves. It has to be empha-
sized that the protein-lipid molecular fraction ratio (1:20) has
been selected to mimic exceptionally high molecular crowding in
the natural thylakoid membranes and to reach 70 to 80% oc-
cupation of the membrane surface by the protein component
(Kirchhoff, 2008a, 2008b; Kirchhoff et al., 2008a, 2008b) (see
Supplemental Methods 1 online for details of the calculation of
the protein area fraction). The formation of grana structures in
chloroplasts of higher plants can be understood in terms of the
interplay of physicochemical forces of attraction and repulsion
(Chow et al., 2005). The van der Waals interaction and the
coulombic interactions of opposite electric charges located on
adjacent membranes are considered to be among the principal
attractive forces responsible for the formation of grana in
chloroplasts (Chow et al., 2005). In this work, we show that the
grana-like structures can be formed by the self-organization of
lipid-protein membranes comprising the major plant antenna
complex LHCII and that such structures are stabilized by a hy-
drogen bond network between the polar loops of the protein.
Such a hydrogen bond network results in the formation of the
column-shaped LHCII structures, spanning vertically the grana-
like discs and therefore providing stabilization of a multibilayer
structure in a skeleton-type fashion. Interestingly, such struc-
tures cannot be formed when LHCII isolated from leaves pre-
iluminated with high-intensity light is used as a protein
component of the model membranes, even when violaxanthin
deepoxidation is only partial and a relatively small fraction of the
complexes is phosphorylated. This suggests that the state
1-state 2 transition, which relies on antenna protein phosphory-
lation and dynamically regulates excitation energy distribution
within the thylakoid membrane system and optimal mobility of the
PSII-LHCII protein complexes along the thylakoid membrane
(Tikkanen and Aro, 2012) can also be involved in the dynamic
regulation of the three-dimensional organization of the thylakoid
membranes. In this context, it is worth emphasizing that in-
creased membrane folding, caused by the loss of light-induced
protein phosphorylation, has been observed in Arabidopsis
(Fristedt et al., 2009). Our observation that nonphosphorylated
LHCII complexes, which do not contain zeaxanthin, can be in-
volved in the formation of the hydrogen bond network between
adjacent lipid-protein membranes fits the concept of dynamic
reorganization of the chloroplast membrane architecture, which
involves fusion and fission events that occur between the
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nonappressed and appressed thylakoid membranes (Chuartzman
et al.,, 2008). On the other hand, the fact that the zeaxanthin-
containing and partially phosphorylated LHCII pool has a much
higher affinity to form lamellar aggregated structures in the lipid
phase, as demonstrated in this work, seems also to have a pro-
nounced consequence from the physiological standpoint. Since
antenna protein phosphorylation results in the energetic un-
coupling from the PSII reaction center, the fraction of LHCII that
actively absorbs light energy and at the same time is not ener-
getically coupled to any of the reaction centers, cannot transfer
excitation energy outside, and therefore is subjected to severe
risk of overexcitation and oxidative damage. As shown above,
complexes from such a pool, readily form lamellar supramo-
lecular structures, which are characterized by efficient singlet
excitation quenching (Zubik et al., 2013). Owing to this fact, the
process of molecular assembly of zeaxanthin-containing and
partially phosphorylated LHCIlI seems to have particular im-
portance in photoprotection of this antenna complex. In-
terestingly, FLIM-based imaging of live green algae cells has
revealed that LHCIl phosphorylation is followed by the for-
mation of aggregated structures of this pigment-protein
complex characterized by enhanced excitation quenching
(Iwai et al., 2010).

