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CHAPTER 2

Disentangling protein and lipid
interactions that control a molecular
switch in photosynthetic light harvesting

This chapter is published as E. Crisafi, A. Pandit, Biochimica et Biophysica Acta Biomembranes, 2017

Cryo-electron microscopy experiments were performed in collaboration with the Electron Microscopy Department,
Groningen Biomolecular Sciences and Biotechnology, Univ. of Groningen.



ABSTRACT

In the photosynthetic apparatus of plants and algae, the major Light-Harvesting
Complexes (LHCII) collect excitations and funnel these to the photosynthetic reaction
centre where charge separation takes place. In high-light, remodelling of the
photosynthetic membrane and protein conformational changes produce a photoprotective
state in which excitations are rapidly quenched to avoid photodamage.

The quenched states are associated with protein aggregation in the membrane, however,
the LHCII complexes are also proposed to have an intrinsic capacity to shift between light
harvesting and fluorescence-quenched conformational states. To disentangle the effects
of protein-protein and protein-lipid interactions on the LHCII photoprotective switch, we
compared the structural and fluorescent properties of LHCII lipid nanodiscs and
proteoliposomes with very low protein to lipid ratios. We demonstrate that LHCII
proteins adopt a fully fluorescent state in nanodiscs and in proteoliposomes with highly
diluted protein densities. The increase of protein density induces a transition to a mildly-
quenched state that reaches a fluorescence quenching plateau at a molar protein-to-lipid
ratio of 0.001 and has a fluorescence yield reminiscent of the light-harvesting state in
vivo. The low onset for quenching strongly suggests that LHCII-LHCII attractive
interactions occur inside membranes. The transition at low protein densities does not
involve strong changes in the excitonic circular dichroism spectrum and is distinct from
a transition occurring at very high protein densities that comprises strong fluorescence
quenching and circular dichroism spectral changes involving chlorophyll a611 and a612,
correlating with proposed quencher sites of the photoprotective mechanisms.
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INTRODUCTION

Photosynthetic light-harvesting antennae form supra-molecular arrays with strong
connectivity that capture sunlight and transfer the excitations over long distances
towards the photosynthetic reaction centres, where charge separation takes place [1]. In
contrast to artificial solar antennae, natural light-harvesting structures are dynamic
assemblies that continuously adapt to the light conditions for prevention of photodamage
[2]. In the excess of light, extensive remodelling of the photosynthetic thylakoid
membranes takes place. The ability of the peripheral Light-Harvesting Complexes of
plants and photosynthetic algae to adapt fluorescent, light harvesting, versus
photoprotective, excitation-quenched states under excess light conditions, is a
phenomenon that has been studied extensively in vivo and in vitro over the last decades
[3-9]. LHCII proteins have the intrinsic capacity to switch between light-harvesting,
fluorescent, or photoprotective, quenched conformational states [4,10]. The formation of
quenched states is associated with LHCII aggregation in the membrane and the balance
between light harvesting and photoprotection is regulated by membrane remodelling in
high light conditions [8,11]. Mild dilution with thylakoid lipids of overcrowded mutant
thylakoid membranes has shown to increase the LHCII chlorophylls (Chls) fluorescence
lifetimes, while further dilution functionally uncouples the LHCII antenna proteins from
the photosystem reaction-center units [12,13]. Thus, the functional roles of the light-
harvesting proteins to transfer excitations to the photosynthetic reaction centres or
dissipate excess excitations under high light critically depend on the respective protein to
lipid densities within strong- or weak-coupling regimes. The strong correlation between
quenching and protein aggregation in vivo and in vitro together with the notice that
individual LHCII complexes can adopt different fluorescent states, suggests a
mechanistic process in which external pressure and protein or lipid changes in the LHCII
microenvironment bring about a molecular conformational change. This change should
involve altered Chl-Cars or Chl-Chl interactions to be able to quench the light excitations
[6,14,15]. While several models have been proposed for the photophysical quenching
mechanisms [5,14-16] involving the protein-bound Chls, lutein and/or zeaxanthin, there
is no clear view on the mechanistic process or on the protein conformational switch that
is associated with a twist in the protein-bound neoxanthin (Neo), a change in Chl b
hydrogen bond strength [14], subtle changes in the Chl a ground-state electronic
structures [17,18] or conformational changes in one of the luteins (Lutl) [19]. Upcoming
methods, like single-molecule fluorescence and nuclear magnetic resonance (NMR), are
being explored to comprehend the conformational switch of LHCII and its associated
mechanistic process [4,17]. The relevance of such studies strongly relies on the chosen in
vitro conditions to mimic the in vivo membrane environment. In addition, new kinetic
models have been proposed that describe excitation, diffusion, and quenching in small
LHCII aggregates, that benefit from experimental data describing the behaviour of single
and aggregated LHCII under controlled, membrane-mimicking conditions [20,21].

