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General introduction

Current energy resources, fossil fuels, make that mankind faces a number of
challenges including finite resources that will eventually dwindle, rising prices
and environmental damages such as global warming and air pollution. In this
light, development of renewable energy sources has drawn much attention in
recent years.

As long as the sun is shining, solar energy reaching the earth is the cleanest
source of renewable energy. Over the last decades a wide array of techniques
such as photovoltaic cells have been developed to harvest the sunlight and
convert it to power. However, nature has developed an efficient way of
harnessing the solar energy for billions of years. Photosynthesis is the primary
process that sustains the vast majority of life on earth. Photosynthetic
organisms convert light energy through a complicated series of events into
biochemical energy. For decades, researchers have been trying to improve this
fundamental process and many biophysical and molecular biological techniques
have been employed to characterize and manipulate different elements of
photosynthetic organisms. Recent advances in photosynthesis research at the
molecular level promise new routes for increasing biomass production 1.

Harvesting light is the first step in the process of solar energy conversion that is
carried out by antenna complexes of all photosynthetic organisms. Light
harvesting antennas of plants and algae are flexible, which enable them to adapt
to light fluctuations avoiding photodamages. Their antennas can switch into a
photoprotective state that dissipates the incoming sunlight, which protects
against light stress but reduces photosynthetic efficiency. To date, by
combination of several spectroscopic methods and high resolution
crystallography, our understanding of regulation of light harvesting has
improved. However, due to the lack of an atomistic insight into the
conformational dynamics of antenna complexes there are yet many questions
concerning the molecular mechanisms of photo protection that have remained
unanswered.

This thesis applies solid-state nuclear magnetic resonance (NMR) spectroscopy
as an emerging technique for in-situ characterization of the conformational
dynamics of photosynthetic light-harvesting complexes at atomistic level.
Furthermore, this study paves the way for the use of solid state NMR for in-situ
and in-cell detection of molecular dynamics of photosynthetic membrane
constituents.
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Chlamydomonas reinhardltii

Microalgae are a group of eukaryotic photosynthetic organisms that recently
attract a widespread attention for new generation of biofuels. Chlamydomonas
reinhardtii (Cr.) is an ancient unicellular microalgae which has occupied the
earth fresh water and soil over one billion years. High adaptability of Cr. to
different conditions makes it a unique model system for research on many
fundamental questions of photosynthesis. Manipulation of Cr. genes is relatively
easy and the cells grow quickly in organic carbon sources under controlled
environmental conditions while maintaining the function of the photosynthetic
apparatus. Cr. cells are about 10 micrometers long and have two flagella’s for
mobility, several mitochondria, a single chloroplast that photosynthetic
apparatus reside in, a cell wall made of glycoproteins and an eye spot to sense
light direction and intensity 2. A schematic picture of a Chlamydomonas cell is
presented in figure 1.

Flagella

Nucleus

Mitochondria

Chloroplast
Pyrenoid

Figure 1. Chlamydomonas reinhardtii cell illustration (www.pt.pngtree.com).

Thylakoid membrane architecture

Oxygenic photosynthesis is the process by which plants, algae and
cyanobacteria use solar energy to synthesis biomass from carbon dioxide and
produce oxygen as a waste product. The processes of oxygenic photosynthesis
evolved approximately 2.5 billion years ago and produce all the oxygen on
earth. The general reaction of oxygenic photosynthesis can be indicated by the
following simplified equation:

1
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L. sunlight
carbon dioxide + water ——— sugar + oxygen

All components of the photosynthetic apparatus that are necessary for the
photosynthesis reside in the chloroplast of plant and algae, in cylindrical
shaped sheets known as thylakoid membranes. Thylakoid membranes are
differentiated into two membrane domains, the cylindrical stacked structures
known as grana and the single-membrane regions called stroma lamellae (see
figure 2).

<o

Grana

Storma lamella

Thylakoid

Inner membrane
Outer membrane

Figure 2. Schematic illustration of a chloroplast (www.biologyexams4u.com).

Photosynthesis takes place in two stages. In the light reactions, solar energy
is harvested and stored in the form of ATP and NADPH and oxygen is
released as a byproduct. In the dark reaction, ATP and NADPH drive sugar
synthesis. There are four main membrane complexes that drive the light
reaction in thylakoids: antenna-photosystem II (PSII-LHCII) and antenna-
photosystem I (PSI-LHCI) protein-pigment super-complexes, cytochrome-
bef complex (Cyt bef) and ATP-synthase complex. Figure 3 presents a
schematic view of the electron transport through the thylakoid membrane.
The process starts with light harvesting complexes of PSII, where light energy
is absorbed by chlorophyll molecules and transferred via a series of carriers to
the reaction center of PSII to induce the excitation of a special pair of
chlorophylls (P680 to P680%*). This creates a charge-separated state and the
electron is transferred on to the chain of electron carriers. The P680* now is a
potential electron acceptor and takes up an electron extracted from water,
while protons are released to the thylakoid lumen. At this stage oxygen is
produced as a byproduct. The electron is first transferred to a plastoquinone
(PQ) in the PSII and after two turnovers, PQ is fully reduced to plastoquinol
(PQHz2). The plastoquinol then diffuses into the thylakoid membrane. Via the
plastoquinol, electrons are transferred to Cyt bsf and then to plastocyanin via
a cycle of reactions (Q-cycle) and finally to PSI. Similarly to PSII, harvested
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solar energy is transferred to the reaction center of PSI and excites the special
pair of chlorophylls, P700, to P700*. A charge-separated state is created in P700
and the transferred electron reduces the protein ferredoxin in the stroma and
from the ferredoxin, electrons are finally stabilized by reduction of NADP+ to
NADPH. The electrons from plastocyanin are used to reduce the P700+. During
the electron transfer process, protons are also released into the thylakoid lumen.
Finally, charge separation and electron transfer in thylakoid membranes lead to
formation of a proton gradient which is used to drive ATP-synthase and produce
ATP. The last stage of photosynthesis occurs in the dark via the Calvin-cycle in
which the generated ATP and NADPH is used to convert COz to carbohydrates 3.

ferredoxin ADP+P, ATP

Ty o
K\ ver's

eyclic electron ferredoxin-NADP-
light @ transfer light reductase
LHC Il PS I i ;
3 P S r R D
- - RS - - - - e = e e e e

membrane
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[ g & o ot
.: \‘ o kb J '
Cyt:::;:‘;::: e ,'. :{'\S?g plastocyanin @
: -4 JIRSY. 4

Figure 3. Process of photosynthesis in the thylakoid membrane and major protein
complexes involved.

Light-harvesting complexes

In higher plants and algae, PSI-LHCI and PSII-LHCII super complexes consist
of two parts: a core complex that contains all the cofactors of the electron
transport chain, and the outer antenna complexes (LHCs) to capture light
energy and transfer excitation to the reaction center 45. Considerable effort has
been made to isolate PSI and PSII from a wide range of organisms in order to get
more insight into their molecular structure and function.

The available X-ray structure of PSI from cyanobacteria at 2.5 A provides the
location of the individual subunits and cofactors together with information on
protein-cofactor interactions. According to the X-ray structure, PSI forms as a
trimer and the core complex of PSI is composed of 14 protein subunits binding 90
chlorophyll a (Chl a) and 22 carotenoids (Car) 6. The outer antenna, known as
light-harvesting complex I (LHCI), encoded by 4 genes (Lhcl-4) and also
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coordinates cofactors 4 7. Although the core complex of PSI in cyanobacteria,
higher plants and green algae is highly conserved 812, the outer antenna (LHCI)
of Chlamydomonas reinhardtii (Cr.) shows a significant difference in the number
of genes that encode for the LHC polypeptides 1314, LHCI of Cr. is composed of
nine Lhca proteins (Lhcal-9) with different spectroscopic properties, located on
one side of the core in a double half ring arrangement 5. However the light
harvesting complex of PSI in higher plants consists of 4 (Lhcal-4) genes on one
side of the core in the form of a single half ring 16.

Several atomic structures of PSII are also available with resolutions ranging
from 3.8 to 1.9 A 1719 and recently a high-resolution cryo-EM structure of a
spinach PSII-LHCII supercomplex at 3.2 A has become available 20 (see figure
4). According to the X-ray and cryo-EM structures, several major LHCII
trimers and a few minor monomer antennas are associated with the two sides
of dimeric PSII. Similar to PSI, the core complex of PSII is also conserved
between different photosynthetic organisms 5. In higher plants, the outer
antenna of PSII is composed of three Lhcb (Lhcb1-3) genes which encode the
major trimeric antenna complexes and three genes (Lhcb4-6) forming the
minor antennas. Minor antennas of PSII form as monomers and depend on their
molecular weight are differentiated as CP29, CP26 and CP24. In Cr. nine
different genes (Lhcbm1-9) encode the protein polypeptides. CP24 minor
antenna is lacking in the genome of Cr. algae while CP29 and CP26 are present.
The LHCII trimers consist of isomers and the pigment binding sites are
conserved among all sequences. However, different polypeptides have specialized
roles in photoprotection, for example, among the most abundant polypeptides,
Lhcbm1 is involved in excess energy dissipation 2!, whereas Lhcbm2 and
Lhcbm7 are essential for state transitions where LHCII dislocate from PSII to
PSI in order to reduce the light stress on PSII 22,

CP29

PSII core
ks -k

Figure 4. Top view of LHCII-PSII supercomplex resolved at 3.2 A by cryo-electron
microscopy 20,
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Light harvesting complex Il (LHCII)

Extensive efforts have been made to uncover the molecular structure of the
major antenna complex LHCII. The first structure of LHCII from pea has
been determined by electron crystallography at 3.4 A resolution 23. This model
revealed three transmembrane a-helices (helices A, B and C) and a short helix
(helix D), 12 chlorophylls and two carotenoids. A more detailed structural
picture of LHCII is essential to have a better understanding of the functional
mechanism of LHCII. High-resolution X-ray crystallography provided a more
detailed structure of protein and cofactors at 2.5 A 24, Each LHCII monomeric
structure is characterized by three membrane-spanning helices (helix A-C) and
two short helical fragments (helix D and E), an N-terminal stretch and C-tail,
and segments containing large, water-exposed loops. Figure 5 (A-C) shows the
(Lhcbl based) monomeric protein structure of LHCII, the pigment-protein
structure, and a top view of the trimeric structure of LHCII. Each monomer
subunit binds many pigments including 8 Chl a, 6 Chl b, 2 lutein, neoxanthin
and one xanthophyll-cycle carotenoid. Six Chls are close to the lumenal side of
the membrane, while the remaining chlorophylls are close to the stromal side.
The binding of the Chls to the proteins involves amino acid side chains or
backbones that coordinate the central Mg of the Chls. In addition, water
molecules and lipids are involved in the binding of chlorophylls. The orientation
of the pigments with respect to each other in the LHCII complex is presented in
figure 6.

Figure 5. A: LHCII protein structure, B: LHCII structure including the pigments, C: top
view of a trimeric LHCII complex.
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Chlb604 Kl g601

Chl a 605
Chl b 603 3

Lutein 1

Chl a 603

Figure 6. Orientation and numbering of pigments in each monomeric LHCII according to
the crystal structure of LHCII spinach (2bhw). Chl a molecules are presented in green,
Chl b in blue, lutein in red, neoxanthin in purple and violaxanthin/zeaxanthin in yellow.

Photo-protection

Although light is essential for growth of photosynthetic organisms, fluctuation in
light intensity could lead to over-excitation of the photosystems, resulting in
photo oxidative damage. In excess light, plant and algae can regulate light
harvesting using different photo protective mechanisms such as rearranging the
light harvesting complexes, thermally dissipating excess light energy and
altering electron transport 25,

Photoprotective processes are highly regulated by thylakoid membrane
responses, the conformational flexibility of proteins, as well as the interplay of
the complexes within a dynamic thylakoid membrane environment 2627, In
particular, light-harvesting antenna complexes (LHCs) can adapt to light
harvesting, or form dissipative photo protective states as a mechanism to
regulate photosynthesis under light stress. The photo-protective feedback
response is activated by acidification of the thylakoid luminal environment as a
result of over-excitation in a process called non-photochemical quenching (NPQ)
28, Photo-protection and NPQ have a major influence for photosynthetic
productivity and it was recently demonstrated that manipulation of the photo
protective response could give a remarkable 15-20% increase of biomass yields in
the field 1.

So far numerous efforts have been made to understand the photo-protective
mechanisms performed by photosynthetic organisms. Depending on the time
scale of the induction and relaxation four types of NPQ processes can be
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distinguished: energy dependent quenching (qE) 29, state transition dependent
quenching (qT) 30, Zeaxanthin (Zea) dependent quenching (qZ) 3! and photo
inhibitory quenching (ql) 32 see figure 7. Different NPQ processes are briefly
explained as follows:

Due to the photo-induced damage of the reaction center in PSII, the energy
conversion efficiency and photosynthesis capacity is reduced by photosynthetic
organisms. This process is known as photoinhibition or ql. gl, the slowest NPQ
process, 1s a reversible process and it is responsible for long, continuous thermal
dissipation of excitations that might take hours 33. qZ is induced on a time scale
of minutes and it is related to the acidification of the thylakoid lumen under
high light stress, which activates violaxanthin (Vio) de-epoxidase enzymes
(VDE) that convert Vio to Zea via the reversible xanthophyll cycle 3. The exact
role of Zea is still under debate, However, it has been shown that zea enhances
the NPQ in the thylakoid membrane 34 qT involves the phosphorylation of
LHCII antenna complexes and reversible membrane state transitions where
LHCII complexes detach from PSII and associate with PSI to balance the
activity of PSIT and PSI and reduce the light stress on PSII. This process is also
induced within minutes 30. The last NPQ component, qE, is the most rapid
component of NPQ that is believed to dissipate the excess light energy by
reducing the excited-state life times of the antenna chlorophylls, preventing the
thylakoid membrane from over-excitation. qE 1s activated upon lumen
acidification via a pH-sensing protein-pigment complex known as LHCSR in
algae and PsbS in plants. qE also prevents the over reduction of electron
carriers in the plastoquinone by decreasing the rate of singlet oxygen formation

29,
° Y Legend:
qE .
L

PSII-LHCII-LHCSR-H* PSII dimer

ApH

* LHCSR
npq2 (Zea) STT7 Kinase %
PSII-LHCII-Zea =——— PSII-LHCIl —— PSIl LHCII-P
- npq1 (Vio) Phosphatase LHCII trimer
n: .
4 Repair| |Damage -p

LHCIl monomer

PSI-LHCI

o

PSII*-LHCII i Zeaxanthin

ql a LHCSR

Figure 7. Schematic illustration of non-photochemical quenching in Chlamydomonas
reinhardtii (Cr.) adapted from 25.35 (Erikson 2015 and Malnoe 2018).
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It is widely believed that the quenching mechanism is also active at the level of
isolated light harvesting complexes and several quenching sites have been
proposed 25 35, However the conformational changes associated with the
quenching switch of the light harvesting complexes were not resolved.

pH-sensitive proteins like PsbS and LHCSR in plants and algae are suggested to
play a role in inducing NPQ by protonation of their pH-sensing domains in
membranes and isolated complexes 36-38, Protonation of the pH-sensor proteins
promotes a conformational switch of the antenna to a quenched state. The effect
of Zea in quenching has been investigated extensively in plants and green algae
and it has been proposed that Zea might be a direct quencher of excitations
forming charge-transfer states 39. Accumulation of Zea at the membrane level
was also suggested to protect polyunsatured lipids during light stress 40.
According to Horton & Ruban et al, Zea might have an allosteric effect owing
to its hydrophobicity compared with Vio 41, It might promote a conformational
change in LHCs that stabilizes the quenched state in combination with low
pH 42. However Croce et al, showed that just the effect of Zea binding and low
pH is not enough to create a quenched state and they propose that the
important role of Zea lies in its location at the interfaces between complexes
34, Moreover, based on the Chl-Car interactions, different quenching sites
regarding the mechanism of quenching have been proposed 43-47,

Up to date, various methods have been introduced to understand the molecular
mechanisms that regulate photosynthesis. However until now, no structure-
based methods have been presented that could provide a direct view of different
photosynthetic  molecular components inside the native membrane
environments. Solid-state NMR spectroscopy has shown to be a powerful tool for
atomistic detection of different molecular sites of membrane proteins even in
native membranes or cellular environments 4858, Application of solid state NMR
to photosynthetic systems and a methodological background of the method,
which have been used in this thesis are discussed in the following sections.