An important role of light-induced LHCII reorganization in
photoprotection against light-induced damage has emerged
from several studies, both in vivo and in vitro (Barzda et al.,
1996; Dobrikova et al., 2003; Cseh et al., 2005; Holm et al.,
2005; Gruszecki et al., 2009b; Johnson et al., 2011). Most of
these data suggest that the primary site of light-induced re-
organizations is on the outer loop segments of LHCII, affecting
the phosphorylation (Zer et al., 1999), the cation binding sites
(Cseh et al., 2000; Garab and Mustardy, 2000), and the ability of
stacking and lateral reorganizations (Dobrikova et al., 2003;
Gruszecki et al., 2009b). Despite the differences in xanthophyll
composition and phosphorylation status of the LHCII and LHCII-
HL samples, both the fluorescence emission spectra and the
fluorescence lifetimes are almost identical (see Supplemental
Figure 8A online). By contrast, the spectroscopy analyses show
pronounced differences between the lipid-protein samples
prepared with those two types of complexes. This fact corrob-
orates a central role of organization of the protein in the man-
agement of excitations in the photosynthetic apparatus.

Interestingly, relatively low light intensity (~100 pmol photons
m~1 s~1), corresponding to half the light intensity used to irra-
diate spinach leaves during growth, was shown to induce
a maximum phosphorylation of the LHCII pool (Rintamé&ki et al.,
1997). The physiological importance of such a mechanism could
be associated with the excitation energy redistribution between
the grana and stroma regions of the thylakoid membranes,
which are enriched in the PSI and PSII reaction centers (Tikkanen
et al., 2011), molecular remodeling of PSII (Iwai et al., 2008), and
possibly also in disassembly of supramolecular structures of
LHCII, which can be present in the photosynthetic apparatus
and are known to quench chlorophyll singlet excitations effi-
ciently. Such disassembly can be simply driven by lateral elec-
trostatic repulsion between the negatively charged phosphorylated
protein complexes (Allen, 1992). Elimination of the excitation
quenching in LHCII, via disassembly of supramolecular
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structures, can be recognized as a vital process under low-light
conditions associated with a relatively low excitation density. On
the other hand, illumination with strong light can be associated
with photoinhibition and photodamage. As has been reported
(Rintamaki et al., 1997), the phosphorylation level of the PSII
core complexes remains high under strong light conditions,
whereas the LHCII pool becomes dephosphorylated to a rela-
tively low level.

The spectroscopy results presented in this work show that
such a low phosphorylation level of the LHCII pool, combined
with violaxanthin deepoxidation, prevent the formation of the
transmembrane structures and promote the formation of the
lateral supramolecular structures within each membrane, which
are characterized by a relatively high yield of excitation
quenching.

The latter mechanism can be considered as an important el-
ement of the photoprotection strategy in the photosynthetic
apparatus of plants under overexcitation conditions.

Concluding Remarks

We studied the model lipid-protein membranes consisting of
chloroplast lipids and the antenna complex LHCII. Membranes
containing LHCII isolated from dark-adapted leaves assembled
into lamellar stacks in which the protein molecules form the
trans-layer supramolecular structures. The rivet-like structures
are stabilized by intermolecular hydrogen bonds and can serve
as a scaffold for the lipid-protein membrane stacks. The for-
mation of such lipid-protein structures has not been observed in
partially phosphorylated LHCII isolated from leaves preillumi-
nated with high-intensity light. In such complexes, a fraction of
the violaxanthin pool was exchanged for zeaxanthin. On the
other hand, LHCII isolated from light-stressed leaves has been
found to form lamellar aggregated structures in the plane of the
lipid-protein membranes. Such structures are characterized by
efficient excitation quenching in LHCII. The results of this study
suggest that the physiological role of light-controlled antenna
phosphorylation in the photosynthetic apparatus of plants, in
addition to redistributing excitation energy and regulating the
lateral reorganization of the thylakoid membrane, is to regulate
the assembly of the thylakoid membranes into grana stacks by
forming hydrogen bond-stabilized trans-layer skeletons. An-
other conclusion is that LHCII phosphorylation combined with
violaxanthin deepoxidation facilitates protein assembly that
protects the photosynthetic antenna network from over-
excitation and photodegradation via nonradiative excitation
energy dissipation.