Model lipid membranes form suitable tools for the investigation of protein structure,
dynamics and lipid interplay in a controlled environment and open the possibility to
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create artificial minimal protein networks with functional connectivity. LHCII-
reconstituted proteoliposomes and protein-lipid aggregates have been investigated to
determine inter-protein connectivity and protein-lipid interactions under various
conditions [22-24]. Comparing the structural and functional properties of aggregated
membrane proteins in proteoliposomes with those of isolated proteins embedded in
detergent micelles, however, creates a bias because the protein microenvironment
changes when proteins are transferred from detergent micelles to lipid membranes. Lipid
nanodiscs form attractive alternative model systems that prevent protein aggregation
while providing a lipid environment. We demonstrated that LHCII proteins could be
reconstituted in asolectin lipid nanodiscs, capturing the proteins in their fluorescent,
light-harvesting state [25].

In this chapter, we compared both structure and fluorescence properties between LHCII
in lipid nanodiscs and LHCII in proteoliposomes, thereby disentangling protein-protein
and protein-lipid interactions in minimal membrane models to investigate the LHCII
mechanistic, functional switch. The LHCII pigment-protein complexes are unique in
possessing Chls and xanthophylls that form intrinsic probes, reporting changes in the
microenvironment. By adjusting the protein to lipid ratio (PLR) in the proteoliposomes,
we determined the onset ratio for protein aggregation in membranes, bridging the gap
between properties of isolated proteins and of their aggregated states. Liposome and
nanodisc models were prepared from plant thylakoid or from soybean asolectin lipids to
investigate the influence of specific lipid microenvironments. Thylakoid lipids were used
to mimic the lipid composition of native thylakoid membranes. Preparations of soybean
asolectin lipids were used as easily controllable lipid model systems and for comparison
of our data with previous results obtained in an earlier study on LHCII lipid nanodiscs
[25]. Circular dichroism (CD) experiments were carried out to characterize LHCII
pigment interactions for the different membrane model systems.

MATERIALS AND METHODS
LHCII EXTRACTION

Light-Harvesting Complexes were purified from Spinacia oleracea leaves as previously
described [25]. In short, LHCII trimer complexes were isolated using a sucrose gradient.
The green band of LHCII trimers was manually collected with a long needle. The purified
LHCII complexes were characterized by absorption spectroscopy. The sucrose buffer was
exchanged into buffer containing HEPES 50 mM, NaCl 100 mM, pH 7.5, n-Dodecyl -D-
maltoside (8-DM, Sigma) 0.03%. The solution was concentrated using Amicon Ultra 2 mL
centrifugal filters with a cut off of 30 kDa (Millipore). The protein complexes were stored
at -80°C until use.
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PREPARATION OF ASOLECTIN LIPOSOMES

Chloroform was added to asolectin from soybean lipids (Sigma) to a concentration of 5
mg/ml. The chloroform/asolectin solution was collected in a round-bottom flask, and all
solvent was evaporated with a stream of N2 followed by evaporation in a rotary evaporator
(R3000, Buchi). The phospholipid bilayer was then hydrated using the reverse phase
method [26]. A solution was poured to the dried film containing the buffer (HEPES 50
mM, NaCl 100 mM, pH 7.5) and diethyl ether in the ratio 1 to 3, and gently mixed and
sonicated (2210, Branson). The diethyl ether was evaporated using the rotary evaporator
and the last traces of solvent were removed using a stream of No. The liposome
suspensions were exposed to 10 freeze/thaw cycles followed by extrusion through
polycarbonate membranes of 400 and 200 nm pore size, using a mini-extruder (Avanti
polar lipids). Sizes of liposome preparations were determined by dynamic light scattering
(DLS, Malvern Zetasizer Nano ZS) equipped with a thermostatic cell holder controlled by
a Peltier element.

PREPARATION OF THYLAKOID-LIPID LIPOSOMES

Thylakoid lipids phosphatidylglycerol (PG), digalactosyldiacylglycerol (DGDG),
monogalactosyldiacylglycerol (MGDG) and sulphoquinovosyl diacylglycerol (SQDG) were
purchased from Lipid Products Company (Redhill). Unilamellar liposomes were prepared
according to [27]. Lipid mixtures containing 47% MGDG, 27% DGDG, 12% SQDG and
14% PG were dried into a thin film using a rotary evaporator at 40°C, to remove all traces
of chloroform. The lipid film was hydrated using a reconstitution buffer (HEPES 50 mM,
NaCl 100 mM, pH 7.5 and 0.03% f-DM) to a final lipid concentration of 0.25 mg/ml.
Detergent was extracted by incubation for 48 hrs with polystyrene beads (Bio-beads, SM-
2, Bio-Rad). The liposome suspensions were exposed to 10 freeze-thaw cycles followed by
extrusion through polycarbonate membranes with 200 nm and 100 nm pore sizes.

PROTEIN INSERTION IN LIPOSOMES

To determine the onset of liposome solubilisation by detergent, liposome preparations
were titrated with f-DM and DLS and 90" light scattering were used to monitor the
solubilisation of liposomes into lipid-detergent micelles.