Application of solid-state NMR in photosynthesis
research

During the past decades, X-ray crystallography has been the major technique to
resolve the structure of photosynthetic membrane proteins 39-60. However,
detecting the atomistic details of structure-function interaction in flexible
environments remains a daunting task ¢l. Solid state NMR has become rapidly
an emerging technique for atomistic detection of the structure and dynamics of
photosynthetic membrane proteins.
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Solid-state NMR spectroscopy has contributed to enhance the understanding of
light harvesting, charge separation and photo protection in photosynthesis. A
sequence specific assignment of protein sites has been obtained for light
harvesting complex 2 of Rhodopseudomonas acidophila (LH2) providing the
secondary structure to complement the crystallographic data. Later on, solid
state NMR provided an accurate prediction of pigment electronic structures in
the ground state of Rhodospirillum Acidophila LH1 and LH2 58, The structural
and functional properties of heterogeneous chlorosome antenna of green bacteria
were studied by solid state NMR and cryo-EM, introducing a model system for
self-assembled artificial antenna 6263, Solid state NMR studies on LHCII
demonstrated that the LHCII conformational switch involves rearrangements of
the Arg residue in the stromal loop 64 and the LHCII switch into a photo-
protective state is accompanied by changes in the Chl a ground-state electronic
structures 65 which were explained by altered Chl-lutein interactions 66,

Furthermore, the photo-chemical induced nuclear polarization (photo-CIDNP)
effect has been observed for photosynthetic reaction centers of different bacterial
and plant species, revealing the ground-state electronic structures of the special
pair (B)Chls 62, The strong enhancement of the special-pair NMR signals owing
to the CIDNP effect even allowed their detection in intact photosynthetic cells 67.

Methodological background of solid-state NMR

Introduction to solid-state NMR

The origin of NMR spectroscopy lies in studying the interactions between
nuclear spins (I) and an external magnetic field (Bo). However, there are various
external and intrinsic nuclear spin interactions either between nuclear spins
and the external magnetic field, or among spins and the environment. A general
Hamiltonian describing the NMR interaction is given by the following equation

68,

H =Hy+He + Hp + Hy + -+ , (1)

where H, stands for the Zeeman interaction, H. is the chemical shielding, Hp
presents the dipolar coupling and H; describes the scalar coupling.

The Zeeman interaction (the interaction between nuclear spin and external
magnetic field) is given by

Ho = —yhl.B,, @)
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where y is the gyromagnetic ratio and Bo the strength of external magnetic field.
The Zeeman interaction 1is in the order of 107-10° Hz and it is the strongest
interaction in NMR 69. However the external magnetic field is not the same as
the field that a nucleus locally feels. When atoms are placed in a strong external
magnetic field, electrons start to circulate in their orbitals which results in the
production of small local magnetic fields (Buc) in order of few parts per million
(ppm). Therefore, each nucleus experiences an effective magnetic field known as
Bett =Bo-Bioe, which results in a change of the resonance frequency. The
interaction of spins with a local magnetic field is known as chemical shielding
and can be described as

H. = —yhol,B, , 3)

where I, is the z-component of the spin operator, and o is the chemical shielding
tensor and implies the anisotropic character of this interaction. Due to the fact
that the charge distribution around a nucleus is rarely spherically symmetric a
3X3 matrix is used to describe the orientation dependence of the chemical shift
or chemical shielding anisotropy (CSA) (for detailed information see 68). In solid
and solid like materials CSA results in a line broadening compared to materials
dissolved in liquid.

The magnetic moments of two spins can be described as two magnetic bars
interacting with each other. These interactions are several orders of magnitude
smaller than the Zeeman interaction (103-105 Hz) and could be either through
space or through bond. Through space interactions depend on the distance
between two spins and are known as dipolar interactions and described by the
following equation

Hp = Hpomo + Hhetero > 4)

where Hnomo 1s the dipolar interaction between the same type of nuclei and Hhetero
stands for the interaction between the magnetic moments of two spins I and S.
The corresponding quantum operator for homonuclear and heteronuclear dipolar
interactions are given by

1 Sl -

Hpetero = —Z—,‘;hZiZ,- yrzslj 5(3‘305291'1' —-1)21iS; , (5)

Hyyro = — 22533 X1 (300520, — 1)L — L. 1)) ®)
homo — am i 17’5-2 ij z1lz . s

where y! and y* are the gyromagnetic ratio of spin I and S, 7; ; represents the
internuclear distance between the nuclei i and j, 6;; stands for the orientation of
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the vector connecting two spins with respect to the external magnetic field and I}
and Szj are the z components of the nuclear spin of I and S 7 .

Through bond interactions known as scalar or J-couplings are small field
independent interactions in the order of 1-103 Hz. the <J-coupling is very
sensitive to the changes in molecular structure, providing detailed structural
information of the materials. Since these interactions are usually much smaller
than the other interactions, they are often negligible in NMR spectra of solids.
However, in solid like materials like membrane proteins, J-interactions play an
important role that enable detection of mobile sites. The Hamiltonian for J-
couplings is often given by

where Jjx 1s the isotropic J-coupling.
Magic angle spinning (MAS)

In soluble materials, rapid molecular tumbling results in averaging the
anisotropy and dipolar interactions and consequently sharp resonances are
observed 68 However for large protein complexes or solid materials, the
molecular tumbling is significantly reduced leading to line broadening. In order
to reduce the line width and spectral overlap in solid state NMR, Magic Angle
Spinning (MAS) technique is employed. MAS NMR consists of spinning the
sample at an angle 8,, with respect to the external magnetic field, by which
anisotropic contributions to the dipolar and chemical anisotropy interactions
that are scaled by the factor of 3cos?8 — 1, become time dependent and are
averaged to zero. As a result, a sharp peak can be observed while the angular
dependent anisotropic contributions are spun away. Equation 8 defines the
magic angle,

3cos?8,—1=0, (8)

where 0, = 54.74 is the angle with respect to the external magnetic field Bo.

The dynamic spectral-editing method

As mentioned in previous sections, the NMR sensitivity depends on the
gyromagnetic ratio (y) of the nucleus. Therefore, in order to detect nuclei with
small gyromagnetic ratio, specific polarization transfer methods should be
considered. In large systems, such as proteins, proton NMR results in spectral
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crowding and ambiguous assignments. 13C spectra with large spectral width of
200 ppm help to reduce spectral crowding, however due to the small yc which is
% of yu and low natural abundance of 13C, 13C NMR detection poses sensitivity
problems.

The dynamic spectral-editing method consists of a combination of 13C
polarization-transfer solid-state NMR experiments. In 1H-13C polarization-
transfer NMR, polarization is transferred from abundant 'H nuclei with high
gyromagnetic ratio (y) to low sensitivity 13C nuclei with low y and the resulting
13C spectrum is intensity enhanced, depending on the polarization-transfer
efficiencies. The polarization transfer occurs via heteronuclear couplings
between 13C and 'H nuclei, which are dipolar and scalar (J-) couplings. In cross
polarization (CP)-based experiments 71, polarization is transferred via dipolar
couplings. For mobile molecules, due to their fast random tumbling, dipolar
couplings are averaged to zero within the contact time and consequently these
components are filtered out from CP-based spectra. CP therefore acts as a
dynamic filter that selectively probes rigid molecules. In INEPT-based
experiments 72 polarization is transferred via J-couplings that are not affected by
bond re-orientation. INEPT is effective if the transverse (12) relaxation times of
the protons and carbons are sufficiently slow compared to the polarization
transfer times. This is not the case for rigid molecules and therefore INEPT
selectively probes mobile molecules 73. With direct polarization (DP) 74, 13C are
directly excited by applying a 90°¢ pulse to the 13C carbons. DP provides a 13C
NMR spectrum of all molecular constituents. Figure 8 illustrates the efficiency of
DP, INEPT and CP in different dynamics regimes.

o> 4

mm——TE—
T EE——)

1015 1012 10° 10 103 1

Tc (second)

atomic side chain motions collective motions
vibrations Low segmental order High segmental order
(Mobile molecular segments) (Rigid molecular segments)

Figure 8. Schematic illustration of dynamic ranges where the DP, CP and INEPT pulse
experiments are effective.
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Cross polarization

In solid-state NMR, cross polarization (CP) is the building block of many pulse
sequences. It was introduced in 1962 by Hartmann and Hahn for the static
conditions. When a rare spin is in proximity of abundant nuclei, during a contact
time polarization can be transferred from abundant nuclei to rare nuclei through
strong heteronuclear couplings (see equation 5). In this method, after a 90°
pulse, radio frequency pulses Bi; and Bis are applied to different frequency
channels, for instance 'H and 13C. For polarization transfer to occur, the
nutation frequencies of the spin I and S must be identical and fulfil the
Hartman-Hahn condition 75. Equation 8 presents the Hartman-Hahn condition
at static conditions.

lwi;| = lwgsl 9
where w;; = —yy;B;; and wyg = —¥15Bys.

The enhanced magnetization of the rare nuclei can hence be detected while the
abundant nuclei are decoupled. The maximum enhancement of sensitivity is
proportional to y;;/y.s. Figure 9 presents the schematics of the Hartman-Hahn
condition and the basic pulse sequence of the CP experiment.

A B C

- I Spin lock By, Decoupling
I

Y1Bo YsBo Y11 B1r Yasi Bis

S S

N =

Spin lock By g

Cross polarization (CP)

Figure 9. A: energy levels of spin I and S in the laboratory frame, B: energy levels of spin
I and S in the rotating frame and C: basic pulse sequence of cross polarization between
spin I and S.

Since the cross polarization (CP) occurs via dipolar couplings, it seems that
under MAS conditions where dipolar couplings are averaged, CP must lose its
efficiency. However, polarization transfer does occur as long as the coupling is
not completely averaged, but becomes time dependent. In this condition CP is
modified to the MAS version, where the B1 of one of the contact pulses linearly
increases or decreases in order to fulfil the Hartman-Hahn condition. In the
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Hartman-Hahn condition under MAS the difference between the frequencies of
two spins has to be a multiple of the spinning frequency and it is given by

Y1Bi = V1sBis= £ 0wy, (10)

where n is an integer number 76-77,

Insensitive Nuclei Enhanced by Polarization Transfer

Another polarization transfer method is based on J-couplings (see equation 7)
and known as Insensitive Nuclei Enhanced by Polarization Transfer or INEPT.
INEPT is widely used in liquid NMR where J-couplings are strong enough for
polarization transfer between nuclei. Although J-couplings are smaller
compared to other interactions in solid materials, in biosolids such as membrane
proteins, the INEPT sequences open a route to detect mobile species and get
insight into their structure and dynamics. Figure 10 presents the pulse sequence
of an INEPT experiment. The INEPT pulse sequence consists of several 900 and
spin-echo pulses which lead to sensitivity enhancement of dilute nuclei. Like
other NMR sequences INEPT starts with applying a 900 pulse to spin I to create
transverse magnetization, followed by a time period delay for evolution of
heteronuclear <J-couplings. Furthermore spin echo pulses are applied to both
nuclei in the middle of the evolution delay. The chemical shift of a spin [ is
refocused by a spin echo or 180° pulse in the I channel, while the heteronuclear
J-couplings are not affected and a second delay is involved by only I-S couplings.
As a result of spin echo pulses spin systems are in an antiphase state, this
antiphase is converted to S nuclei and polarization is transferred from I to S by
applying second 90° pulses on both channels. In order to create the in-phase x-
magnetization, spin echo pulses are simultaneously applied to the I and S
channels. Detailed steps of INEPT transfer by propagators are presented by
equation 11 78,

90° 180° 90° 180°

I I I I Decoupling

I

S I I I (\ {\ [\/\{\(\/\,\
\

VR
T, Ty T, T, v

INEPT

Refocused INEPT

Figure 10. Pulse sequence of INEPT and refocused INEPT.
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2m]1sT11zSz
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Aim and scope of this thesis

This thesis aims to gain insight into the molecular mechanisms of light-
harvesting regulation by addressing the conformational dynamics of light-
harvesting complexes in native-like environments and the molecular dynamics of
protein and lipid components in intact thylakoid membranes and whole cells.

The ability of MAS-NMR to study the in-situ conformational dynamics of light
harvesting complexes at atomistic resolution in a native environment is
demonstrated by employing polarization-transfer based dynamic filter
experiments to isolated LHCII in lipid bilayers and intact thylakoid membranes.

Chapter 2 explains the applicability of solid-state NMR spectroscopy for
obtaining a microscopic picture of different molecular constituents inside native
thylakoid membranes. Moreover, the effect of Zea accumulation on dynamic
properties of protein, lipid and xanthophyll constituents at physiological
temperatures are discussed by comparing the dynamic-filter NMR spectra of Cr.
thylakoid membranes from wild-type (WT) cells and from the npg2 mutant that
accumulates Zea.

Chapter 3 reveals that NMR signals of the most abundant light-harvesting
complex, LHCII, can be detected in the spectra of native, heterogeneous
thylakoid membranes. In order to investigate how the membrane environment
influences on the dynamics and plasticity of LHCII, two-dimensional CP and
INEPT based MAS-NMR experiments were performed on isolated Cr. LHCII
reconstituted in lipid bilayers and on Cr. thylakoid membrane.

In Chapter 4, I describe the effect of Zea on the conformational dynamics of
LHCII in a lipid bilayer. Hetero LHCII isolated from WT and npq2 Cr. cells were
reconstituted in lipid bilayers and subjected to two-dimensional CP and INEPT
based experiments.
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Chapter 5 demonstrates how the dynamic spectra-editing NMR method that is
introduced in chapter 2 can be extended to the cell level to resolve and quantify
molecular dynamics of different cellular components. To this end, NMR
experiments were applied on fresh, intact Cr. cells and results were compared
with simulated CP and INEPT intensities.

Finally, a general discussion and perspectives of the research presented in this
thesis is provided in Chapter 6.
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Abstract

Photosynthetic thylakoid membranes contain the protein machinery to convert
sunlight into chemical energy and regulate this process in changing
environmental conditions via interplay between lipid, protein and xanthophyll
molecular constituents. This work addresses the molecular effects of zeaxanthin
accumulation in thylakoid membranes, which occurs in native systems under
high light conditions through the conversion of the xanthophyll viclaxanthin
into zeaxanthin via the so called xanthophyll cycle. We applied biosynthetic
isotope labeling and 13C solid-state NMR spectroscopy to simultaneously probe
the conformational dynamics of protein, lipid and xanthophyll constituents of
thylakoid membranes isolated from wild type (CW15) and npg2 mutant of the
green alga Chlamydomonas reinhardtii, that accumulates zeaxanthin
constitutively. Results show differential dynamics of wild type and npg2
thylakoid membranes. Ordered-phase lipids have reduced dynamics and mobile-
phase lipids have enlarged dynamics in npqg2 membranes, together spanning a
broader dynamical range than for WT. The total fraction of ordered lipids is
much larger than the fraction of mobile lipids in thylakoid membrane, which
explains why zeaxanthin accumulation causes overall reduction of thylakoid
membrane fluidity. In addition to the ordered lipids, also the xanthophylls and a
subset of protein sites in npg2 thylakoid membranes have reduced
conformational dynamics. Our work demonstrates the application of solid-state
NMR spectroscopy for obtaining a microscopic picture of different membrane
constituents simultaneously, inside native, heterogeneous membranes.