METHODS

Chemicals

MGDG and DGDG lipids isolated from plants were purchased from Lipid
Products Company. n-Dodecyl-B-p-maltoside (DM) and all the chemicals
used in the lipid-LHCIl membrane preparation were purchased from
Sigma-Aldrich. All other chemical used in the preparations were of an-
alytical grade.
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Isolation of Nonphosphorylated and Partially Phosphorylated LHCII

LHCII was isolated from fresh spinach (Spinacia oleracea) leaves as
described previously (Krupa et al., 1987), but to isolate phosphorylated
LHCII, this method was slightly modified.

LHCII phosphorylation was achieved by illuminating fresh spinach
leaves with high intensity light of 1200 pmol photons m=2 s~ for 30 min.
The photon flux density of 1200 wmol quantam=2s~', emitted by our light
source, is equivalent to 1020 pmol photons m=2 s~ of sunlight, in terms
of the number of light quanta absorbed by thylakoids (see Supplemental
Figure 1 online for the details of this calculation). Directly after illumination,
leaves were ground in the buffer containing 20 mM Tricine, 0.4 M sorbitol,
and 10 mM NaF, pH 7.8, and centrifuged for 5 min at 4°C and 5000g. The
pellet was resuspended in 20 mM Tricine and 10 mM NaF buffer, pH 7.8,
to a chlorophyll concentration of 0.8 mg mL~". Triton X-100 was added
from a 5% stock solution to a final concentration of 0.7% (v/v). The
suspension was incubated for 30 min at 21°C under continuous stirring.
For precipitation of effective phosphorylated complexes, Triton X-100
was removed from the suspension by incubation overnight with Bio-
beads adsorbent (Bio-Rad Laboratories). After removal of the detergent,
the suspension was centrifuged for 40 min at 30,0009, and the super-
natant was mixed with 1 M MgCl, and 1 M KCl to a final concentration of
100 mM KCI and 20 mM MgCl,. The precipitated LHCII was purified by
40 min centrifugation at 15,0009 on a Suc gradient. To obtain high purity
of the preparation, the step involving protein precipitation with Triton
X-100 and MgCl, and KCI was repeated and followed by a centrifugation
for 40 min at 30,000g on a Suc gradient. Finally, pellet was washed
two times in 20 mM Tricine buffer (centrifugation for 5 min at 40,000g)
and was stored at —80°C. All the materials and buffers used were
precooled.

The chlorophyll concentration was determined in 80% acetone according
to Lichtenthaler (1987).

SDS-PAGE and Immunoblot Analysis

LHCII preparations were suspended in Laemmli denaturing buffer, and
samples containing 1 pg of chlorophyll were loaded into polyacrylamide
gel wells. After separation by standard SDS-PAGE electrophoresis,
specific polypeptides were detected on the Polivinylidene difluoride
membrane using primary antibodies against phospho-Thr (Cell Signaling)
followed by anti-rabbit horseradish peroxidase conjugate and ECL de-
tection system (Bio-Rad Laboratories). After detection of phosphor-Thr
residues, the membrane was stripped by incubation in 62.5 mM Tris-HClI,
pH 6.8, buffer containing 2% (w/v) SDS and 100 mM 2-mercaptoethanol
and washing in 20 mM Tris-HCI, pH 7.5, buffer containing 0.5 M NaCl and
0.05% (v/v) Tween 20. Subsequently, the reaction with antibodies against
Lhcb1 and Lhcb2 (Agrisera) with the same detection system was per-
formed. Relative band intensities were quantified using the Quantity One
software (Bio-Rad Laboratories).

Xanthophyll Analysis by HPLC

After isolation, LHCII samples were centrifuged at 11,0009 for 5 min, and
the pellet was dissolved in an acetonitrile:methanol:water (72:8:3, v:v:v)
mixture. A C-18 filled, phase-reversed HPLC column (4.6 X 25 mm) was
applied with a solvent system of acetonitrile:methanol:water (72:8:3, v:v:v)
as a mobile phase. The flow rate was 0.8 mL/min. A Hewlett Packard HP
8453 spectrophotometer with absorption set at 441 nm was used as
a detector. Absorption spectra of the separated fraction were recorded
online between 280 and 900 nm in 10-s intervals. Xanthophyll pigments
were identified on the basis of retention times and UV-Vis absorption
spectra (see Supplemental Figure 4 online).