Liposome solubilisation curves were obtained by mixing liposomes with increased
amounts of -DM. Solubilisation of the liposome vesicles into lipid-detergent micelles
upon detergent titration was followed by the decrease of 90° light scattering measured
with a fluorescence spectrometer (Varian) with the excitation and detection wavelength
both set at 500 nm (Figure 2.1). Particle sizes of the liposome-detergent preparations were
determined by DLS. The onset value for solubilisation was determined as 0.01% £-DM for
liposome preparations containing 0.95 mM lipid, which converts to 5 lipids per detergent
molecule.

For protein insertion, preformed liposomes were destabilized by the addition of 0.03% of
L-DM to facilitate the insertion of LHCII into the membranes. LHCII complexes were
added to the suspension and incubated for 30 min. For proteoliposomes preparations with
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high PLRs (1:65), instead of insertion into preformed liposomes, the LHCII complexes in
L-DM were directly mixed with detergent-solubilized lipids. Bio-beads were added to the
suspensions in several steps and solutions were incubated overnight. The proteoliposomes
suspension was centrifuged at 15000 x g for 30 minutes at 4°C using a table-centrifuge
(56430 R, Eppendorf) to remove non-incorporated LHCII that forms aggregate pellets.
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Figure 2.1 Solubilisation of asolectin liposomes (lipid 0.95 mM) upon -DM titration. The onset of solubilisation
starts at $-DM 0.01%.

Preparations of LHCII in 0.03% f-DM and of LHCII proteoliposomes were loaded on
sucrose gradients 10-45% and run overnight at 200000 x g at 4 °C in an SW41 rotor
(Beckmann). Figure 2.2 shows that LHCII proteoliposomes form two bands on the sucrose
gradient, while there are no visible LHCII aggregates at the bottom of the tube,
confirming that all of the LHCIIs were incorporated.

The proteoliposome preparations were characterized by cryo-electron microscopy (cryo-
EM, FEI Technai T20 electron microscope, operating at 200 keV). The reported PLR is
defined as moles of LHCII trimers per moles of total lipids. The concentration of LHCII
was determined from the molar extinction coefficient for trimers

at 670 nm, e=1638000 M- cm-! [28].
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Figure 2.2 Sucrose gradient of LHCII aggregates (bottom left) and LHCII proteoliposomes with PLR = 1:65 (right).

PREPARATION OF LHCII ASOLECTIN NANODISCS

For incorporation of LHCII in lipid nanodiscs, we used the membrane scaffold protein
1E3D1 (MSP 1E3D1) [29]. MSPs are amphipathic helices and are genetically engineered
apolipoproteins (A-1). The MSP1E3D1 overexpressed in E. coli was purification and
consequentely stored at -80°C. Lipid nanodiscs are formed spontaneously upon detergent
extraction of lipid: detergent: MSP mixtures. In lipid nanodiscs, the lipid molecules
associate as a bilayer domain while two molecules of MSP wrap around the edges of the
discoidal structure in a belt-like configuration, one MSP covering the hydrophobic alkyl
chains of each leaflet (see Figure 1.11, Chapter 1). For the preparation of LHCII asolectin
nanodiscs, a 5 mg/ml solution of asolectin was prepared according to Pandit et al., in buffer
(HEPES 50 mM, NaCl 100 mM, pH 7.5) with nonyl -D-glucopyranoside 40 mM (Sigma)
[25]. LHCII complexes were mixed with the lipid/ detergent solution and incubated at 4°C
while shaking for 15 min. The MSP1E3D1 was added to the mixture and incubated for
another 15 min [25]. To allow the reconstitution of protein in nanodiscs, the detergent
was removed using Bio-beads (SM-2). Samples were diluted to a final volume of 2 ml and
ultra-centrifuged at 120000 x g at 4°C to remove lipid and protein pellets, in an
Ultracentrifuge (Optima L-90K, Beckman) using a 70.1 Ti rotor. Because we observed
that for some preparations small aggregates remained in the lower part of the
supernatant, the upper and lower volumes of the 2 ml supernatant solution were collected
separately from the centrifuge tubes. Sizes of empty nanodisc and liposome preparations
were determined by DLS. The illumination wavelength of the DLS apparatus, 632.8 nm,
was not suitable for measuring scattering profiles of LHCII-containing samples because
LHCII fluorescence upon illumination at 632.8 nm interfered with the scattering profile.
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PREPARATION OF LHCII THYLAKOID-LIPID
NANODISCS

Nanodiscs consisting of plant thylakoid lipids were prepared as described above for
asolectin lipid nanodiscs, except for the initial step. Native thylakoid membranes contain
the non-bilayer lipid MGDG that makes up ~40-50% of the lipid constituents [30]. The
addition of MGDG to our lipid preparations prevented the formation of nanodiscs and
resulted in the formation of LHCII lipid aggregates. MGDG is a non-bilayer lipid that
changes the membrane lateral pressure profile and has a preference for hexagonal
membrane phases [31]. The cone-shaped MGDG lipids might prevent the formation of flat
lipid membrane discs that are stabilized by the MSP proteins. Lipid mixtures containing
47% MGDG, 27% DGDG, 12% SQDG and 14% PG or lacking MGDG, containing 61.9%
DGDG, 16.7% SQDG and 21.4% PG were dried with a rotary evaporator for 45 minutes
at 40°C. The lipid film was hydrated with buffer (HEPES 50 mM, NaCl 100 mM, pH 7.5)
containing 40 mM nonyl S-D-glucopyranoside. The remaining steps were performed
following the protocol described above for asolectin lipids.