Introduction

Conversion of sunlight into chemical energy takes place inside photosynthetic
membranes, where pigment-protein nano-machines carry out a cascade of
reactions that evolve in time and space . In order to safely perform the
photosynthesis reactions and ensure organism fitness under fluctuating light
conditions, constant membrane remodeling takes place. In excess light, feedback
deregulation mechanisms induce quenching of sunlight excitations, dissipating
the excess light energy as heat and creating a safety valve for the photosynthetic
apparatus 23. In plant and algae thylakoid membranes, photosynthesis is
regulated through complex interplay between molecular conformational
changes, reversible supramolecular interactions and membrane phase
transitions 4. Thylakoid membranes are densely packed with proteins that
occupy ~70% of the membrane space and control the membrane phases 5. Short-
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and long-term acclimation of thylakoid membranes to light and cold stress
involves reorganization of antenna-supercomplexes 4 69 conversion of the
xanthophyll violaxanthin (Vio) into zeaxanthin (Zea) via the xanthophyll cycle 10
and increase of lipid unsaturation by changing lipid composition 1. Modulated
by low pH, phosphorylation and the xanthophyll cycle, a part of the light-
harvesting complex II (LHCII) antenna population disconnects from the
Photosystem II (PSII) complexes and self-aggregates to form Chl-quenched
states, which dissipate excess light 12. The effects of xanthophyll composition on
regulation and photoprotection in thylakoid membranes have been investigated
in various studies. Zea is known to play a central role in photoprotection,
through its participation in Non-Photochemical Quenching (NPQ) 13 but also by
preventing lipid oxidative damage in the membrane 4. The antioxidant activity
of xanthophyll pigments present in membranes was indeed found to be related
to their physical-chemical interaction with lipids 1 and their presence was
shown to increase the penetration barrier to molecular oxygen 6. Moreover,
several in vivo and in-vitro studies have reported increased rigidity of Zea-
containing membranes 14 17, contributing to their stabilization. The precise role
of Zea in NPQ is still under debate. Chlamydomonas reinhardtii (Cr.) npq2
mutants, that have an impaired xanthophyll cycle and accumulate Zea
constitutively in their thylakoid membranes, show faster fluorescence quenching
upon actinic-light exposure 1819, Zea has been suggested to quench of excess
energy by multiple mechanisms, by activating a quenched state in LHC protein
complexes upon binding 2022 but also at the membrane level, mediating the
complexes interactions 23,

In this work, we explored the use of in-situ 3C solid-state Nuclear Magnetic
Resonance (NMR) on whole thylakoid membranes to gain insight in protein and
lipid conformational dynamics and the effect of Zea accumulation. 3C-NMR
spectroscopy in conjunction with biosynthetic uniformly 13C isotope labeling
provides us with a unique method to simultaneously detect protein, lipid and
xanthophyll molecular constituents and measure their molecular dynamics
directly. We analyzed Cr. thylakoid membranes from wild type (WT) and from
npq2 mutant that, as already mentioned accumulates Zea in the thylakoid
membranes. 3C Magic Angle Spinning (MAS) NMR spectra were obtained by
direct and cross polarization to separate and quantify rigid and dynamic
membrane molecular components. To measure the temperature-dependent
dynamical properties, spectra were collected over a temperature range from 0 to
25°C. In addition, 71, relaxation experiments were performed to further analyze
protein backbone molecular dynamics. Results show differential dynamics of
proteins, lipids and xanthophylls in WT and npqg2 membranes. The npq2
membranes contain more xanthophylls and ordered-phase lipids with reduced
dynamics, as well as mobile-phase lipids with enlarged dynamics, spanning a
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broader dynamic range. Our study validates the application of 13C solid-state
NMR spectroscopy for functional screening of molecular membrane
characteristics and demonstrates how Zea accumulation influences the
conformational dynamics of protein and lipid constituents, affecting the
functionality of biological thylakoid membranes.

Material & Methods

Chlamydomonas reinhardtii strains and growth conditions

In this work we employed Cr. strains CW15 and npq2. The first is a cell wall-
less mutant 24 used as WT, while the second is affected in zeaxanthin epoxidase
(ZE) activity 25. Both strains were cultivated in Erlenmeyer flasks with liquid
Tris-Acetate Phosphate (TAP) medium, at 100 rpm agitation and 21°C in a
growth chamber. Continuous illumination was provided from cool-white
fluorescent lamps under low (<25 pmoles photons m2 s1) photosynthetically
active radiation (400-700 nm). The TAP medium 26 used to grow labeled cells,
was prepared using 3C labeled sodium acetate (Sigma-Aldrich) and !*N labeled
ammonium chloride (Sigma-Aldrich). Cultures in labeled medium were set up
starting from an optical density at 750 nm (OD7s50) equal to 0.1 and cells were
grown until OD750 = 1. Three rounds of cultivation in labeled medium were
performed to ensure > 95 % labelling of the cells with 13C and 15N atoms.

Thylakoid isolation

Cells were harvested by 10 minutes of centrifugation at 4°C, at 3500Xg and then
washed twice in isolation medium A (IMA, 10mM MES pH 6.5, 2mM KCI, 5mM
EDTA pH 8, 1M sorbitol). After centrifugation, cells were resuspended in cold
IMA buffer with 0.5 % milk powder and 1 mM PMSF, 1 mM DNP-e-amino-n-
caproic acid and 1 mM benzamidine, and then disrupted at 4°C using an
ultrasonic homogenizer (Sonic Rupter 400 — OMNI International - PBI) for 5 s,
with the maximum power. Immediately after rupture, the samples were
centrifuged for 15 minutes at 2500Xg at 4°C to collect unbroken cells on the
bottom of the tube. The latter were again resuspended in IMA buffer containing
inhibitors and milk powder and treated again with the homogenizer. This step
was repeated 3 times to be sure to break all the harvested cells, always
collecting the supernatant containing the thylakoids. The latter was centrifuged
for 15 minutes at 2500xg at 4°C, to eliminate cells debris. The supernatant was
then centrifuged for 30 minutes at 40000Xg at 4°C to collect the thylakoids. The
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pellet, containing the thylakoids, was washed twice with isolation medium B
(IMB, 10mM MES pH 6.5, 2mM KCl, 5mM EDTA pH 8) and resuspended in T3
buffer (50 mM Hepes-KOH pH 7.5, 5 mM MgClz, 50% glycerol). Immediately,
thylakoids were frozen in liquid nitrogen and stored at —80°C until use. All steps
were performed at 4°C and in dim light. Thylakoids total pigments were
extracted with 80% acetone, and the chlorophyll concentration of the samples
was determined spectrophotometrically using specific extinction coefficients 27
and the acetone spectra fitting, previously described in 28.

Gel electrophoresis

Coomassie-stained SDS-page was performed using 12.5% Tris-glycine gels as in
29, Samples were solubilized with a solubilization buffer (4X) containing 30%
glycerol, 125 mM Tris pH 6.8, 0.1 M dithiothreitol, 9% SDS and were loaded
according to the same amount of membranes.

NMR sample preparation

The thylakoids suspension containing 1.5 mg of Chl (approx. 10 times more in
protein content) were pelleted by ultra-centrifugation at 223000xg for 40
minutes and transferred into NMR rotor inserts.

NMR experimental setup

All the NMR spectra were collected with a Bruker Advance-III 750 (17.4T) solid
state NMR spectrometer equipped with a 4 mm CP/ MAS trip-probe. Presented
2D 13C-13C proton driven spin diffusion NMR experiments (PDSD) were
collected with 256 scans and mixing time of 25 ms at -299C. Two-pulse phase
modulation (TPPM) decoupling (2 dB) was applied during the t1 and t2 periods.
Each Polarization Transfer ssNMR experiment was performed with 256 scans
under SPINAL-64 decoupling (1.8 dB) and the frequency of the magic-angle
spinning (MAS) was set to 11.6 kHz. All the 13C spectra were referenced to the
carbonyl signal of solid 13C-tyrosine at 172.2 ppm. CP experiments were
performed with the contact time of 2 ms, a recycle delay of 2 s and acquisition
time (AQ) of 20 ms, wi1%/2n of 40.3 kHz and 'H nutation frequency linearly
ramped from 80 to 100 kHz. Two delays of 1.25ms and AQ time of 80ms were
used in INEPT. For Direct Polarization (DP) experiments, delay time was 2s and
acquisition time was set to 43 ms. Presented temperature curves are the
averaged results of two independent sets of experiments. As a control, CP and
DP experiments were also performed on a tri-amino acid (33C/15N N- formyl-Met-
Leu-Ple-OH (f-MLF)) using the same pulse sequences. In this case, CP signal
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intensities were about four times the DP signal intensities, in line with expected
enhancement from the 'H and 13C gyromagnetic ratio.

T1psetting

13C Thp experiments were performed at 7 and 25°C. We applied SPINAL-64
heteronuclear decoupling with 1.5 dB power during the relaxation delay. To
acquire the spectra after the CP MAS pulse, variable spin-lock pulses from 10 ps
to 200 ms were applied. The acquisition time was 11 ms and zcp was set to 256
us for all the experiments, except if stated otherwise. Relaxation curves were
obtained by integrating the appropriate regions as a function of the relaxation
delay in each experiment. The reported rates were determined by fitting the
data to stretched- or double-exponentials.

Temperature calibration

Temperatures were calibrated by analyzing the 207Pb NMR chemical shift of lead
nitrate (Pb(NOs)z2) which is the standard sample for temperature calibration in
magic-angle spinning (MAS) probes. The readout temperature was regulated
from -2.0 to 20.0°C within +/- 0.1 °C. Effective sample temperature as a function
of read out temperature and spinning speed can be obtained as described in 30,

Results

3C labeling of Cr. cells

Cr. strains CW15 (further referred to as WT) and npq2 were chosen for this
work and cultivated according to the following considerations. In order to be
detectable through the solid-state NMR technique, cells needed to be labeled
with carbon (13C) and nitrogen (*5N) isotopes. While 15N labeled ammonium
chloride was the only nitrogen source in the medium, Cr. is a photosynthetic
organism that is also able to fix COz from the atmosphere to support its
photoautotrophic metabolism. However, in mixotrophic conditions in presence of
acetate, the latter becomes the prominent carbon source 31. We exploited this
metabolic feature for incorporating 13C providing the carbon source in form of
labeled sodium acetate. Cells were nevertheless exposed to a low light intensity,
close to the compensation point, to maintain photosynthetic metabolism active.
Also cells were cultivated in flasks, where CO2 diffusion from the atmosphere is
limited in order to further stimulate acetate assimilation from the medium 32.
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Three rounds of cultivation in labeled medium were performed in these
conditions with a tenfold dilution at every step. This assured the labeling of a
very large majority of the molecules at the end of the cultivation.

Characterization by SDS-page analysis and by "*C-'*C NMR

NMR spectra contain a wealth of structural information because the NMR
isotropic chemical shifts are unique fingerprints for each type of atom. However,
going from isolated protein or lipid systems to heterogeneous biological
membranes, spectra become very crowded and individual molecular components
are no longer resolved. Thylakoid membranes have the advantage that one type
of proteins, the photosynthetic light-harvesting complexes, are abundant,
reminiscent of recombinant-expressed proteins in host cell membranes. This is
illustrated in figure 1, presenting a Coomassie-stained SDS-page analysis of the
Cr. thylakoid membrane preparations of both WT and npgq2, loaded with equal
volume amounts of membrane material. The LHCII (indicated with the arrows)
appears as the most abundant polypeptides in both strains. The Cr. LHCII
trimeric complexes are isomers built from polypeptides encoded by 9 genes 33-34
with molecular masses between 22 and 26 kDa.
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Figure 1. A: Coomassie-stained SDS-page of WT and npg2 Cr. thylakoid membranes,
with 2 pl (lane 1 and 3) or 10 pl (lane 2 and 4) loading of membrane material. B:
Monomeric and trimeric distribution of LHCII in WT and npg2 thylakoid membranes.
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Figure 2 shows a spin-diffusion 3C-13C NMR spectrum (PDSD, mixing time 25
ms) of the WT and npq2 thylakoid membranes compared with the one of isolated
Cr. LHCII. The NMR spectrum of WT thylakoid membranes strongly overlaps
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with the spectrum of isolated LHCII, indicating that the LHC signals dominate
the NMR spectra of thylakoid membranes, consistent with the fact that this is
the most abundant protein according to the SDS-page analysis in figure 1.
Nevertheless, the membrane spectra are very congested due to the fact that cells
were uniformly isotope-labeled and resonances of protein, lipid and pigment
constituents are detected simultaneously.
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Figure 2. 13C-13C spectrum of isolated LHCII overlaid on the spectrum of WT and npq2
thylakoid membranes. Green; npq2 thylakoid membrane, red; LHCII, blue; WT thylakoid
membrane.

Polarization transfer NMR

An elegant way to reduce spectral crowding and improve resolution is by use of
NMR 1H-13C polarization-transfer spectral editing. NMR polarization-transfer
experiments are selective for molecules with dynamics within a certain
frequency window and filter out the NMR signals of all other components. By
combining polarization-transfer experiments with different frequency filters,
rigid and mobile molecular components are differentiated by their selective
enhancement. In addition, the transfer of the magnetization from protons to
3carbons gives rise to signal enhancement owing to the ~4 times enlarged
gyromagnetic ratio of 'H compared to 13C. A comparison of polarization-transfer
obtained spectra with spectra obtained through direct 13C excitation, which
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detects signals within a large frequency window, provides an estimation of the
rigid and mobile fractions out of the total number of molecular constituents.

To gain insight in protein and lipid molecular dynamics inside thylakoid
membranes, a set of one-dimensional solid-state 13C NMR experiments were
employed applying H-13C polarization-transfer sequences that used cross
polarization (CP) 35 or insensitive nuclei enhancement (INEPT) 36, and applying
direct 13C polarization (DP)37. In DP experiments, the 13C nuclei are directly
polarized during the spin-lattice relaxation process and DP detects all type of
molecular constituents. CP and INEPT experiments can be applied as frequency
filters 38 that are selective for slow, resp. fast molecular dynamics. CP
experiments provide NMR spectra of 13C in solids or insoluble proteins by
polarization transfer from H nuclei via dipolar couplings. CP signal intensity
enhancement depends on the relative gyromagnetic ratios of 'H and 13C, which
are yu= 267.5 (106 rad S-! T-1) and yc= 67.2 (106 rad S-! T-1). The enhancement
factor of the CP signal intensity compared to DP is maximal yu/yc, which is
almost a factor of 4. However, the actual enhancement factor depends on
molecular motions since the CP technique is based on dipolar 'H-13C couplings,
which for dynamic molecules will average to zero, marking loss of CP signal
intensity and lower CP/DP intensity ratios. Mobile constituents, on the other
hand, are signal enhanced when the polarization is transferred via scalar
couplings (J- couplings), which occur in INEPT. The process of polarization via
J-couplings is in itself not affected by motions, but scalar coupling occurs in the
transverse plane where polarization relaxation (72) depends on motion.
Consequently, rigid segments that have fast relaxation times in the transverse
plane are not detectable in INEPT 39,

In solid-state NMR spectra of bio-membranes, CP-enhanced signals typically
include lipid molecules with high segmental order in the crystalline phase.
Because of their restricted motions, the 'H-13C dipolar couplings are not
averaged to zero, making CP efficient, while fast 7% relaxation excludes their
visibility in INEPT spectra. In addition, 13C carbonyl resonances of membrane-
embedded proteins, which have restricted conformational dynamics, are visible
in CP-based spectra. INEPT is sensitive for molecules with fast (sub-
nanosecond) dynamics. For bio membranes, these typically include mobile lipids
with low segmental order in the fluid gel phase, which have long T relaxation
times that makes INEPT efficient, while averaging of the 'H-13C dipolar
couplings by bond re-orientation excludes them from CP spectra.

We analyzed thylakoid membrane preparations of WT and npg2 by 13C MAS
NMR using DP, CP and INEPT for mobile spectral editing. In addition, as a
comparison the set of experiments was performed on samples of isolated LHCII
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in f-dodecyl maltoside (f-DM) detergent micelles and of LHCII aggregates,
obtained by detergent removal, of which preparations have been described in
detail in 4. As presented in 40 the detergent-solubilized LHCII proteins are in a
fluorescent state, mimicking the proteins under active light-harvesting
conditions. The LHCII aggregates are in strongly fluorescence-quenched states,
mimicking the photoprotective states of the proteins. Figure 3 illustrates which
thylakoid membrane components are signal-enhanced and distinguished in the
CP and INEPT experiments, as described in detail below. In the additional DP
experiments, in the figure 3 depicted membrane components are detected.
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Figure 3. Illustration of thylakoid membrane constituents that are selectively probed
with CP and INEPT experiments, showing the lipids in blue and red, proteins in blue and
xanthophylls in orange.