Preparation of Lipid-LHCIl Membranes

MGDG and DGDG film (lipid molar ratio of 2:1, respectively) was de-
posited on glass test tubes via evaporation from the chloroform-methanol
(2:1, v:v) solution under a stream of nitrogen. To remove traces of organic
solvents, which may possibly remain in dry lipid films, the samples were
placed in a vacuum (<1075 bar) for 30 min. The LHCII complexes were
suspended in 20 mM Tricine and 10 mM KCI buffer, pH 7.6, containing
0.03% DM. For incorporation of the LHCIl complexes into lipid mem-
branes, the LHCIl samples were transferred to glass tubes and subjected
to mild sonication in an ultrasonic bath for 30 min. The molar ratio of LHCII
to lipids was 1:20. Next, DM was removed from the suspension by in-
cubation with Bio-beads adsorbent at 4°C for 12 h. The lipid-LHCII
membranes were separated from the detergent-free suspension by
centrifugation at 15,000g for 5 min. Finally, the pellet was resuspended in
20 mM Tricine and 10 mM KCI buffer. A discussion regarding selection of
a lipid-protein ratio is presented in Supplemental Methods 1 online (see
also Supplemental References online).

The procedure applied yielded relatively small lipid-protein structures
(nanodiscs), which assemble into larger topological forms during de-
position to a solid support (see Supplemental Figure 6 online). Such
a procedure has been elaborated to minimize the formation of large
aggregated forms of LHCII characterized by the antiparallel orientation of
the complexes, in which the N and C termini of neighboring trimers face
the same direction. The thickness of the samples deposited to a solid
support (~1.5 ym) was estimated by means of AFM measurements (see
Supplemental Figure 9 online).

The lipid to protein molar ratio (20:1) was selected to reflect the very
high protein crowding in the natural thylakoid membranes of plants. A
detailed discussion related to the proportion of lipids and protein in the
model system applied is presented in Supplemental Methods 1 online.

X-Ray Diffraction

Diffractometric measurements were performed using an Empyrean x-ray
diffraction spectrometer from PANalytical with the CuK, x-ray radiation
\ = 0.154 nm. Before the experiments, the lipid and lipid-LHCII samples
were deposited on the glass plate via evaporation from the buffer solution.
The glass plate was washed with organic solvents. Diffractograms were
collected from samples composed of approximately 250 lipid bilayers
deposited on a 1-cm? area of glass plate. Data collection was in the 260
range of 0.6 to 26° with a step size of 0.01°.

77K Fluorescence Emission Spectroscopy

77K chlorophyll a fluorescence emission spectra were recorded from the
lipid-LHCII samples using a Cary Eclipse spectrofluorometer (Varian) and
the system described previously (Grudzinski et al., 2001). The excitation
wavelength was set at 470 nm. The excitation and emission slits were 10
and 5 nm, respectively.

FLIM

FLIM measurements were performed using a confocal LSM 780 system
(Zeiss) coupled with an Observer Z.1 microscope. Samples were placed
on nonfluorescent Menzel-Glaser #1 glass slides covered with poly-L-Lys.
Fluorescence was excited at 440 nm by a LDH-PC-440B solid-state
pulsed laser (PicoQuant) with a repetition rate of 20 MHz. Fluorescence
photons were collected with the MPD detector. A 510-nm long-pass filter
was placed on the detection path. Decay data analysis was performed
using SymPhoTime (v. 5.0) software (PicoQuant).

Spectroscopy analysis was performed using the Grams/Al 8.0 soft-
ware from ThermoGalactic. All the experiments were performed with
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a minimum of five replicates, and the effects presented were found to be
highly reproducible.