CIRCULAR DICHROISM MEASUREMENTS

CD spectra of the LHCII nanodiscs and proteoliposome suspensions were recorded with a
J-815 spectropolarimeter (Jasco) equipped with a Peltier element temperature control.
The wavelength range was from 350 to 750 nm, data pitch 1 nm, response 2 s, bandwidth

4 nm, and scanning speed 50 nm/min at 20°C using a 0.2 or 0.5 cm quartz cuvette
(Hellma).

ABSORPTION MEASUREMENTS

Absorption spectra were recorded with a UV-1700 PharmaSpec UV-Vis
spectrophotometer (Shimadzu) over a wavelength range from 350 to 750 nm

FLUORESCENCE MEASUREMENTS

Fluorescence measurements were performed with a Cary Eclipse fluorescence
spectrophotometer (Varian), collecting emission spectra from 660 to 720 nm using 3 mm
quartz cuvettes. The optical density of the sample preparations varied from 0.03 to 0.07
cm! at 650 nm. The excitation wavelength (Aext) was set at 650 nm or at 475 nm.
Fluorescence quantum yields of LHCII proteoliposome and nanodisc preparations were
determined relative to the fluorescence yield of LHCII in f-DM. Data were corrected for
the number of absorbed photons by dividing the fluorescence intensities by 1-Trasmission
(1-T).
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Figure 2.3 UV-VIS Absorption spectra of LHCII proteoliposomes with protein to lipid ratios of 5105 (red) and of
LHCII in 0.03% B-DM (black). Spectra are normalized at the Chl a @, maximum.

To minimize errors caused by liposome scattering, which causes a scattering background
signal at the blue side of the absorption spectra, as shown in Figure 2.1, liposome samples
were excited at the red side in the Qy band of Chl b (gexe= 650 nm) and fluorescence

emission spectra were corrected for the number of absorbed photons dividing the
fluorescence intensities by 1-Teso.
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RESULTS AND DISCUSSIONS

FLUORESCENCE ANALYSIS OF LHCII IN
NANODISCS COMPOSED OF ASOLECTIN OR
THYLAKOID- LIPIDS

Sample LHCII: MSP: lipid D/Dr (%)
1 1:4:427 100
2 1:4:213 100
3 1:12:870 70
4 1:24:870 75
5 1:12:120 90
6 1:18:180 90
7 1:20:120 74
8 1:5:120 80

Table 2.1 Fluorescence yields relative to LHCII in -DM of LHCII nanodiscs preparations, composed of DGDG:
SQDG: PG lipid mixtures (sample 1 to 4) or of soybean asolectin lipids (sample 5-8).

At optimized LHCII: MSP: lipid ratios, LHCII lipid nanodiscs prepared using asolectin or
DGDG: SQDG: PG lipids had fluorescence intensities that were comparable to the
fluorescence intensities of LHCII in S-DM micelles as reported in Table 2.1, while with
sub-optimal LHCII: MSP: lipid ratios, lower fluorescence yields were observed, caused by
the presence of small amounts of LHCII aggregates that quench the fluorescence.

Note that in lipid membranes where the LHCII proteins would not be prevented from
protein-protein interactions by the MSPs, protein to lipid ratios of 1:120 or 1:180 as were
used for the asolectin nanodiscs would induce quenched states of LHCII by protein
aggregation [32]. In contrast, the fluorescence yields in Table 2.1 confirm that the
nanodisc scaffolds prevent LHCII aggregation. In earlier work, it was already
demonstrated that LHCII retains its fluorescent state upon reconstitution in asolectin
nanodiscs [25]. Here we conclude that LHCII also adapts an unquenched, fully fluorescent
state in nanodiscs composed of thylakoid lipids.
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FLUORESCENCE ANALYSIS OF LHCII
PROTEOLIPOSOMES AT LOW PROTEIN TO LIPID
RATIOS

In artificial and in native membranes, the fluorescence of LHCII is reduced compared to
the fluorescence of LHCII in detergent micelles. The LHCII-nanodisc experiments,
however, show that the transition from a detergent to a lipid environment in itself does
not produce quenched states. We reasoned that quenching of LHCII in membranes is
caused by their aggregation and that very diluted concentrations of LHCII complexes in
proteoliposome membranes should reproduce the fluorescence yields of the LHCII lipid
nanodiscs. To test this assumption, we prepared LHCII asolectin proteoliposomes with
PLRs in the range 2 x 10% to 2 x 10-3. At the lowest ratios, the fluorescence yield indeed
equals the fluorescence yields of LHCII in lipid nanodiscs or detergent micelles as shown
in Figure 2.4. The fluorescence yield decreases with increased PLR until a plateau is
reached where the yield is reduced to ~50% relative to the fluorescence of LHCII in lipid
nanodiscs. This reduced yield is comparable with the reduction in fluorescence that is
observed for LHCII in dark-adapted leaves in vivo [8,25,33].