Figure 4 presents the CP (blue), DP (black) and INEPT (red) 13C MAS-NMR
spectral intensities for WT (A) and npq2 (B) thylakoid membranes and for WT
isolated LHCII in detergent micelles (C) and LHCII aggregates (D). The INEPT
spectra in figure 4 contain NMR signals characteristic for lipids, while CP
spectra contain bands typical of protein backbone and side-chain carbon atoms,
as well as peaks typical of fatty-acyl chains. In figure 4A and B the lipid
galactosyl head-group resonances are obscured by the natural-abundance 13C
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resonances of glycerol that was present in the buffer. The large intensities of the
lipid signals in CP (blue spectra) compared to INEPT (red spectra) indicate that
the majority of the lipid molecules are in the ordered phase with restrained
dynamics, while there is only a small fraction of mobile lipids. The two
resonance peaks around 40 ppm are identified as Chl phytol chain signals that
are visible both in CP and INEPT, and a small band between 135-140 ppm is
identified as the unresolved accumulated resonances of the xanthophyll fatty-
acyl chains. NMR resonances of the chlorophyll (Chl) macrocycles are not
observed at ambient temperatures, but could be observed in 2D 13C-13C spectra
at cryogenic temperatures 40,

For both the WT and npq2 membrane preparations, protein signals from the
backbone C’ and C. atoms are more pronounced in DP than in CP, indicating
that the proteins have considerable conformational dynamics on micro to
millisecond time scales where cross polarization becomes inefficient. As a
control, CP and DP experiments were performed on a tri-peptide powder sample
using the same pulse sequences (data not shown). In this case, 13C CP signal
intensities were roughly four times larger than the directly polarized 13C signal
intensities, in line with the maximal expected enhancement of CP based on the
'H and 13C gyromagnetic ratios for a rigid solid. For the WT, the xanthophyll
band between 135-140 ppm is only observed in DP while for the npq2 mutant
the band appears in CP, indicating that npq2 mutant contains xanthophylls
with reduced fatty-acyl chain dynamics. No CP signal was detected for LHCII in
S-DM micelles (figure 4C, blue curve) that undergo fast tumbling in solution,
which confirms that all LHCII protein complexes were solubilized, representing
a fully liquid state without protein aggregation. On the contrary, for LHCII
aggregates (figure 4D), strong CP signals are detected. However, also here the
DP intensities dominate over the CP, as is the case for the membrane
preparations, indicating that despite their strong aggregation, the LHCII
complexes possess significant dynamics on sub-millisecond time scales. The 13C
NMR spectra of isolated LHCII (figure 4C and D) also contain resonance signals
of lipids that are co-purified with the proteins. LHCII-associated lipids are also
observed in the LHCII crystal structures of pea and spinach 4142, In two-
dimensional 13C-13C spin-diffusion spectra of isolated LHCII, resonances of the
mono-galactosylglycerol (MGDG) and di-galactosylglycerol (DGDG) lipid sugar
head groups could be resolved 40. The 2D-resolved resonances confirm that these
signals are not natural-abundance !3C resonances of traces of detergent.
Although galactosyl head groups of S-dodecyl maltoside detergent molecules
have 13C chemical shifts hat overlap with those of galactolipids, the probability
of detecting natural abundance 3carbons in two-dimensional 3C-13C spectra
(~0.01%) can be neglected.
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Figure 4. Overlaid 13C DP (black), 3C CP (blue) and 3C INEPT (red) spectra recorded at
25 0C. A: WT thylakoid membranes; B: npq2 thylakoid membranes; C: LHCII in
detergent micelles; D: LHCII aggregates. *Natural-abundance 3C signals of glycerol.
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Temperature-dependent dynamics of protein and lipid
constituents

To detect molecular dynamics over a physiological temperature range, CP and
INEPT spectra were collected between 0 and 25°C. At high temperatures, a
small gradual decrease of the CP intensities is observed, consistent with loss of
CP efficiency due to increased molecular dynamics. This is shown in figure 5,
where the carbonyl and C. integrated peak intensities are plotted against
temperature. Simultaneously, INEPT intensities, which detect the dynamic
behavior of the mobile lipids, gradually increase with temperature, indicating
enlargement of the fraction of mobile lipids. This is shown in the data in figure 6
that reflect the temperature-dependent dynamics of the mobile-phase lipids
along their fatty-acyl chains. The end-tails of the mobile lipids are probed via the
methyl (CHs) and (w-1) CHzresonances at 21 ppm (figure 6B), and their fatty-
acyl chains are probed via their nCHzresonances at 30 ppm (figure 6C) and via
the CH resonances between 128-132 ppm (figure 6D). The assignment of
discussed resonances is presented in figure 4A and 6A. The fatty-acyl chain
INEPT intensities of the npg2 mutant increase more steeply with temperature,
indicating enlarged dynamics of the mobile lipids in npqg2 membranes at
elevated temperatures, compared to the WT.
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Figure 5. 13C CP-MAS integrated C’ and C, intensities of WT and npq2 as function of
temperature. Filled blue squares: C’ region WT; open black squares: C’ region npgq?2; filled
green circles: C, region WT; open red circles: C, region npq2.

The dynamics of the ordered lipids with temperature was followed in CP spectra.
The lipid peaks here are not fully resolved because they overlap with the broad
bands of protein side chains. Figure 7 shows the CP intensities of the main lipid
peak at 30 ppm containing the unresolved nCH2 resonances, and of the small
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lipid peak at 32 ppm at different temperatures. Lipids can adapt an all-trans or
trans-gauche conformation with different 3C chemical shifts for the acyl chain

carbons.
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Figure 6. 13C INEPT intensities of WT and npq2 membranes at different temperatures.
A: INEPT spectra of npq2 recorded at temperatures between 0 and 25 °C. B-D: integrated
INEPT spectral regions at different temperatures. The regions correspond to the lipid
carbon atoms colored in black in the lipid molecules schematically drawn in the pictures
below. B: Filled green squares: CHs region WT; open red squares: CHs region npgq2; filled
blue circles: (w-1) CH2 region WT; open black circles: (ow-1) CHz region npq2. C: Filled
green squares: trans-gauche CHz region WT; open red squares: trans-gauche CHz region
npq?2; filled blue circles: all-trans CHz region WT; open black circles: all-trans CHs region
npq2. D: Filled green squares: CH/aromatic region WT; open red squares: CH/aromatic

region npq2.
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The small peak at 32 ppm originates from CHzcarbons of lipids in the all-trans
conformation, while the main peak at 30 ppm represents the CH2 carbons of
lipids in trans-gauche conformation 43 (see also figures 4 and 6). The latter lipid
conformation is abundant because thylakoid membranes have a high degree of
unsaturated lipids. In contrast to other CP signal intensities that decrease at
elevated temperatures due to enlarged molecular dynamics, the intensity of the
trans-gauche lipid peak at 30 ppm increases with temperature. The observed
increase 1is indicative of all-trans => trans-gauche isomerization at elevated
temperatures. The gain of CP signal due to accumulation of frans-gauche lipids
is partly compensated by loss of CP efficiency caused by increased lipid mobility.
To disentangle the counteracting effects of dynamics and isomerization on the
main lipid peak, we compared the 30/32 peak ratios in DP experiments that are
not sensitive to dynamics changes. The WT and npg2 membranes have similar
30/32 ratios at 7 and 25°C (0.32, resp. 0.42 for WT and 0.32, resp. 0.48 for npq2),
from which we conclude that the fractions of trans-gauche and all-trans lipids in
the two samples are similar. The differential slopes of the WT (solid lines) and
npq2 (dashed lines) temperature curves in figure 7 we therefore ascribe to
differential dynamics of the ordered lipids in WT and npq2. The ordered lipids in
npq2 apparently are less responsive to temperature changes, with smaller losses
of CP efficiencies, having reduced dynamics compared to the WT.
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Figure 7. 13C CP-MAS intensities of WT and npq2, illustrating lipid isomerization as a
function of temperature. Filled black squares: trans-gauche CHs region npq2; open blue
squares: trans-gauche CHz region WT; Filled red circles: all-trans CHs region npq2; Filled
green circles: all-trans CHz region WT.
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Tiprelaxation experiments

In addition to the polarization-transfer experiments, we measured 13C T,
relaxation of the WT and npg2 membranes at 7 and 25 °C. Measurements of
spin-lattice longitudinal relaxation in the vrotating frame (7T1,) offer
investigations of molecular dynamics from microsecond to millisecond and are
sensitive to protein slow conformational dynamics. T1, describes the decay of
magnetization along the RF field Bi, by applying a spin-lock pulse in the
rotating frame of reference. Molecular fluctuations with frequencies close to yBi,
1.e. in the range of 10-100 kHz, will induce relaxation of the magnetization along
Bi. The 13C Ty, relaxation rates also depend on the rate of 1H-13C magnetization
exchange (Kuc) and on the 'H spin-lattice relaxation rate (Ku), as illustrated in
the kinetic scheme in figure 8. The mixing time during which magnetization is
exchanged is set experimentally by the CP contact time, zcp.
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Figure 8. Kinetic scheme of H to 13C polarization transfer and 71, spin
relaxation.

KC = 1/
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We performed 13C T, experiments with 7cp=256 ps in order to limit proton-
driven spin diffusion and inter-carbon magnetization transfer, which lead to
averaging of relaxation lifetimes of neighboring carbons. Figure 9 shows the
backbone Ti, relaxation curves, obtained by integrating intensities over the
backbone carbonyl peak. Instead of a single lifetime, we expect a distribution of
lifetimes since the membranes contain a distribution of proteins and each
protein contains multiple amino-acid residues with varying structures and
dynamics. Therefore backbone Ti, relaxation curves were fit with stretched
exponentials (et71,)” using a fixed parameter (8= 0.7). The C T, lifetimes for
WT and npq2 are similar at 7 °C, but at 25 °C the C’ Ti,lifetime is much more
shortened for the WT, suggesting enlarged protein dynamics for the WT, but not
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for npq2 membranes, at high temperature. WT T1, relaxation curves at 7 °C
were also recorded with a rcp of 2 ms. As shown in Table 1, the longer zcp
shortens the observed average C' Ti, from 9.4 to 6.8 ms. C. T, lifetimes were
analyzed by taking the integrated intensities of the C, band (see also Table 1).
For some of the C.data sets, the fit significantly improved if instead of a
stretched exponential a double-exponential fit function was used, which suggests
that despite the short rcp applied, the observed C. relaxation kinetics are partly
averaged over the side chains, giving rise to multi-exponential kinetics. Overall,
the observed C. lifetimes do not change much at the two temperature conditions
and are quite similar for the npq2 and WT membranes. The C. Ti, lifetimes
differ significantly from the C T4, lifetimes, confirming that the C relaxation
rates are not averaged over all the carbons, but contain the characteristics of the
specific atom type.

Sample/atom T, (ms, 7 °C) T1, (ms, 25 °C)
WT
C 9.4 +£1.5 1.5+£0.5
C +0.3 [2.7£09]* +04 [3.1+2.0]*
C’ (zcp = 2 ms) 6.8 £1.1
npq2
C 10.4+£3.1 72+22
Ca 0.7+0.5 [5.0+2.0]* 0.9+0.3 [4.4 +1.8]*
LHCII age
C 9.5+4.0 1.8+1.3
Cq 0.9+0.8 [3.6+1.6]* 0.5 [7.9+3.7]*

Table 1. T, lifetimes of the carbonyl and C, atoms, for WT and npq2 Cr. thylakoid
membranes and for LHCII aggregates (LHCII.gg). *Fitting with a double-exponential fit
instead of a stretched exponential; value presents the lifetimes of the slow components.

The difference between the WT and the npg2 C Ty, lifetimes seems in apparent
contradiction with the observed CP/DP ratios of the carbonyl peaks in the
spectra in figure 4, that are very similar for WT and npq2. The reason lies in the
short rcp that was used for the 71, experiments. Figure 10 shows the buildup
curves for C’ and C. polarization as function of CP contact times for isolated
LHCII. The rise and decay reflect the rates for resp. 1H-13C transfer, building up
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the carbon magnetization, and for T4, spin-lattice relaxation as illustrated in the
scheme in figure 8.
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Figure 9. 13C’ T, relaxation curves of WT and npq2. Ti, relaxation at 7 °C. A: and 25 °C.
B: of WT (black filled squares) and npq2 (red open squares) and stretched-exponential fits
(WT, solid black lines; npq2, red dashed lines). The fit relaxation lifetimes are 9.4 ms
(WT, 7°C), 10.4 ms (npq2, 7°C), 1.4 ms (WT, 25 °C) and 7.8 ms (npq2, 25 °C).

The carbonyl carbons have slow buildup of the polarization because they lack
directly attached protons. With 7¢p=256 ps, only a fraction of the C’ carbons are
polarized, while with 7cp=2 ms (used for the experiments presented in figure 4)
the signal is maximal and all C’ carbons are polarized. As shown in Table 1, the
C Ty, lifetime substantially increases with 7cp=256 ps compared to 7cp=2 ms.
We conclude from this that with zcp = 256 ps a fraction of C’ carbons is detected
that has reduced conformational dynamics compared to the average carbonyls.
This is consistent with the fact that dynamical molecules will have smaller *H-
13C coupling compare to rigid molecules, requiring longer contact times for
efficient cross polarization. In contrast, the C, carbons have a fast buildup of the
polarization that is already maximal at 256 us and have fast spin-lattice
relaxation, causing loss of signal with longer rcp. The C. Ty, lifetimes thus
represent the mean value of all the C. carbons. The Ti, data enables us to
identify a fraction of rigid protein carbonyls that only for the WT gain significant
dynamics between 7 and 25 °C.
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Figure 10. A: C buildup curve of LHCII aggregates at 7 °C (black squares) and 25 °C
(red circles) and double-exponential fits (7 °C, solid black lines; 25 °C, red dashed lines).
B: Cu buildup curve of LHCII aggregates at 7 °C (black squares) and 25 °C: (red circles)
and double-exponential fits (7 °C, solid black lines; 25 °C, red dashed lines).

Discussion

Molecular dynamics of LHCII /n-vivo and of pigment-protein
complexes in-vitro

Cr. thylakoid membranes are heterogeneous and contain the full photosynthetic
apparatus with different protein constituents. Based on the 13C-13C NMR spectra
that are dominated by LHCII we can conclude that the observed in-situ protein
dynamics to large extent represent the properties of LHC proteins. Compared to
the lyophilized tri-peptide model used as a control, the proteins inside thylakoid
membranes contain considerable dynamics on a microsecond to millisecond time
scale, reflected by the relatively low CP/DP intensity ratios. For the LHCII
aggregate sample the CP/DP ratios were even lower, implying that in the
aggregates the LHCII complexes retain significant mobility that is more
comparable with the dynamics of polymers or hydrogels than that of protein
crystals. The INEPT background signal, typical of protein C, and side-chain
atoms, could represent a small fraction of non-aggregated LHCII with high
mobility. This would indicate that equilibrium exists between aggregated and
free proteins, which is strongly shifted towards the aggregated forms. The lipid
signals in the LHCII aggregate spectra are much more pronounced in CP than
in INEPT, demonstrating that the contained lipids have restrained dynamics
and likely are protein associated, and not co-purified from the bulk. No
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significant CP signal could be detected for LHCII in detergent micelles at
ambient temperatures, confirming that highly concentrated samples, as required
for solid-state NMR, can be prepared without aggregation. Previous data have
shown that CP-based spectra can be obtained of frozen protein-micelle solutions
at cryogenic temperatures 40, 44-45,

The LHCII Chl macrocycle signals are neither detected by CP nor by INEPT-
based 13C-13C spectra at ambient temperatures. Their molecular motions
apparently occur on intermediate time scales where both type of experiments
are inefficient. The Chl macrocycle NMR resonances of the membrane
preparations emerge in NMR spectra at cryogenic temperatures and are weakly
visible at 244K (data not shown). In our previous work, a dynamic transition
was revealed between 223K and 244K for the Chls in detergent-solubilized
LHCII 40 and their macrocycle chemical shifts started to disappear from CP-
based 13C-13C spectra above 223K. In line with these NMR observations, quasi-
elastic neutron scattering experiments showed a dynamical transition at 244K
for LHCII in detergent micelles 46. The transition was accompanied with a shift
of the Chl a absorption maximum that was ascribed to a variety of
conformational sub-states of Chl612, based on altered results for a Chl612
mutant. Our previous NMR study also showed that for LHCII aggregates the
Chl macrocycle chemical shifts are still visible at 244K, demonstrating that
LHCII aggregation reduces the Chl conformational dynamics. According to our
low-temperature data of the thylakoid membrane samples, the conformational
dynamics of protein-bound Chls in the membranes is intermediate between the
values for LHCII aggregates and for LHCII detergent micelles. The difference in
dynamics suggests that the detergent micelle forms an artificial
microenvironment where the LHC pigment-protein complexes are more flexible
than in their native states. Liposomal membranes or lipid nano-discs may
provide a microenvironment that is closer to their in-vivo states 4447 and it will
be of interest to address the dynamics and conformational sub-states of Chls in
membrane-reconstituted LHCII.