FTIR Absorption Spectroscopy

FTIR spectra were recorded with a Vector 33 spectrophotometer (Bruker).
A clean crystal spectrum was used as a background. Liquid lipid-LHCII
samples were deposited at CaF, transmission crystal by partial evapo-
ration under a nitrogen stream. The spectra were recorded in the region
between 4000 and 400 cm~" at a resolution of one data point every 4 cm~1.
All the measurements were done in the dark and in a dry atmosphere at
21°C. Typically, 10 interferograms were collected, averaged, and Fourier
transformed. Spectral analysis was performed with OPUS software
(Bruker).

IR Absorption Imaging Microscopy

Lipid-LHCII and lipid-LHCII-HL samples, in the form of multibilayers, were
deposited at the surface of an attenuated total internal reflection element
in the form of a prism made of ZnSe monocrystals by the same method as
in the preparation of samples for diffractometric analysis. The samples
were scanned with the nano-IR microscopy system from Anasys In-
struments. The IR imaging at the nanoresolution technique is based on
AFM detection of an abrupt and temporary deformation of the scanned
region of a sample. Such a deformation is caused by resonance ab-
sorption of IR radiation at a selected wave number, generated by the
tunable and pulsed IR source (Policar et al., 2011; Marcott et al., 2012).
Simultaneously, the system is able to scan a sample topography (with the
conventional AFM technique), the image representing IR absorption (by
the IR-AFM technique), and image representing the sample stiffness
(related to the frequency of the AFM cantilever oscillations) (Policar et al.,
2011; Marcott et al., 2012). The system also enables recording of the IR
absorption spectra at the selected positions of the sample. All mea-
surements were performed at room temperature.

Confocal Laser Scanning Microscopy and 3D Analysis

Lipid-LHCII samples were suspended in a 20 mM Tricine-NaOH buffer, pH
7.6, containing 10 mM KClI to chlorophyll concentration of 10 ug mL~" and
placed on ice and dark for 10 min. After incubation suspension was
immobilized on a microscopy glass covered with poly-t-Lys (1 mg mL~7).
Samples were imaged using a Nikon A1 confocal laser scanning fluo-
rescence microscope equipped with an Plan Apo TIRF X100 oil differ-
ential interference contrast H (numerical aperture = 1.45) objective lens.
An excitation beam was set at 561 nm from a diode laser working at
minimal power to avoid photobleaching. Fluorescence emission was
recorded in the range of 662 to 737 nm, while the confocal aperture was
set at 1 Airy unit. Z-series (400 to 600 optical slices) of 512 X 512-pixel
images taken from different focal planes were collected using a resonant
scanner with a scan speed of 15 frames per second. Each optical slice
was an average of 16 separate frames, and the distance in the Z-axis
between two neighboring layers was set at 25 nm. To remove the
spherical aberration effect and unspecific fluorescence signals, collected
data stacks were subjected to a deconvolution procedure using the
AutoQuant X3 software (Media Cybernetics). Deconvolved stacks, which
had a 31 X 31 X 25-nm (XXYXZ) voxel size, were used to create the
three-dimensional models by Imaris 6.1.3 software (Bitplane).

Transmission Electron Microscopy

Electron microscopy was performed on a Leo 912AB transmission
electron microscope (Zeiss) operated at 100 kV. Lipid-LHCIlI samples
were deposited on a carbon-coated copper grid and negatively stained
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with 2% ammonium molybdate for 5 min. The calibrated magnification
was x31,000.

Molecular Modeling

The LHCII trimer model was visualized using VMD software support
(http://www.ks.uiuc.edu/). VMD was developed, with support from the
National Institutes of Health, by the Theoretical and Computational
Biophysics group at the Beckman Institute, University of lllinois at Urbana-
Champaign. LHCII coordinates were downloaded from the Protein Data-
bank database (ID code: 2bhw).
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