For clarity, the x-axis in Figure 2.4 has a logarithmic scale. Data were fit with a standard
sigmoidal curve to determine the midpoint PLR value, using the fit function:

y = Fmax — F/{1 + exp[(xhalf-x)/x0]}

The fit would give a midpoint PLR value x-half = 0.0001 (Figure 2.4). Exponential fitting
was also performed and would give a half-life PLR of 0.00015 and offset yo= 0.49
(fluorescence at plateau level). The fits at this point do not represent a functional model
for concentration quenching but were used to estimate the PLR values at which mild
quenching occurs and the fluorescence yield at the plateau level.
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Figure 2.4 Fluorescence yield (F/Fy) of LHCII asolectin proteoliposomes (black circles) and thylakoid MGDG:
DGDG: SQDG: PG proteoliposomes (open circles) relative to the fluorescence of LHCII in f-DM micelles (Fy) at a
different PLR. To determine the midpoint PLR value, data were fit with a standard sigmoidal curve using the
following fit parameters: half at PLR = 1.0-10-4 + 8.2-10-5, maximal fluorescence reduction =-0.67 = 0.31 and Fmax
=1.16% 0.30.

The asolectin LHCII proteoliposomes in our preparations had varying sizes according to
different EM micrographs in Figure 2.5.

Assuming that (1) liposomes contain double-leaflet membranes in which each asolectin
lipid molecule occupies a surface area of 70 A [34], (2) the mean diameter of the liposomes
as determined by EM ranges from 60 nm to 80 nm, and (3) discarding any losses of LHCII
or lipids during our preparations, we estimate that preparations with a PLR of 1 x 104,
which corresponds to the midpoint value of the quenching curve in Figure 2.4, contain 1
to 2 LHCII trimers per vesicle.
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Figure 2.5 (a): Cryo-electron micrograph of asolectin LHCII proteoliposomes (scale bar 50 nm). (b): size
distribution of asolectin liposomes, extracted from several electron micrographs.
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The curve reaches a plateau value of ~50% quenching with on average 8-14 LHCII per
vesicle, assuming vesicle sizes of 60-80 nm (Figure 2.5). Interestingly, the estimated
average number of LHCIIs per vesicle at which the fluorescence quenching reaches a
plateau (8-14 trimers) approaches the experimentally determined range for functional
domain sizes of LHCII in vivo of 12—24 trimers, according to Lambrev et al. [35]. Although
the calculations are a rough estimate, the numbers imply that the onset for fluorescence
quenching starts when only a few LHCII complexes per vesicle are present, suggesting
that the LHCII proteins have attractive interactions and form small aggregate clusters.
Our previous study on LHCII-lipid nanodiscs showed that LHCII-lipid preparations
containing disc particles with diameter sizes ranging from 12 to 50 nm, already display
considerable quenching characteristics, the fluorescence yields were reduced to 40%
compared to LHCII in detergent micelles [25]. Hence, small clusters of LHCII are capable
of significantly reducing the fluorescence.

LHCII proteoliposomes prepared from thylakoid MGDG: DGDG: SQDG: PG lipid
mixtures displayed similar quenching characteristics. For these lipid mixtures, however,
it was more difficult to control the PLR without loss of protein and lipids, which was
sometimes observed as small LHCII pellets after the centrifugation step, and only a few
PLR values are compared (open circles in Figure 2.4). For consistency with the lipid
compositions of the thylakoid lipid nanodiscs, we also prepared liposomes without MGDG.
These preparations, however, contain mixtures of lipid vesicles and planar lipid sheets,
as shown in Figure 2.6, and the sample was strongly quenched with a fluorescence
intensity of ~20% compared to LHCII in f-DM. Summarizing, the LHCII proteoliposome
data confirm that LHCII fluorescence quenching is induced by LHCII-LHCII interactions
and not by a (specific) lipid microenvironment.

Figure 2.6 Cryo-electron micrograph of DGDG: SQDG: PG, LCHII proteoliposomes with PLR of 1.6x105. The
picture shows the co-existence of proteoliposomes and lamellar sheets.

The non-bilayer lipid MGDG has been suggested to play a role in controlling the
photoprotective states of LHCII. Here we show that LHCII reconstituted in thylakoid
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lipid membranes with MGDG proteoliposomes, or without MGDG nanodiscs, both adapt
unquenched states. Molecular interactions between LHCII and MGDG lipids apparently
do not induce fluorescence quenching. The MGDG lipids however clearly have an effect
on the mesoscale organization, disturbing the thermodynamic equilibrium that stabilizes
the MSP-lipid nanodisc scaffolds and counteracting the formation of large two-
dimensional flat lipid-bilayer sheets. In native, highly crowded thylakoid membranes,
LHCII aggregation is associated with reversible supramolecular membrane phase
transitions [11]. In liposomes, MGDG and DGDG promote LHCII aggregation [22] and in
LHCII-Photosystem II (PSII) liposomes, MGDG lipids increase the light-harvesting cross-
section, promoting LHCII-PSII interactions [23]. These studies strongly suggest a
functional role for MGDG in controlling the supramolecular interplay between light-
harvesting proteins in vivo.