Differential dynamics in npg2and WT membranes: the effects of
Zea accumulation

No abrupt changes were detected following CP and INEPT intensities over the
range 0-25 °C that would clearly mark a phase transition. Instead, the
temperature curves show gradual increase in dynamics of the ‘fast’ and ‘slow’
membrane components and of lipid isomerization, consistent with an overall rise
of membrane molecular dynamics at elevated temperatures on both fast (ps-ns)
and slow (>ms) time scales. In npg2 membranes, the ordered lipids are less
sensitive to temperature changes, whereas the mobile lipids have enlarged
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dynamics compared to the WT. This effect is the opposite of the reported
influence of polar xanthophylls that were shown to act as membrane
modulators, increasing membrane fluidity in the ordered phase, while
decreasing the fluidity in the liquid crystalline phase, thereby broadening gel-to-
fluid phase transitions 48. The reverse effect might show for Zea-accumulating
membranes, compared to WT membranes that mainly constitute Vio, because
Zea is a less-polar xanthophyll 20. Our lipid dynamics analysis predicts that Zea-
accumulating membranes will have narrower gel-to-fluid phase transitions than
for WT, which might be an advantage under stress conditions since this allows
faster switching between the phases.

In both WT and npq2 thylakoid membranes the fraction of mobile lipids is small
compared to the fraction of ordered lipids. The overall membrane fluidity will
therefore be dominated by the behavior of the ordered-phase lipids and
consequently, is reduced for Zea-containing membranes. The fraction of ordered
lipids could represent lipids that are associated with proteins or stabilized in
between super complexes, while the mobile lipids represent the bulk lipids that
are not in direct protein contact. The restricted dynamics of the majority of the
lipids despite their large number of unsaturation suggests that in the tightly
packed thylakoid membranes, where greater part of the surface area is protein
occupied, most of the lipids are immobilized between the protein complexes.

The slow-dynamics membrane components that are observable via CP can be
further separated in rigid and dynamic subsets based on 71, relaxation kinetics
using short contact times. The T4, lifetimes indicate that the npqg2 membranes
contain a subset of protein sites with limited conformational dynamics that only
modestly respond to temperature changes between 7 and 25 °C. Npg2 mutation
was shown to not affect photosynthetic apparatus composition, nor photosystems
antenna size, even in different light conditions 49. In the npg2 membranes,
however, LHCII proteins are more prone to monomerization as shown in
previous studies in A. thaliana 3053 and confirmed in Figure 1. Upon
monomerization though rather an increase of flexibility is expected than
enlarged rigidity. In the npg2 membranes however, protein aggregates may
have formed that do not disassemble at high temperature and in which proteins
have restricted conformational dynamics. On the other hand, 71, measurements
on WT LHCII in-viiro aggregates do not show a reduced conformational
dynamics compared to proteins in the WT membranes. Alternatively to
aggregation, binding of Zea could alter the intrinsic dynamics of pigment-protein
complexes at local sites. Such sites would form a subset of carbonyls that are
rigidified compared to protein carbonyls in the WT membranes explaining the
increased C’ T, of npg2 membranes at room temperature. In that respect it is
interesting that we also observe reduced conformational dynamics of the
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xanthophylls in npg2. The molecular structure of Zea only differs from Vio, its
epoxidized form, at the head group. Due to the de-epoxidized head groups, Zea
xanthophylls are more hydrophobic 20, which could change their interactions
with both the lipid and protein direct environments.

Conclusion

Summarizing the results from spectral editing and relaxation experiments, we
can conclude that Zea accumulating membranes have (1) more rigid
xanthophylls, (2) contain a subset of rigid protein sites that are less sensitive to
temperature changes, and (3) contain thylakoid lipids that span a broader
dynamical range with reduced fluidity of the large pool of ordered-phase lipids,
and enlarged acyl-chain dynamics of the small pool of mobile lipids. Our
observation that Zea-rich npg2 membranes contain xanthophylls, protein and
ordered-phase lipid constituents with lower backbone and fatty-acyl chain
dynamics is consistent with the detected overall increase in membrane rigidity
in Zea-containing membranes as discussed in literature, at least for what
concerns A. thaliana 30 54, The co-existence of ordered and mobile lipids suggests
that the thylakoid membranes of both WT and npg2 Cr. cells contain segregated
membrane domains, which may differ in size and composition. Additional
electron or atomic-force microscopy would have to be performed to address the
effect of Zea accumulation on the supramolecular membrane organization, while
additional NMR experiments on Zea-containing LHCII could address the effect
of xanthophyll exchange on protein internal molecular dynamics.
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Abstract

Photosynthetic light-harvesting antenna complexes (LHCs) of plants, moss and
green algae form dynamic switches between light harvesting and excitation-
quenched, dissipative states. This mechanism protects the photosynthetic
apparatus under light stress via a photo protective membrane response. Herein, we
demonstrate the application of solid-state NMR spectroscopy to wild type,
heterogeneous thylakoid membranes of Chlamydomonas reinhardtii (Cr.) and
purified Cr. Light harvesting Complex II (LHCII) reconstituted in thylakoid lipid
membranes, to investigate the structure and dynamics of LHCII in native
conditions. We find that membrane-reconstituted LHCII contains sites that
undergo fast, large-amplitude motions, including the phytol tails of two
chlorophylls. In intact thylakoids, the dynamics of these protein and pigment sites
is significantly reduced. Furthermore, plasticity is observed in the N-terminal
stretch and in the trans-membrane helical edges facing the thylakoid lumen. We
conclude that LHCIIs contain flexible sites but that their conformational dynamics
is constrained in vivo, implying that changes in the physicochemical environment
are required to enable switching between different conformational states. In situ
NMR spectroscopy opens a new route to investigate the plasticity of light-
harvesting complexes and their seminal role in biological regulation mechanisms
such as membrane state transitions, non-photochemical quenching or post-
translational modifications.

Introduction

Multi-pigment protein complexes in plants, moss, and photosynthetic algae perform
delicate photo-physical and chemical tasks. These processes are highly regulated by
the conformational flexibility of the proteins and their interplay within a dynamic
thylakoid membrane environment 2. Obtaining atomic-level structures of these
complexes under physiological conditions 1is an essential step towards
understanding the molecular mechanisms that regulate the excitation energy flow.
To understand the molecular mechanisms that regulate photosynthesis, the most
abundant, peripheral antenna complex, Light Harvesting Complex II (LHCII), has
been studied extensively and the conformational switch of LHCII has been the topic
of much debate 2-12. Single-molecule fluorescence studies have demonstrated that
individual LHCII complexes can fluctuate between light harvesting and dissipative
states ¢ 7 and MD (Molecular Dynamics) simulations on LHCII in a lipid bilayer ¢
suggest that the N-terminal region is highly disordered and could modulate
excitation quenching. Results from single-molecule data have been combined with
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structure-based data on photosystem II supercomplexes to propose fluctuating
antenna models for excitation energy transfer, in which individual LHCs
continuously alternate between fluorescent and quenched states. Furthermore,
protein solvation, vibration-induced coherences and structural disorder have been
put forward as functional design principles by which antenna pigment-protein
assemblies can direct and optimize the excitation energy transfer flow. The
conformational states and dynamics of LHCII however have only been investigated
in crystals or detergent solutions 4 10.13-14, These conditions are very different from
more native conditions where complexes are stabilized in a lipid bilayer and can
interact with other proteins, which has been shown to affect their fluorescent states
15-16, Moreover, in native thylakoid membranes the antenna proteins are held in
specific arrangements within LHCII-Photosystem II super complexes 17. The
presence of zeaxanthin, phase transitions, specific lipids and membrane stacking
further controls the conformational dynamics of the individual LHCs 18.

To understand the molecular switch functions of LHCs, and the role of the
thylakoid environment in controlling their light-harvesting function, it is essential
to study their dynamic behavior in their native setting. Until now, no structure-
based methods have been presented that could detect the molecular structure and
dynamics of LHCs inside a membrane environment. Herein, we applied solid-state
NMR (Nuclear Magnetic Resonance) spectroscopy to study the conformational
dynamics of LHCII in lipid bilayers and in native thylakoid membranes. Solid-state
NMR spectroscopy has shown to be a powerful tool for atomistic detection of
membrane proteins in native membrane or cellular environments. Several in-situ
and in-cell solid-state NMR studies have investigated membrane proteins that were
overexpressed in prokaryotic and eukaryotic host-expression systems 19-25, We take
advantage of the fact that our target protein is present at a high natural abundance
in thylakoid membranes under native conditions, and demonstrate that LHCII
NMR signals can be detected in thylakoids isolated from wild-type eukaryotic
Chlamydomonas reinhardtii (Cr.) green algae cells. Isolated U-13C, 15N Cr. LHCII
were analyzed that were reconstituted in thylakoid-lipid membranes, to obtain a
view on the conformational dynamics of LHCII in a lipid environment. By
comparing these data to the spectra of native thylakoid membranes, we uncover
marked differences in the conformational dynamics of LHCII, with implications for
the role of the thylakoid environment for LHCII function.
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Material and Methods

Biosynthetic isotope labeling of Cr. cells, thylakoid extraction and
LHCIl isolation

For the experiments on isolated WT LHCII trimers, Cr. cells from strain CW 15
were cultivated and thylakoid membranes were isolated as described in chapter 2.
Thylakoid membranes corresponding to 3mg/ml of total chlorophylls, according to
the optical density at 680 nm, were unstacked with 50 mM
Ethylenediaminetetraacetic acid (EDTA) and solubilized for 20 minutes on ice in 3
ml of final 1.2% n-Dodecyl a-D-maltoside («-DM) in 10 mM Hepes (pH 7.5), after
vortexing for 1 minute. The solubilized samples were centrifuged at 15000 x g for
30 minutes to eliminate any unsolubilized material and the supernatant with the
photosynthetic complexes was then fractionated by ultracentrifugation in a 0-1 M
continues sucrose gradient containing 0.06% «-DM and 10 mM Hepes (pH 7.5), at
141000 x g for 40 hours at 4 ‘C. The green fraction corresponding to LHCII proteins
was harvested with a syringe and Chl concentration adjusted to 2mg/ml with buffer
(50 mM Hepes, 5 mM MgClz, pH 7.5). LHCII proteins solubilized in o-DM were
reconstituted in lipid membranes whose composition mimics the native thylakoid
membrane (47% monogalactosyldiacylglycerol (MGDG), 12%
sulfoquinovosyldiacylglycerol (SQDG), 14% phosphatidylglycerol (PG) and 27%
digalactosyldiacylglycerol (DGDG)) with a protein-to-lipid molar ratio of 1:55,
according to the method described by Crisafi and Pandit 5. The chosen protein to
lipid ratio is in the range of native protein packing densities in thylakoid
membranes, where 70-80% of the membrane surface area is occupied by proteins 26.

For experiments on whole fresh thylakoids, Cr. cells were cultivated in TAP
medium using 13C labeled sodium acetate in a home-built photo chamber, under
continuous illumination with cool white LEDs (~50 pmol m<2 s1). Cells were
harvested in the exponential growth phase, centrifuged, and re-suspended in 0.2
volumes of MgCls buffer (1 mM MgCls, 0.1 M Hepes, pH 7.5/KOH, 10% sucrose),
and were ruptured by sonication on a 2500 Watt sonicator set at 10 %. The isolation
of fresh thylakoids was performed according to Chua and Bennoun 27 with some
modifications. This procedure differed from the steps described above for LHCII
isolation, by using sucrose gradient layers for purification of the thylakoids in order
to obtain more pure fractions. In the procedure, disrupted cells were overlaid with
layers of sucrose (3 ml of 1.8 M, 1 ml of 1.3 M, 1 ml of 0.5 M and 5 ml of 0 M)
containing 0.1 M Hepes (pH=7.5) and 0.5 M EDTA. The gradients were ultra-
centrifuged for one hour at 4 °C in a SW41 swing-bucket rotor (Beckmann) at 24000
rpm (100000xg). The thylakoid fraction was isolated from the dark-green sucrose
band (see figure 1A).
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Figure 1. A: Example of thylakoid extraction using a layered sucrose gradient. a. eye spot
containing fScarotenes; b. thylakoid membranes; c. cell walls and unbroken cell material.
Band b was extracted with a syringe and contained the purified thylakoid fraction. B:
Absorption spectra of 13C Cr. thylakoid membranes. The Qy absorbance bands of Chl a and b
at are distinguished at 672 and 650 nm respectively, and carotenoids and Chl higher-energy
states contribute to the spectrum in the region between 400 and 500 nm.

Gel electrophoresis
Coomassie-stained SDS-page was performed using 15% Tris-glycine gels 28

Samples were solubilized with a solubilization buffer (4X) containing 30% glycerol,
125 mM Tris pH 6.8, 0.1 M dithiothreitol, 9% SDS.

Pigment analysis
The content of individual carotenoids of npqg2 LHCII was determined using HPLC

(Beckman System Gold), as described in 29, The peaks of each sample were
identified through the retention time and absorption spectrum 30,

UV/Visible spectroscopy

Absorption spectra were recorded on a Cary 60 UV—visible spectrophotometer
(Agilent Technologies) with the wavelength range from 350 to 750 nm.
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Preparation of thylakoid-lipid liposomes

LHCII proteins solubilized in a-DM were reconstituted in lipid membranes of which
the composition mimics the native thylakoid membrane. 47% MGDG, 12% SQDG,
14% PG and 27% DGDG with a protein-to-lipid ratio of 1:55 15, The chosen protein
to lipid ratio is in the range of native protein packing densities in thylakoid
membranes, where 70-80% of the membrane surface area is occupied by proteins 26,
Thylakoid lipids were dissolved in chloroform and dried into a thin film using a
rotary evaporator at 40 °C. The thylakoid lipids film was hydrated by reconstitution
buffer (50mM HEPES, 5mM MgClz, pH=7.5 and 0.03% p-DM) and were exposed to
10 freeze-thaw cycles. After that, LHCII was inserted into liposomes and detergent
was removed by 3 days incubation with bio beads (SM-2, Bio Rad).

Time-resolved fluorescence spectroscopy (TRF) and 77K
fluorescence

TRF measurements on LHCII in detergent and in liposomes were performed using
a FluoTime 200 (PicoQuant) time-correlated photon counter spectrometer. Samples
were hold in a 1X1 cm quartz cuvette that was thermostated at 20 °C and excited at
440 nm using a diode laser (PicoQuant). Fluorescence decay traces were fitted with
multi-exponentials using a j2 least-square fitting procedure. 77k fluorescence
measurements were performed using a Fluoromax 3, Horiba, Jobin-Yvon. The
samples were diluted in 50 mM HEPES, 5mM MgCl: buffer and cooled in a
nitrogen-bath cryostat to 77K. The samples were excited at 440 nm and a
bandwidth of 2 nm was used for excitation and emission.

NMR sample preparation

For the LHCII sample, 18 ml of LHCII in liposomes, containing approximately 10
mg LHCII and 1.5 mg Chl (as determined by ODsgo of the Chls), was pelleted by
ultra-centrifugation (223000xg, 4 °C, 90 min) and transferred to a 3.2 mm solid-
state NMR MAS (Magic Angle Spinning) rotor through centrifugation. For the
thylakoid sample, 12 ml of fresh thylakoid membrane containing 2 mg Chl and
approximately 10 times more in protein content was pelleted by ultra-
centrifugation (100000xg, 4 °C, 45 min) and transferred to a thin-wall 3.2 mm MAS
rotor.

Solid-state NMR experiments

Solid-state NMR spectra of U-13C-15N LHCII in proteoliposomes and of 13C-enriched
thylakoid membranes were recorded with an ultra-high field 950-MHz 'H Larmor
frequency spectrometer (Bruker, Biospin, Billerica) equipped with a triple-channel
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1H, 13C, 15N 3.2 mm MAS probe. Typical n/2 pulses were 3 us for 1H, 5 us for 13C,
and 8 us for N. The 1H/15N and 1H/!3C cross-polarization (CP) 31 contact times were
800 ps and 1 ms, respectively, with a constant radio frequency (rf) field of 35 and 50
kHz on nitrogen and carbon, respectively, while the proton lock field was ramped
linearly around the n=1 Hartmann/Hahn condition 32, The 3N/13Ca SPECIFIC-CP
transfer33 was implemented with an optimized contact time of 4.2 ms with a
constant lock field of 2.5%vr applied on 15N, while the 13C field was ramped linearly
(10% ramp) around 1.5xv:. 'H decoupling during direct and indirect acquisition was
performed using SPINALG64 3¢ with ~83 kHz irradiation. The presented 2D 13C-13C
PARIS 35 spectra were collected with a mixing time of 30 ms at 17 kHz MAS at a set
temperature of -18 °C. The 2D NCA and NCACX experiments 36 were performed on
the LHCII sample at 14 kHz MAS frequency and a readout temperature of -18 °C.
For the NCACX experiment a PARIS mixing time of 50 ms was used. The JJ-
coupling based 2D 13C-13C INEPT-TOBSY 37-38 experiments were recorded at -3 °C
with TOBSY mixing of 6 ms at 14 kHz MAS. Spectra were processed with Bruker
TopSpin 3.2 (Bruker, Germany) with LPfr linear prediction and fqc mode for
Fourier transformation. Spectra were analyzed by Sparky version 3.114 39 and
MestReNova 11.0 (Mestrelab Research SL, Santiago de Compostela, Spain).

NMR chemical shift prediction using a plant-LHCIl homology model

Homology models of Cr. LHCII were built using the SWISS model web server 40
based on the LHCII crystal structure of spinach and using the Lhemb1 or Lhcbm?2
sequence of Cr. LHCII 4!, The Lhcbm sequences and respective PDB models were
used as input for SHIFTX2 42 in order to predict the 3C and 15N chemical shifts.
13C-13C predicted correlation spectra for use in Sparky 3° were generated by
FANDAS 43,

Results and Discussion

Biochemical analysis of Cr. thylakoid membranes and of isolated
Cr. LHCIl trimers

To investigate the occurrence of LHCII in the thylakoid sample, we used the
procedure described for the isolation of the LHCII trimers (i.e. re-suspending the
thylakoids in Hepes buffer with EDTA and a-DM, see material and methods) and
ran a sucrose gradient. Figure 2A shows that the most dense sucrose band contains
LHCII trimers, indicating that these are the most abundant pigment-containing
complexes in the thylakoids. In addition, SDS-page analysis of the purified Cr.
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thylakoids was compared to the SDS-page analysis of the isolated Cr. LHCII
sample (figure 2B). Different molecular-weight bands are distinguished for LHCII
in the SDS page analysis due to the fact that the LHCII trimers are isomers
consisting of different polypeptides with different molecular weights.

A

Marker  Thylakoid LHCII

LHCII trimer

25kDa

Figure 2. A: Sucrose gradient of Cr. thylakoids after solubilizing with 0.6% «-DM, showing
the fraction of trimeric LHCII. B: SDS page gel analysis of the Cr. thylakoid preparation and
of isolated LHCII.

The most abundant polypeptides are Lhcbm1, Lhcbm2/7 (Lhcbm2 and Lhcbm7
have identical mature peptide sequences) and Lhcbm3 44, In the SDS page gel of the
thylakoid sample, two strong bands are observed for LHCII. Based on the relative
molecular weights of the polypeptides and other reported analyses, we conclude
that the upper band contains Lhcbm3 and the thicker lower band contains Lhcbm1
and Lhcbm2/7 4445, In the SDS-page gel of LHCII two additional smaller bands are
observed, which could originate from other Lhcbm polypeptides. The absorbance
spectrum of the thylakoid preparation (figure 1B) confirms the presence of protein-
associated carotenoids and Chl a and b pigments. High Performance Liquid
Chromatography (HPLC) was performed to determine the pigment composition of
LHCII as described previously 46. The HPLC data show that Cr. LHCII proteins
bind Chl ¢ and b, lutein, neoxanthin or loroxanthin and violaxanthin, together with
small traces of betacarotene and antheraxanthin (figure 3).



Conformational dynamics of LHCII in native thylakoid membranes | 57

Chl a
e cw15 LHCII
_ 0,8 :..oro ) Chle
s 0,6 1N v I
z |V
0,05 | v A B
0,00 1 V v

15 20
Retention time (min)

Figure 3. HPLC analysis of trimeric LHCII indicating the presence of violaxanthin.

LHCII were reconstituted into liposomes to mimic the native lipid environment
close to those in thylakoid membranes as described in Material and Methods.
Under these conditions LHCII form aggregates as reflecting in the 77K fluorscence
spectra (figure 4A). Time resolved fluorscence spectra of LHCII before and after
insertion into liposomes were measured (figure 4B). Results indicat that the LHCII
that are reconstituted in the liposomes are strongly fluorescence quenched. The
LHCII in detreget has an average life time of 3.5 ns which reduces to 670 ps after
insertion into liposomes.
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Figure 4. A: 77K fluorescence spectra of LHCII in «-DM detergent (black) and after

inserting into liposomes (red). B:

detergent (green) and of LHCII in liposomes (black).

time resolved fluorescence traces of LHCII in o-DM
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NMR analysis of LHCII in lipid membranes: detection of resonance
from protein, pigment and lipids

Two complementary types of solid-state NMR experiments were employed in this
study that are selective for rigid, respectively highly dynamic, molecules. In cross-
Polarization (CP) based experiments, 1H-13C or 13C-1°N magnetization is transferred
via dipolar interaction, which is dependent on the angle between an internuclear
vector and the magnetic field. Dipolar-based transfer experiments become
inefficient for dynamic molecules, where the dipolar couplings are averaged to zero
due to fast tumbling in solution. In INEPT based experiments, magnetization is
transferred via J-couplings. In the presence of strong motions, where orientation
dependent interactions are sufficiently averaged out by magic-angle spinning and
fast molecular tumbling, the combination of J-based pulse sequences can be
employed for screening very flexible parts of large biomolecules 47. Membrane
proteins typically contain large transmembrane stretches with low flexibility, of
which the majority of signals are detected in dipolar-based experiments. We first
analyzed the membrane-reconstituted LHCII complex in dipolar-based 13C-13C (CC)
and 15N-13C (NC) experiments, to verify the incorporation of isotope labels and to
identify resonance signals of selective amino-acid and pigment types. Figure 5
presents the CC and NC spectra, showing that several amino-acid types can be
identified based on their unique chemical-shift patterns. Helix and coil
distributions can be distinguished for alanine, serine, threonine and glycine, as
indicated 48, that are in agreement with the known crystallographic structure of
plant LHCII which contains both helical stretches and large, coiled loops and tails.
In addition to signals originating from the protein content, Chl and carotenoid
signals can be identified in regions of the CC spectrum where no protein signals are
expected, verifying that these components are also isotopically labeled.
Remarkably, in the CC spectrum also a single set of lipid glycerol carbon
resonances is observed. It is well-known that each monomer unit of LHCII contains
one phosphatidyl-glycerol (PG) lipid, which forms the ligand for Chl611
(nomenclature Liu et al. 13) and based on their chemical shifts, we attribute the
detected lipid resonances in the CC spectrum to the head carbons of LHCII-bound
intrinsic PG lipid molecules that were isotope labeled and isolated together with
the complex.
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Figure 5. A-C: CP-PARIS 13C-13C spectrum of membrane-reconstituted LHCII. Helix (h) and
coil (¢c) Co-Cp correlations of Thr, Ser and Ala and C, -C correlations of Gly are indicated. In
addition, protein correlations of Pro, Glu, Ile, and Val are indicated with black contour boxes.
Chl, carotenoid and lipid correlations are indicated in respectively green, orange and blue.
Their attributed carbon atom types are color-coded in the chemical structures in panel E. D:
NCACX spectrum of membrane-reconstituted LHCII. N-C, correlations of Gly, Ser, Ala and
Thr are indicated. E: Chemical structures of lutein, Chl a and of a glyco- or phospholipid

molecule with the NMR detected atom types indicated.
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Comparison of LHCII structure and dynamics in reconstituted and
in native thylakoid membranes: results from dipolar-based
experiments

Dipolar-based CC spectra of native thylakoid membranes were collected using
parameters that were identical to those used for the isolated LHCII. Figure 6A
shows the CC spectrum of LHCII (black) overlaid with the thylakoid spectrum
(red). The strong overlap of the two spectra demonstrates, in agreement with the
biochemical analysis of our samples, that the most abundant signals in the
thylakoid spectra arise from LHCII. Many of the additional peaks that are detected
in the thylakoid spectrum can be attributed to lipid signals, confirming that isotope
labels are also incorporated into the thylakoid lipids. In particular, multiple
resonance signals are detected between 70 and 80 ppm (indicated in figure 5A) that
that are outside the region of the protein signals and that are attributed to lipid
galactosyl heads.

To have a closer view on the LHCII protein secondary structure in reconstituted
and in native membranes, we used correlation signals of Ala, Thr and Ser amino-
acid types as reporters for the protein fold. These residue types were chosen
because of the clear spectral separation of Ala, Thr and Ser C.,—Cps correlation
signals. The distribution of those amino acids along the LHCII polypeptide
sequences involves both helical and coil regions, and their resonance signals thus
are informative of the fold at several protein sites. The insets of panel 6B, C and D
show the Ala, Thr and Ser selective regions. The helical and coil signals fall into
separate regions as indicated. To compare the experimental shift correlations with
the LHCII structure, three steps were undertaken: (i) models were built for Lhcbm1
and Lhcbm2, the two most abundant polypeptides that form the LHCII trimers in
Cr., based on the spinach and pea crystal structures; (i1) C, and Cp chemical shifts
predictions were generated from the Lhcbm1 and Lhcbm2 homology models using
the program SHIFTX2 42 and (ii1) simulated CC correlations were generated from
the predicted chemical shifts using FANDAS 43. The resulting chemical shift
predictions are overlaid in the inset spectra and shown as cyan and black crosses.
Figure 7 presents the spectra of LHCII and thylakoids in the full aliphatic region,
with the Lhcbm1 and Lhcbm2 chemical-shift predictions overlaid. The sequences of
Lhcbm1 and Lhcbm2, presented in the lower panel in figure 4 show that most of the
residues are conserved among Lhcbm1l and Lhcbm2. In the Thr and Ser insets,
those residues are labeled together.
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Figure 6. A: CP-PARIS spectrum of thylakoid membranes (red) with the LHCII spectrum
(black) overlaid. The insets show the Ala (B), Thr (C) and Ser (D) spectral regions. E:
chemical-shift predictions of Lhcbml (cyan crosses) and Lhcbm2 (orange crosses) are
overlaid. Predicted shifts that significantly deviate from experimental correlations in the
LHCII spectrum are highlighted in red.
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We first focus on the spectrum of isolated LHCII. In panel 6B, C and D the
experimental resonances of Ala, Thr and Ser for isolated LHCII are shown in black.
If we compare the experimental resonances with the structure-based predictions
(cyan and orange), we see that some of the LHCII correlations match closely with
predicted correlations, also for non-conserved residues. For instance, experimental
peaks are detected close to the predictions for S18 and S221, Ser residues that are
found in Lhcbm2 but not in Lhcbml, which points out that signals of specific
polypeptides can be distinguished. However, other predicted signals are not
matched by any experimental peak in the LHCII spectrum. For those residues,
experimental cross-correlation signals either are not identified because they appear
outside their predicted region, or cross resonance signals are not detected because
of inefficient cross polarization caused by residue dynamics. Both cases are
indicators of protein flexibility. We considered deviations between predicted (@
pred) and experimentally observed (w exp) correlations significant if V[(w1 exp - w1
pred)? + (w2 exp -w2 pred)?] = 1.2 ppm and used this as error margin for the
chemical-shift predictions. Using this error margin, we find that no experimental
signals are observed in the LHCII spectrum within the predicted range for residues
T16, T35, S110, T205 and T188 in Lhcbm1 and for T22, T38, S113 and T191 in
Lhcbm2. In the LHCII NC spectrum, we observe additional anomalies for V106,
1111 and T213 for Lhbm1, and for G20, 1114, T191 and T216 for Lhcbm2 (Figure 8).
According to the LHCII crystal structures, none of these residues is in direct Van
der Waals contact with pigment ligands, excluding that protein-pigment
interactions are the cause of the chemical-shift anomalies. The lower panel in
Figure 6 shows the Lhcbm1 structure in which residues with deviating shifts are
highlighted in red and purple, revealing that the N-terminal stretch at the stromal
site and in the CE loop, the edge of helix A, and the C terminus facing the lumen
contains flexible protein sites.



Conformational dynamics of LHCII in native thylakoid membranes | 63

190 180 170 150 140 13080 70 60 50 40 30 20 10
®-13C (ppm) ©,-13C (ppm) ®-13C (ppm)

3

Figure 7. CP-PARIS 13C-13C spectrum of LHCII (black) overlaid with SHIFTX2-generated
correlations prediction of Lhcbm1 (cyan) and Lhcbm?2 (orange). The spectrum was collected
with a mixing time of 30 ms at 17 kHz MAS at a set temperature of -18 °C.
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Figure 8. NCA 15N-13C spectrum of LHCII (black) overlaid with predicted correlations of
Lhcbm1 (red dots) and Lhcbm?2 (green dots). The NCA spectrum was collected at 14 kHz
MAS frequency at -18°C, using a mixing time of 800 ps 'H-*N CP step, 4.2 ms for 15N-13C
and the number of scans was set to 704. Significant deviations between predicted and
experimentally observed cross peaks are observed for Val106, Ile111, Thr188 and Thr213 in
Lhcbm1, and in Gly20, Ile114 and Thr216 in Lhcbm2.

Now we compare the above results on LHCII in proteo liposomes with those on
LHCII in native thylakoid membranes. In the thylakoid CC spectrum, several
signals are shifted compared to the LHCII spectrum. Furthermore, in the Thr and
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Ser coil regions stronger signal intensities are observed and additional peaks
appear compared to the LHCII spectrum. Comparing the LHCII signals in the
thylakoid spectrum (red) to the predicted Thr and Ser chemical-shift predictions, a
better overlap is observed. The enhanced signal intensities are indicative of
improved cross-polarization efficiencies, signifying that the thylakoid membrane is
more rigid than the reconstituted membrane and causes reduced dynamics in
LHCII. To test this hypothesis, we proceeded with J-based (INEPT-TOBSY)
experiments that are selective for molecules with strong dynamics and large-
amplitude motions, such as disordered segments.

A comparison of the LHCII and the thylakoid spectrum in other spectral regions is
presented in in figure 9 and shows several changes as well. In the CO region,
membrane-reconstituted LHCII has an upfield shifted Glu carboxyl peak,
indicating a change in the structure or local environment of a Glu residue. In the
aromatic region where the chromophore signals are distinguished, chemical shift
changes are observed for Chl a 8-8! resonances, and the LHCII spectrum has three
downshifted Me resonance signals (indicated with arrows in the spectrum) that
could be attributed to either Chl or carotenoid Me groups, and indicate a change in
the local environment of Chl, or possibly of a carotenoid acyl chain.
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Figure 9. CP-PARIS 13C-13C spectrum of thylakoid membranes (red) with the spectrum of
Cr. LHCII (black) overlaid. A: Carboxyl region showing the Glu C,-Cs correlations. A
downfield shift of one Glu in the spectrum of thylakoid membranes is indicated with the
arrow. B: Carotenoid and Chl region. Downfield shifts of three Me carbons in the spectrum of
LHCII are indicated with blue arrows.
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J-based experiments reveal reduced LHCII dynamics in native
membranes

INEPT based experiments are sensitive for molecules that undergo fast, large-
amplitude motions. For biomolecules, these are typically disordered, protein
segments with random-coil structures, flexible ligands or mobile lipids with a low
degree of segmental order. Figure 10 presents the 2D INEPT-TOBSY spectrum of
LHCII (black) overlaid on the INEPT-TOBSY spectrum of thylakoid membranes
(red). As expected by the fact that the majority of the protein signals are detected in
the dipolar-based spectra, only limited sets of protein signals are detected in the oJ-
based spectra that we refer to as “J” amino acids. The overlaid spectra clearly show
that several J amino-acid residues are detected in the INEPT-TOBSY spectrum of
LHCII (black), whereas only few residues are detected in the INEPT-TOBSY
spectrum of thylakoid membranes (red).
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Figure 10. A: Overlay of the INEPT-TOBSY spectrum of Cr. LHCII (black) and of Cr.
thylakoids (red). Resonance signals of the two Chls, the lipids and Ala, Thr, Ser, and Phe are
indicated. B: Chemical structure of MGDG lipid and Chl, highlighting the lipid (blue)and
Chl (green) atom types that are detected in the spectra.