CD CHARACTERIZATION OF LHCII-NANODISCS
AND LHCII-PROTEOLIPOSOMES

In LHCII pigment-protein complexes, excitonic Chl-Chl and carotenoid-Chl interactions
give rise to pronounced exciton bands in the CD spectrum in the visible region [36]. The
CD spectral shapes are very sensitive to the LHCII pigment-protein folds and their
microenvironment [37,38]. To gain insight in the pigment-protein folds in different
microenvironments and the influence of protein-lipid versus protein-protein interactions,
we compared the excitonic CD spectra of LHCII in f-DM detergent micelles, lipid
nanodiscs, and proteoliposomes. Figure 2.7 presents the CD spectra of LHCII in S-DM,
LHCII in DGDG: SQDG: PG and asolectin nanodiscs and LHCII in MGDG: DGDG:
SQDG: PG proteoliposomes with PLR of 1:555. In the Soret region, the peaks at (-)469 nm
and (-)489 nm have similar intensities in the spectrum of thylakoid lipid nanodiscs, while
in the spectrum of proteoliposomes, the (-)469 nm band clearly has gained more strength
relative to the 489 nm band. Increase in strength of the (-)469 nm band combined with a
decrease of the (-)489 nm band has been attributed to stronger inter-monomer
interactions within the LHCII trimers [39,40]. The change in the 469/489 ratio observed
for proteoliposomes suggests that LHCII-LHCII interactions in the membrane stabilize
the trimers. The CD spectrum of asolectin nanodiscs also has a stronger (-)469 nm band
than the spectrum of thylakoid lipid nanodiscs, indicating that the environment of the
asolectin lipids increases the stability of the LHCII trimers.
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Figure 2.7 CD spectra of LHCII in 8-DM (red), LHCII in MGDG: DGDG: SQDG: PG proteoliposomes (PLR 1:555,
blue), LHCII in DGDG: SQDG: PG nanodiscs (black) and LHCII in asolectin nanodiscs (green).

Figure 2.8 shows CD difference spectra of LHCII thylakoid lipid nanodiscs minus LHCII
in f-DM, and nanodiscs minus proteoliposomes. Remarkably, both difference spectra
contain pronounced bands at (+)470 nm and (-)438 nm. The similar dispersive difference
signal of the two difference spectra suggests that the nanodisc itself influences the LHCII
pigment microenvironments. Considering the size of the LHCII trimer complexes, a
triangular-shaped protein complex of ~6 nm wide, relative to the nanodisc dimensions of
~12 nm in diameter, the surrounding MSP proteins could be in contact with the exterior
xanthophyll and Chl pigments of LHCII. These pigments are the neoxanthin (Neo) that
protrudes from the protein complexes, and the Chls 5601, 605, 6606, 56608 and a610,
a6ll, a612 and a614 (nomenclature according to Liu et al. [41]). Previous work
demonstrated that changes occur in the Soret and Qy band of absorption spectra of LHCII
in lipid nanodiscs compared to detergent-solubilized LHCII, uncorrelated to fluorescence
quenching [25]. These changes may also be explained by LHCII pigment interactions with
the surrounding MSPs.
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Figure 2.8 CD difference spectrum of LHCII nanodiscs minus LHCII in 3-DM (dashed) and LHCII nanodiscs
minus LHCII MGDG: DGDG: SQDG: PG proteoliposomes (solid line). Proteoliposomes were prepared with three
different PLRs: 1:2222, 1:555 and 1:65. The two lowest PLRs are in the regime described in Figure 2.1, where the
fluorescence quenching is maximal ~50%, reminiscent of the light-harvesting states in vivo in the weak-coupling
regime. Instead, the fluorescence intensity of the densely packed proteoliposome preparations with PLR 1:65 is
reduced to 10-15% compared to LHCII in -DM micelles (Figure 2.9), which is comparable to photoprotective states
in vivo [33].
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Figure 2.9 Fluorescence emission of LHCII proteoliposomes with PLR of 1:65 (dotted line) compared to LHCII in (-
DM (solid line) upon 650 nm excitation. Fluorescence intensities were scaled according to their relative
transmission (T) at 650 nm, by dividing by the fluorescence intensities by (1-T).

Figure 2.10 compares the CD spectra of LHCII proteoliposomes with different PLRs. The
samples with PLRs of 1:2222 and 1:555 have similar excitonic CD spectra. As
demonstrated in Figure 2.4, changing the PLR in this regime also has only a moderate
effect on the fluorescence yields. For the sample with PLR 1:65, however, spectral changes
are observed that are indicated with the black arrows. The CD spectrum of
proteoliposomes with PLR 1:65 resembles reported CD spectra of LHCII proteoliposomes
in other work [40]. A comparison of proteoliposomes with low and high PLRs allows us to
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detect the CD changes that are associated with the transition from a mild to a strong

fluorescence-quenched state.
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Figure 2.10 CD spectra of LHCII in MGDG: DGDG: SQDG: PG proteoliposomes; PLR of 1:2222, in red, PLR of
1:555, in blue and PLR of 1:65, in black. Arrows indicate the most significant changes for PLR 1:65.