We analyzed the chemical-shift correlations in the spectrum of isolated LHCII. We
could assign the J residues in the LHCII spectrum to Ala, Thr, Ser, Phe, Pro, Val,
Lys, Ile, Glu, Asn and Leu amino acid types (3XA,T,S and 1xF,P,V, K,ILE,N,L plus 1
L or D, see table 1 and figure 11). Because these represent residues that display
fast and large-amplitude motions, we predict that they are located in the non-
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helical loop stretches and in the terminal tails. Interestingly, three distinct peaks
are observed for Ala, Thr and Ser, whereas their J-based correlations usually tend
to strongly overlap. The N terminus of Lhcbm2/7 (AAI, first three amino acids) and
the C-terminal stretch of Lhcbm1 starting from A212 (ATKFTPQ) or the equivalent
stretch in Lhcbm2/7 and Lhcbm3 (ATKFTPSA) contain many of the observed J
amino-acid types and we predict that the observed </ residue signals are from those
protein sites. In addition, a Val J residue is observed in the LHCII spectrum. The
only Val residues outside the helical regions are V106 and V83 that occur in the
lumenal loop connecting helix E, and we attribute the Val signal to either one of
those two residues. Taking the results together, the J analysis of membrane-
reconstituted LHCII predicts that fast-amplitude motions could occur for residues
in the N- and C-terminus and/or for residues in the lumen loops connecting helix E.

Remarkably, the J-based spectrum of LHCII also contains two sets of Chl signals
that are assigned to P1, P2, P3, P3a and P4 phytol tail resonances (table 2 and
figure 11), indicating the presence of two Chl tails that exhibit strong dynamics.
Resonance signals of the Chl phytol chains further towards the tail fall into the
aliphatic region (10-30 ppm) and overlap with lipid CH: signals. In the LHCII
crystal structures, the phytol chain structures of Chl b 605 and 606 (nomenclature
according to Liu et al. 13) are not observed, while the other Chl phytol tails are
resolved and are involved in stabilizing pigment-protein interactions within the
complex. We thus conclude that the observed two sets of Chl phytol resonances in
the J-based LHCII spectrum belong to the dynamic tails of Chls 605 and 606. Those
Chls are close to V106, S110 and 1111 that we classified as flexible sites based on
analysis of the dipolar-based spectrum in the previous section. Figure 12 shows the
LHCII structure with predicted protein and pigment J sites indicated in red.
Notably, the N-terminal region around T16, (highlighted in the structure) and the
C terminus stabilize Chl601 and the xanthophyll-cycle carotenoid Vio
(violaxanthin, depicted in the structure) or Zea (zeaxanthin). Flexibility of those
sites in isolated LHCII explains that carotenoids in this binding site are loosely
bound and easily lost during protein isolation. The region around T35 contains the
binding pocket of Lut2 (lutein 2) and flexibility in this site will influence the
dynamics of Lut2 and its interaction with Chl601. A comparison of the J-based
spectrum of LHCII and of the thylakoid membranes shows remarkable differences.
The majority of the amino-acid signals in the spectrum of LHCII are not observed
in the thylakoid spectrum, and no Chl resonances are observed. In accord with the
analysis of the dipolar-based spectra that indicate that LHCII has reduced
flexibility in native thylakoid membranes, the o/ analysis reveals that fast-
amplitude motions in LHCII are significantly suppressed in the thylakoid
membrane environment. We conclude that both small-amplitude motions in LHCII
that reduce cross-polarization efficiency, and large-amplitude, segmental motions
that enhance INEPT efficiencies, are significantly reduced in the native thylakoid
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membranes compared to LHCII in reconstituted membranes. The predicted
dynamic sites are close to the binding pockets of Vio or Zea and Lut2 in LHCII,
inferring that those LHCII-associated carotenoids have decreased dynamics for
LHCII in its native environment compared to LHCII in liposomes.
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Figure 11. A-D: Overlay of the INEPT-TOBSY spectrum of Cr. LHCII (black) and of Cr.

thylakoids (red). Protein assignments are indicated in black, Chl assignments in green and
lipid assignments in blue.
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Figure 12. LHCII pigment-protein crystal structure, highlighting flexible protein sites and
pigments that are in close vicinity.

Residue Cq,[ppm] Cs [ppm] Cy [ppm] Cs [ppm] C: [ppm]
type
Ala 52.4 19.3
53.3 18.9
53.8 19.8
Thr 61.9 69.7 21.5
63.2 68.6 22.2
71.1 22.8
Ser 58.2 63.8
59.3 62.9
60.0 64.7
Phe 58.8 39.1 137.5 131.9
Ile 62.4 38.6 17.4 13.3
Lys 57.2 32.7 24.2 41.4
Val 63.2 31.9 20.6 19.3
Glu 57.3 29.7
Asn 53.1 38.9
Leu 56.1 42.5
Pro 63.8 31.5 26.4 48.9
27.4 50.8
26.9 49.5
Asp/Leu 54.2 41.0

Table 1. Assignment of mobile amino-acid residue types detected in the J-based INEPT-
TOBSY spectrum of membrane-reconstituted U-13C-15N LHCII.
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Carbon atom Chemical shift (ppm)
Chl i [ppm] Chl ii[ppml]
P1 60.8 62.9
P2 121.6 126.1
P3 140.8 143.5
P3a 18.4 18.4
P4 42.5 42.1

Table 2. Assignment of Chlorophyll tail 13C resonance signals detected in the J-based
INEPT-TOBSY spectrum of membrane-reconstituted U-13C-13N LHCII.

Dynamics of intrinsic lipids

The most abundant lipid types that are found in thylakoid membranes of Cr. are
the glycolipids MGDG (monogalactosyldiacylglycerol), DGDG
(digalactosyldiasylglycerol) and SQDG (sulfoquinovosyl diacylglycerol), and the
phospholipid PG (phosphatidylglycerol). An important advantage of our NMR
approach, where we investigate native membrane proteins, is that the labels are
also incorporated in the membrane lipids, allowing us to identify the nature of lipid
molecules that are co-purified with LHCII and to assess their dynamics. Note that
the reconstituted lipids in the LHCII proteoliposomes are not isotope labeled and
the probability of detecting 13C-13C cross correlations of natural-abundance carbons
is very low. The lipid 13C signals that are detected in CC spectra of membrane-
reconstituted LHCII therefore must originate from intrinsic lipids that remained
associated with the protein complex during the isolation procedure. For LHCII, a
specific set of lipid signals attributed to PG was detected in the dipolar-based CC
spectrum (Figure 3), indicating that a PG lipid molecule is strongly bound to the
complex. LHCII complexes bind one PG lipid per monomer that is essential for
ligating Chl611. Together with Chl612 and Chl610, these Chls form the terminal
emitter domain of LHCII where excitations accumulate via downhill intra-protein
energy-transfer. In the dissipative state, this site has been proposed to form a
quenching domain 18, A recent MD study on LHCII monomers suggested that the
dynamic fluctuations of this lipid, which is stabilized by the N-terminal stretch,
could modulate Chl611-Chl612 excitonic interactions with consequences for
excitation quenching 9. The appearance of strong lipid PG signals in the dipolar-
based spectrum however are indicative of low dynamics. In contrast, multiple lipid
signal resonances are observed in the J-based CC spectrum of LHCII that arise
from glycolipid molecules (figure 9). Resonances of lipid galactosyl heads are
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observed in the region between 50-106 ppm that can be assigned to MGDG and to
DGDG or SQDG 4 and that are summarized in table 3. The glycolipids must also
have been co-purified with LHCII indicating they are associated with the complex.
However, their appearance in the INEPT spectrum reveals that they exhibit strong
dynamics. We think that the intrinsic glycolipids may have exchanged with the
(unlabeled) reconstituted lipids upon insertion of LHCII into the liposomes and are
no longer protein bound. The high mobility of the MGDG head atoms does not
support the hypothesis of Seiwert et al., who suggested that specific hydrogen-
bonding interactions might occur between LHCII and the MGDG galactosyl heads5o.

Carbon atom Chemical shift (ppm)

MGDG DGDG
C1 105.9 101
C2 75.4 74.3
C3 73.4 -
C4 68.9 77.7
C5 - 71.1
Cé 65 54.6
C7 - -
C8 130.2 130.2
C9 132.1 132.1
C10 29.6 29.6
Ci1 27.9 27.9
Ci12 130.7 130.7
C13 - -
Cl4 27.8 27.8
C15 129.6 129.6
C16 133.8 133.8
C17 23.1 23.1
C18 16.66 16.66

Table 3. Assignment of 13C lipid resonance signals detected in the J-based INEPT-
TOBSY spectrum of membrane-reconstituted U-13C-15N LHCII and in the spectrum of U-13C
thylakoid membranes.

The lipid signatures in the NMR spectra of thylakoid membranes provide us with a
molecular picture of lipid dynamics inside the membranes. Resonances of different
lipid types are detected in both the thylakoid JJ- and the dipolar-based spectrum,
showing that the thylakoid membrane contains mobile lipids with low segmental
order and immobilized lipids with low dynamics. The results are in agreement with
our recent 1D MAS-NMR studies on whole thylakoids and intact cells 46 51, Owing
to better peak separation in 2D spectra, we now can distinguish different
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glycolipids on basis of their galactosyl head correlations, and to assign CH-CH:
correlations of carbons in the unsaturated lipid tails. Because of the dense protein
packing in the thylakoid membranes, we expect that the majority of the lipid
molecules is constrained by lipid-protein interactions. However the CH-CH:
correlation signals from the unsaturated glycolipid tails, resonating between 20-35
ppm in o1 and between 130-137 ppm in @2, only appear in the INEPT spectrum.
Seemingly, the unsaturated lipid chains are all mobile and disordered, despite the
crowding and overall rigidity of the thylakoid membranes.

Implications for the LHCII conformational switch in vivo

The NMR analysis clearly demonstrates that in thylakoid membranes in vivo at
ambient temperature the conformational dynamics of LHCII are much more
constrained than in thylakoid-mimicking liposome environments in vitro and that
both fast, large-amplitude and slower motions are suppressed. The organization of
LHCII in Photosystem II-LHCII (PSII-LHCII) supercomplexes, and the occurrence
of three-dimensional membrane stacks that are not mimicked by the liposome
membranes could cause restrained dynamics in LHCII in a thylakoid environment.
Cr. thylakoid membranes form stacks of 2-3 membrane layers that are stabilized by
transversal salt bridges between the stromal sites of LHCII complexes, and are
mediated by divalent cations 52. Moreover, specific arrangements of super
complexes occur in the lateral plane of the membrane. According to the cryo-
electron microscopy (cryo-EM) structures of spinach PSII-LHCII super complexes,
Chl605 and the protein AC and EC loops of LHCII are in close contact with the
minor antenna proteins CP29 or CP26 17.53 and in the low-resolution structures of
Cr. PSII-LHCII, Cr. LHCII trimers are also arranged next to CP29 and CP26 44

Our findings call to question whether or not spontaneous fluctuations of individual
LHC proteins between different conformational states, as has been observed by
single-molecules spectroscopy (SMS) and has been suggested by MD simulations, do
occur in vivo. With SMS, dynamic transitions were detected for isolated LHCII and
conformational fluctuations under those conditions were strong enough to
occasionally cross the energetic barriers between different conformational states.
According to our analysis, membrane-reconstituted LHCII contains distinct flexible
sites that may undergo thermally-induced conformational transitions. LHCII in
native, stacked thylakoid membranes however does not display this flexibility. This
strongly suggests that in vivo under those conditions the LHCs are locked in their
specific state, implying that an actinic response is required to temporarily reduce
the energetic barriers by alterations in the physicochemical environment. Notably,
the thylakoid sample was isolated from cells grown under moderate light conditions
and we assume that the thylakoid-embedded LHCII structures represent the light-

3
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harvesting conformation. Thus far this conformational state could only be assessed
in vitro using isolated proteins in detergent solutions 34 8 of which the dynamic
features are not representative of their native states. In Cr. green algae, the LHC
protein LHCSR is found to be involved in pH-induced non-photochemical quenching
under excess light conditions. It is therefore noted here that under the growth
conditions used for our experiments, no LHCSR is present in the cells.

Conclusion

In-cell solid-state NMR is a rapid emerging field of research that is confronted with
the major challenge of identifying signals from target proteins against the
background of all other cell components. We demonstrate that the NMR signals of
the major light-harvesting antenna LHCII can be detected of the protein within
heterogeneous membranes that still contain the photosynthetic machinery.
Moreover, lipid signals can be identified in parallel and signals are detected from
different Lhcbm polypeptide types, which are not distinguished in crystallographic
and cryo-EM structures. Selective Lhcbm mutants could be used in the future to
further identify chemical shift contributions of the different polypeptide types 45.
Through our approach, we could compare the conformational dynamics in LHCII in
native thylakoid membranes to its dynamics in reconstituted membranes. The
significant differences that are observed underline the importance of molecular
investigation of this pigment-protein complex in its native settings, and question
whether spontaneous fluctuations between different fluorescent states occur for
this protein in vivo. Our NMR approach now opens a route to compare the in-situ
conformational dynamics of LHCII as function of phosphorylation, membrane state
transitions and non-photochemical quenching conditions and determine the
influence of thylakoid plasticity on the protein molecular conformational states.
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Abstract

Photosynthetic organisms have the challenging task to perform the conversion of
light into chemical energy under fluctuating sunlight conditions. To cope with
this challenge, they protect themselves from high light by dissipating excess
energy as heat via the process called non-photochemical quenching (NPQ).
Zeaxanthin (Zea) is essential for the full development of NPQ, but its role
remains unclear. This chapter addresses the molecular effects of Zea on the
structure and dynamics of Light Harvesting Complex II (LHCII). We applied
solid state NMR spectroscopy on LHCII from the npg2 mutant, which binds
Zea in the V1 binding pocket, to investigate the effect of Zea on the protein
conformational dynamics. Our results demonstrate that npq2 LHCII have a
different conformation than wildtype LHCII, from which we conclude that the
protein fold and pigment-protein dynamics of LHCII depends on its
oligomerization state and/or xanthophyll (Zea) binding. Moreover, we observe
that, in contrast to wildtype LHCII, npqg2 LHCII contains a significant number
of intrinsic galactolipids that are strongly bound. We conclude that Zea binding
and monomerization influence lipid binding to LHCII and thereby could also
influence structural arrangements and dynamics on the membrane level.

Introduction

In excess light, the process of non-photochemical quenching (NPQ) is activated
that causes heat dissipation of chlorophyll (Chl) excited-state energies in the
Photosystem II (PSII) antenna. Two important components of NPQ are the pH-
activated quenching of excitations in the light-harvesting antenna, known as qE,
and zeaxanthin (Zea) dependent quenching, known as qZ, that is activated by
the xanthophyll cycle which reversibly converts the carotenoid violaxanthin
(Vio) into Zea via antheraxanthin. Molecular sites involved in qE and qZ are
integrated in the Chl a/b binding light-harvesting antenna complexes of PSII, of
which the most abundant ones are the LHCII. LHCII pigment-protein complexes
are membrane proteins that bind various Chl a and b and different types of
carotenoids in conserved binding pockets for lutein (.1 and L2), neoxanthin (N1)
and violaxanthin (V1). In the xanthophyll cycle process, Vio in the V1 binding
site of LHCII are replaced by Zea. Figure 1 presents the monomeric crystal
structure of LHCII, highlighting the carotenoid binding sites.
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Figure 1. Crystal structure of monomeric LHCII indicating the carotenoid binding
pockets. Neoxanthin (N1) is highlighted in purple, luteins (I.1 and L2) are highlighted in
red and violaxanthin (V1) in yellow.

The molecular effect of Zea replacement in LHCII is unclear. Zea might act
directly with Chls in the antenna and quench excitations by Chl to Zea energy
transfer or by forming charge-transfer states !. In its role as allosteric regulator
of qE, Zea binding might promote a conformational change in LHCII due to its
more hydrophobic nature 23. Alternatively it has been proposed that Zea could
be acting in between the complexes in the thylakoid membrane, to create a
variety of quenching sites in the antenna complexes ¢. The presence of Zea
appears to have a rigidifying effect on membrane fluidity and several
experiments suggest that Zea binding rigidifies LHCII and stabilizes its
quenched state 5. However, structural data underpinning these structural effects
are lacking.

The npq2 mutants bind consitutely Zea in the V1 binding pocket of LHCII and
provide an effective way to study the effect of Zea on structure and dynamics of
LHCII. The npqg2 mutants lack the antheraxanthin enzyme to convert the Zea
back to Vio in the V1 pocket, and also lack the carotenoid neoxanthin.