Figure 2.11 presents the CD difference spectrum of proteoliposomes with PLR 1:65 minus
PLR 1:555. In the referred CD spectra in Figure 2.10, we can exclude changes due to
transitions from a detergent to a lipid environment. We presume that at a PLR of 1:555
the LHCII complexes are involved in weak protein-protein contacts. The CD difference
spectrum in Figure 2.11 then shows changes in LHCII conformation and
microenvironment that are associated with the transition from a weak to a strong protein-
coupling regime. These changes occur at LHCII sites that have been proposed as quencher
sites in earlier studies and involve the pigments Chl a610, a611, a612 and Lutl as will
be explained below [4,14,18]. In the CD Qy region, the bands at (+)662 nm and (-)673 nm
are dominated by Chl a611-Chl a612 interactions [39]. The CD difference spectrum in
Figure 11 indicates that those interactions are enhanced at high PLR. The extensive CD
study of Akhtar et al. on LHCII in liposomes and detergent micelles concluded that CD
changes at (-)437 nm and (+)484 nm are specific to LHCII-LHCII interactions [42]. A
negative band at 437 nm, however, is also prominent in the difference spectrum of
nanodiscs minus proteoliposomes (Figure 2.8), where the band actually is more
pronounced in the nanodisc spectrum. This can be explained by proposing that not only
LHCII-LHCII contacts but also LHCII-MSP protein-protein contacts will induce this
signature. The 437 nm signature does not correlate with fluorescence quenching since
LHCII in nanodiscs retains its fully fluorescent state. The Soret region of the CD
difference spectrum in Figure 2.11 further contains additional bands at (-)455, (-)492 and
(+)503 nm, of which the latter two signatures have tentatively been attributed to changes
in the configuration or micro-environment of lutein 1 (Lutl) [43]. Increased Chl a612-
Lut1 excitonic interactions could explain the negative contribution to the CD signal at
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(492 nm [39]. On the other hand, the (-)492 nm band has been attributed to changes in
the Neo xanthophyll that protrudes from the LHCII complexes [42] and it is known that
the formation of LHCII aggregates is associated with distortion of the Neo polyene chain
[14].

Summarizing, the transition from a mild to strong fluorescence-quenched state,
reminiscent of the transition from a light-harvesting to a photoprotective state in vivo, is
associated with CD changes involving enhanced Chl ¢611-a612 and Lutl-Chla a612
interactions or changes in the Neo environment. These sites correspond with quenching-
associated structural changes that have been proposed in various studies [14,17,18,44].
Our results suggest that aggregation-induced LHCII fluorescence quenching at very low
protein densities, however, is a different process that does not involve those characteristic
CD features and does not reduce the fluorescence more than ~50%. This observation is in
agreement with the observation of Holleboom et al. that in addition to a Car-Chl coupling-
dependent quenching mechanism acting at high protein densities, another Car-Chl
independent quenching mechanism is involved in a weak-coupling regime [13]. In the
earlier study by Moya et al. aggregation-induced LHCII fluorescence quenching was
studied in proteoliposomes with much higher protein densities than in our study [32].
They showed aggregation-dependent shortening of the LHCII fluorescence lifetimes from
1.7t0 0.9 ns [32]. We presume that their results reflect the transition from a mild to strong
fluorescence-quenched state occurs, and not the transition occurring at the onset of
aggregation that we followed in Figure 2.4.
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Figure 2.11 CD difference spectrum of LHCII MGDG: DGDG: SQDG: PG proteoliposomes with PLR 1:65-PLR
1:555.
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THE ORIENTATION OF LHCII INSERTION IN
PREFORMED LIPOSOMES

Finally, we tested if, with our liposome reconstitution method that follows the method of
Rigaud, the LHCII complexes would insert in membranes with a preferential orientation
[45]. LHCII proteoliposomes with low protein to lipid ratios and LHCII in 5-DM as a
control were exposed to trypsin or chymotrypsin cleavage. Trypsin is known to cleave part
of the N-terminal site of LHCII, while for well-folded LHCII complexes the C-terminal
cleavage sites are shielded from cleavage and buried in the hydrophobic membrane phase.
Random orientation of LHCII in liposomes should lead to 50% cleavage if half the LHCII
have their N-terminal sites oriented inward in the liposome interiors. In contrast, the
interactions of trypsin with LHCII in f-DM micelles should lead to 100% cleavage since
all LHCII N-terminal sites are accessible. The cleavage experiments were repeated under
different trypsin incubation conditions, varying the temperature and incubation times.
Figure 2.14 shows a typical SDS-page analysis of a cleavage experiment. Strikingly, for
LHCII proteoliposomes only a cleaved product band is observed, suggesting that all
proteins are cleaved. For LHCII in 8-DM micelles, two cleavage products are found, which
indicates that the protein is more exposed in detergent micelles. The two trypsin cleavage
products are identified as 25 kDa and 23.5 kDa fragments of N-terminal-cleaved LHCII
[46]. The results suggest a strong preferential orientation of LHCII in membranes, with
its C-terminal site inserted and its N-terminal site exposed to the liposome exterior. No
cleavage products were detected from chymotrypsin, that cleaves the two aromatic-type
amino acids tryptophan and phenylalanine, instead of the polar residues lysine and
arginine that are cleaved by trypsin as indicated in Figures 2.12 and 2.13.
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Figure 2.12 Trypsin cleavage sites in LHCII. Arginine (R) in red and lysine (K) in blue.
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Figure 2.13 Chymotrypsin cleavage sites in LHCII sequence. Tryptophan (W) in purple and phenylalanine (F) in
yellow.

Chymotrypsin is unable to cleave the designated sites because the aromatic residues are
buried in the hydrophobic phase of the membrane or detergent micelles.
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Figure 2.14 SDS-page analysis of enzymatic cleavage experiments. From left to right: 1, marker; 2, LHCII
proteoliposomes; 3, LHCII proteoliposomes + trypsin,; 4, LHCII proteoliposomes + chymotrypsin, 5, LHCII
proteoliposomes with trypsin and chymotrypsin; 6, LHCII in f-DM; 7, LHCII in f-DM + trypsin; 8, LHCII in -DM
+ chymotrypsin. Arrows indicate the height of cleavage product bands.

In native thylakoid membranes and in in vitro membrane refolding studies, LHCII
apoproteins insert in the membrane starting from their C-terminal site that is exposed to
the lumen interior [46,47]. To the best of our knowledge, we are the first to observe
preferential insertion of folded, native LHCII pigment-protein complexes upon membrane
reconstitution. Preferential insertion of membrane proteins from mixed protein-detergent
micelles into liposome membranes, as well as membrane insertion of membrane a-helices
during folding and assembly in vivo, is driven by the hydrophobicity of the protein
terminal sites [48,49]. LHCII pigment-protein complexes contain several polar groups at
both protein sites, but while at the C-terminal site positively- and negatively-charged
residues are in the close distance and may neutralize the net charges, the N-terminal site
contains a distinct pattern of positive and negative patches [50]. Such a pattern could
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prevent insertion via the N-terminal site. Trypsin cleavage experiments unfortunately
only detect interactions at the LHCII N-terminal site. Adding a C-terminal tag by using
recombinant LHCII could help to further clarify the direction of LHCII insertion using
our reconstitution method.

GENERAL DISCUSSION

The low PLR onset for aggregation-induced LHCII quenching demonstrates that strong
attractive forces exist between the LHCII proteins in the membrane. In native
membranes, the formation of membrane domains and the presence of MGDG could
further promote aggregation by controlling membrane curvature. The low onset for
quenching implies that studies using diluted LHCII proteoliposomes should take into
account the vesicle dimensions in addition to the PLR because quenched states are
already produced when more than one LHCII protein per vesicle is present. For larger
liposomes, these occasions will occur at lower PLRs. Strong attractive forces in LHCII in
vitro aggregates are often attributed to head-tail interactions, in which proteins make
non-native interfacial protein contacts. Our results however strongly suggest that also
under experimental conditions where membrane-embedded LHCII complexes are
uniformly oriented attractive protein interactions occur.

We demonstrate that excitation quenching in LHCII membranes is not induced by
protein-lipid molecular interactions, but is controlled by the effects of aggregation. At low
protein densities, attractive forces between the LHCII complexes cause mild quenching.
At very high protein densities, the effect of lateral pressure caused by membrane crowding
might produce the conformational changes into more strongly quenched states. While
simple LHCII-lipid model systems have many limitations in mimicking native thylakoid
membranes, it is interesting to note that they can reproduce the connectivity that is
essential for active light-harvesting as well as the strong excitation quenching of
photoprotective states [23,32,51]. This notion suggests that lipid physicochemical
parameters and the molecular design of LHC complexes are sufficient elements to govern
a flexible light-harvesting antenna.
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CONCLUSIONS

We demonstrate that LHCII fluorescence quenching is not the result of a specific
thylakoid lipid microenvironment, but is driven by LHCII protein-protein interactions.
Increasing the PLR of LHCII proteoliposomes decreased the fluorescence and stabilized
at a ~50% reduced yield at a PLR of 103, indicating (1) that strong LHCII-LHCII
attractive interactions occur and (2) that this mild quenching process reaches equilibrium
at protein densities of only tens of LHCII trimers per vesicle. The quenching process at
the onset of aggregation is distinct from a second transition that occurs at much higher
protein densities. A comparison of LHCII proteoliposomes with low and very high protein
densities allowed us to detect the excitonic CD changes that are correlated with the second
transition from mild to strongly quenched states. The CD changes in the infrared region
are attributed to Chl a611- @612 enhanced interactions, while alterations in the Soret
band could originate from Chl-Lutl or Chl-Neo enhanced interactions. Those sites
correlate well with the quencher sites that have been proposed for the LHCII
photoprotective switch.
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