We performed a 2D dipolar based and INEPT based NMR analysis of Zea-
containing LHCII complexes that were reconstituted in liposome membranes.
13C-15N isotope-labeled LHCII complexes were isolated from the npq2 strain of
Chlamydomonas reinhardtii (Cr.). The liposomes for protein insertion were
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composed of MGDG, DGDG, SQDG and PG. The lipid composition was chosen to
mimic the lipid composition of native thylakoid membranes and a protein to
lipid ratio of 1:55 (mol:mol) was chosen to mimic native protein packing
densities 6. These conditions are identical to those that we used in a study of WT
LHCII proteoliposomes by NMR spectroscopy (Chapter 3). The collected 13C-13C
PARIS and 13C-13C INEPT-TOBSY solid-state NMR spectra of Zea-LHCII
proteoliposomes were compared to the previously collected spectra of wild type
(WT) LHCII and show remarkable differences in structure, internal protein
dynamics and lipid binding.

Material and Methods

LHCII extraction

Cr. Strains of npq2 were grown under conditions as previously described for the
WT cells in chapter 2. After thylakoid isolation, Cr. npq2 thylakoids were re-
suspended in buffer (50 mM Hepes-KOH pH 7.5, 5 mM MgCl: with 50%
glycerol). For isolation of the LHCII fractions, thylakoid membranes
corresponding to 3 mg/ml of total chlorophylls (based on the optical density at
680 nm) were washed with 50 mM EDTA and solubilized for 20 minutes on ice
in 3 ml of 1.2% «-DMin 10 mM Hepes (pH 7.5), after vortexing for 1
minute. The solubilized samples were centrifuged at 15000%g for 30 minutes to
eliminate any unsolubilized material and the supernatant with the
photosynthetic complexes was then fractionated by ultracentrifugation in a 0-1
M sucrose gradient containing 0.06% «-DM and 10 mM Hepes (pH 7.5), at
141000xg for 40 hours at 4 °C. The green fraction corresponding monomeric
npq2 LHCII proteins was harvested with a syringe and the Chl concentration
was adjusted to 2 mg/ml with buffer (50 mM HEPES, 5 mM MgCls, pH 7.5).

Preparation of liposomes

Npg2 LHCII proteins solubilized in o-DM were reconstituted in lipid
membranes of which the lipid composition mimics the native thylakoid
membrane. The proteoliposomes contained 47% MGDG, 12% SQDG, 14% PG
and 27% DGDG at a protein-to-lipid ratio of 1:55 7. The chosen protein to lipid
ratio is in the range of native protein packing densities in thylakoid membranes,
where 70-80% of the membrane surface area is occupied by proteins 6. The lipids
were dissolved in chloroform and dried into a thin film using a rotary evaporator
at 40 °C. The lipid film was hydrated by reconstitution buffer (50mM HEPES,



Conformational dynamics of zeaxanthin-binding LHCII in a lipid membrane |81

5mM Mgcl2, pH=7.5 and 0.03% £-DM) and were exposed to 10 freeze-thaw
cycles. After that, npg2 LHCII was inserted into liposomes and detergent was
removed by 72 hours of dialysis against detergent-free buffer. During the
dialysis bio beads (SM-2, Bio Rad) were added to the buffer to speed up the
dialysis process.

Pigment analysis

The content of individual carotenoids of npq2 LHCII was determined using high
performance liquid chromatography (HPLC, Beckman System Gold), as
described in 8. The peaks of each sample were identified through the retention
time and absorption spectrum 9.

UV/Visible spectroscopy

Absorption spectra were recorded on a Cary 60 UV-visible spectrophotometer
(Agilent Technologies) with the wavelength range set from 350 to 750 nm using
0.5 cm cuvettes.

Time-resolved fluorescence spectroscopy (TRF)

TRF measurements were performed using a FluoTime 300 (PicoQuant) time-
correlated photon counter spectrometer. Samples were hold in a 1x1 cm quartz
cuvette that was kept at 20 °C with a thermostat and excited at 440 nm using a
diode laser (PicoQuant). Fluorescence decay traces were fitted with multi-
exponentials using a x2least-square fitting procedure.

NMR sample preparation

For the NMR samples, 18 ml of npq2 LHCII proteoliposomes, containing
approximately 6 mg LHCII and 1.5 mg Chl (as determined by ODsso of the Chls),
was pelleted by ultra-centrifugation (223000xg, 4 °C, 90 min) and transferred to
a thin-wall 3.2 mm solid-state NMR MAS (Magic Angle Spinning) rotor through
centrifugation.

Solid-State NMR experiments

Solid-state NMR spectra were recorded with an ultra-high field 950-MHz H
Larmor frequency spectrometer (Bruker, Biospin, Billerica) equipped with a
triple-channel 'H, 13C, 13N 3.2 mm MAS probe. 13C -13C PARIS and 13C-13C
INEPT on 13C-15N npqg2 LHCII in lipid bilayers were recorded under the same
MAS frequency, temperature and parameters as 13C-1N WT LHCII in lipid
bilayers (chapter 3). Typical 772 pulses were 3 us for tH, 5 us for 13C, and 8 s for
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15N, The 'H/15N and 'H/'3C cross-polarization (CP)!0 contact times were 800 ps
and 1 ms, respectively, with a constant radio frequency (rf) field of 35 and 50
kHz on nitrogen and carbon, respectively, while the proton lock field was
ramped linearly around the n=1 Hartmann/Hahn condition!!. The 15N/13Ca
SPECIFIC-CP transfer'2 was implemented with an optimized contact time of 4.2
ms with a constant lock field of 2.5Xv: applied on 15N, while the 13C field was
ramped linearly (10% ramp) around 1.5Xv:. 1H decoupling during direct and
indirect acquisition was performed using SPINALG64 13 with ~83 kHz irradiation.
The presented 2D 13C-13C PARIS! spectra were collected with a mixing time of
30 ms at 17 kHz MAS at a set temperature of -18 °C. The J-coupling based 2D
13C-13C INEPT-TOBSY15-16 experiments were recorded at -3 °C with TOBSY
mixing of 6 ms at 14 kHz MAS. Spectra were processed with Bruker TopSpin 3.2
(Bruker, Germany) with LPfr linear prediction and fqc mode for Fourier
transformation. Spectra were analyzed by Sparky version 3.11417 and
MestReNova 11.0 (Mestrelab Research SL, Santiago de Compostela, Spain).

Results

Biochemical analysis of npq2 LHCII sucrose gradient analysis shows that the
NPQ2 LHCII has a reduced trimeric content with respect to the WT (CW15)
strain, as reported in literature 1821, and consequently monomeric fractions were
collected. The 1inability to synthesize antheraxanthin, violaxanthin and
neoxanthin and the constitutive accumulation of Zea in the Vx binding pocked
was confirmed by high-pressure liquid chromatography (HPLC) analysis (see
figure 2). The sucrose gradient analysis in figure 2A is also shown in chapter 2,
figure 1, but is presented here again for discussion on the molecular properties
of npq2 LHCII. For comparison with the wild type LHCII, the npq2 HPLC data
is shown together with the HPLC chromatogram of wild type LHCII that was
already presented in chapter 3, figure 3.
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Figure 2. A: LHCII purification from sucrose gradients of thylakoid membranes from
WT (CW15) and npg2 Cr. cells. B: HPLC analysis of WT trimeric LHCII and npq2
monomer LHCII fractions. Data of figure 2A has also been presented in Chapter 2, figure
1 and the HPLC chromatogram of the WT LHCII has also been presented in Chapter 3,
figure 3.

In order to mimic the native lipid environment and to be consistent with
conditions that were used for NMR analysis of WT LHCII, npq2 LHCII was
inserted into liposomes prepared from MGDG, DGDG, SQDG and PG lipids with
a protein to lipid ratio of 1:55. Under these conditions, the LHCII complexes
form aggregates inside the membranes and consequently the proteoliposomes
are strongly fluorescence quenched, as shown in the time-resolved data in figure
3A. The npq2 LHCII in -DM has an average life time of 3.2 ns, confirming that
Zea binding to LHCII in itself does not induce a quenched state. The average
lifetime 1s reduced to 1.1 ns after insertion into liposomes. The fluorescence
characteristics are similar to those of the WT LHCII proteoliposomes that are
reported in chapter 3 and that reveal similar strong fluorescence quenching
which is attributed to aggregation of LHCII in the membranes. In addition,
absorption spectra of the npg2 LHCII were collected before and after insertion
into the liposomes and are shown in figure 3B.

4
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Figure 3. A: Time resolved fluorescence of npq2 LHCII in o-DM detergent (green) and
npq2 LHCII in liposomes (black). B: Absorption spectra of npg2 LHCII in o-DM detergent
(black) and after inserting into liposomes (red).

Dipolar-based ssNMR experiments

Solid state NMR techniques were employed for investigation of the effect of Zea
on the structure and dynamics of LHCII in lipid bilayers. First, 2D 13C-13C
dipolar based PARIS spectra were collected on the 13C-15N npq2 LHCII
proteoliposomes under conditions described in the Materials and Methods
section and results were compared to the spectra of 13C-13N WT LHCII
proteoliposomes that were collected at identical experimental conditions.
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Figure 4. Overlaid 13C -13C PARIS spectra of WT LHCII (blue) and npq2 LHCII (red).
Spectra were collected at 255K and with 17 kHz MAS spinning.

Figure 4 shows the dipolar-based 13C-13C spectra of WT LHCII (blue) overlaid
with npq2 LHCII (red) that were collected and processed under identical
conditions. The strong overlap of two spectra confirms that the overall fold of
LHCII is preserved when Vio is replaced by Zea. However, the resonance peaks
in the spectrum of npq2 LHCII seem severely broadened. A readout temperature
of 255K was applied for comparison with the WT LHCII spectrum under
matching conditions. The CC PARIS experiments on npq2 LHCII were repeated
at 270K, which significantly improved the spectral resolution in the lipid region
(figure 5 and 6).

4
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Figure 5. 13C-13C PARIS spectra of npq2 LHCII at 270 K and 17 kHz MAS spinning.

Another clear difference between the npg2 and the WT LHCII spectrum as
shown in the figure 4 and 6A, is the presence of strong signals resonating
between 70-80 and 105 ppm in the spectrum of npqg2 LHCII that are from
signals from the galactolipid heads. Since the liposome lipids are not isotope-
labeled and the probability for detecting 3C-13C correlations among natural
abundance 13C carbons is very low, lipid signals must arise from intrinsic
thylakoid lipids that remained associated with LHCII upon its purification.
According to galactolipid head chemical-shift assignments, signals around 105-
107 ppm originate from the galactosyl C1' carbon of MGDG or DGDG,
correlating with C2', C3' or C4' around 73-77 ppm. DGDG molecules should give
additional signals from the second ring with chemical shifts of C1" around 101
ppm. Because no additional correlations are observed, we tentatively attribute
the strong lipid galactosyl signals to MGDG molecules that are strongly bound
to Zea-LHCII and must be non-annular lipids that do not exchange on NMR
time scales (i.e. < 104s1).
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Figure 6. A: Close up of lipid signals in 3C -13C PARIS spectrum of WT (blue) and npq?2
(red) LHCIT at 255K. B: 13C -13C PARIS spectrum of npq2 LHCII at 270K.

For further analysis of the npg2 LHCII backbone structure, we take a closer
inspection of selective spectral regions. The backbone C., and Cz chemical-shift
signals of Ala, Thr and Ser residues accumulate in distinct spectral regions that
are separated from the correlations of other amino acid residues. Comparing the
Ala, Ser and Thr backbone chemical shifts of npg2 LHCII to the shifts of the WT
LHCII, significant differences are observed. Three clear Ala C.-Cps correlations in
the WT LHCII spectrum are lacking in the npqg2 LHCII spectrum as indicated in
figure 7B. These three peaks in the spectrum of WT LHCII do not match with
any predicted chemical-shift correlations that were produced using Cr LHCII
structure homology models (chapter 3). The homology models are built from the
plant LHCII X-ray structures that lack the first 14 residues in the N terminus
and therefore the three peaks could be from Ala residues in the N-terminal
stretch. Also in the Thr and Ser coil regions of C.-Cp correlations, dramatic
changes are observed (figure 7B). While the Thr and Ser coil signals in the WT
spectrum are rather weak, multiple strong signals are observed in the npq2
spectrum. In addition, interesting changes in the chemical shift pattern of Ser
residues are observed (figure 7A). According to the crystal structure, LHCII
consists of three transmembrane helixes together with large flexible loops and
tails. However, several Ser residues of npqg2 LHCII appear to have strand
conformations according to the PARIS NMR spectrum. This suggests that npq2
LHCII folds into strands in some parts of the protein. Thr and Ser residues in
the coil area are highlighted in red in the crystal structure of LHCII (figure 8).
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Furthermore, in the CO region of the spectrum, we observe a clear change in the
NMR signal of a Glu COO- carboxyl side chain that indicates a change in one of
the Glu residues in the npq2 LHCII (figure 7C).
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Figure 7. A: The Ser and Thr regions in the 13C -13C PARIS spectra of WT (blue) and
npq2 (red) LHCII. Helix, coil and g strands contribution are presented with black, red
and green boxes. B: The Ala region. Arrows indicate extra resonances that are observed
in the spectrum of WT LHCII. C: Glu COO region.

Figure 8. Crystal structure of LHCII highlighting the Thr (red) and Ser (green) residues
in coil regions.



Conformational dynamics of zeaxanthin-binding LHCII in a lipid membrane |89

Several carotenoid and Chl pigment correlations can easily be identified in the
spectra because they accumulate in a spectral region where no protein signals
occur, including the carotenoid conjugated-chain CHs-CH correlations and
correlations of the Chl a C81/82— 8/9 macrocycle side chains (figure 9). By
comparison with NMR data of U-13C-lutein LHCII (Crisafi et al., in progress), we
are able to attribute the most upfield shifted carotenoid CH chemical shifts
below 132 ppm to Zea. In the npq2 mutant, the only carotenoids that are
present are lutein and Zea. In WT spectra the chemical shift changes are
observed for Chl a C81/82— 8/9 resonances, however in npq2 spectra the signals
appear shifted to upfield. According to the crystal structure of LHCII, Chl a 614
is close proximity to the Zea molecule and close interaction between Zea and Chl
a 614 might explain the different Chl a shift pattern compared to the spectrum
of WT LHCIL.
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Figure 9. Pigment region of the 13C-13C PARIS spectrum of WT (blue) and npq2
(red) LHCII. Circles indicate the upfield shifted of carotenoid and Chl a signals.

J-coupling based ssNMR experiments

The conformational dynamics of npq2 LHCII is further investigated by a 2D 13C-
13C INEPT-TOBSY experiment that was collected at 270K. In this experiment
polarization transfer is based on JJ-coupling interactions and that is selective for
molecules that undergo strong ns or sub-ns motions. Selective protein signals
are observed in the npq2 INEPT spectrum that overlap with the INEPT-TOBSY
spectrum of the WT (figure 10). However, for a Phe and two Thr residues, and
two Chl phytol chains, signals are observed in the WT INEPT spectrum but not
in the INEPT spectrum of npqg2 LHCII. The Chl tails were predicted to belong to
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Chl605 and Chl606 that of which the tails are not resolved in the X-ray
structures and the Phe residue was predicted to be located in the LHCII C
terminus (chapter 3). In addition, few other protein signals are few shifted or
missing in the npq2 spectrum compared to the WT spectrum as indicated by
circles in figure 10. Furthermore, the npq2 spectrum shows resonances of lipid
galactosyl heads that are also observed in the WT spectrum. These signals are
attributed to lipids that have been co-purified with LHCII, but are not strongly
bound and may have exchanged with bulk lipids upon reconstitution of LHCII in
the liposomes.
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Figure 10. Overlaid 13C-13C INEPT-TOBSY spectra of WT (blue) and npq2 (red) LHCII.
Spectra were collected with a spinning frequency of 14 kHz at 270K. Resonance signals
of residues which are missing or shifted in the npg2 spectra are indicated with circles.

Discussion

The analyzed npq2 LHCII complex differs in three ways from the WT complex:
(1) Vio is replaced by Zea, (ii) the Neo carotenoid that points outwards the
complex is lacking, and (iil)) due to destabilization of the trimers in npq2
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membranes, the npq2 LHCII complexes were collected as monomers. The strong
signals in the CP-based NMR spectrum of non-annular galactolipids associated
with npqg2 LHCII contrast with the picture of lipids associated with WT LHCII.
For the WT complexes only a small number of associated galactolipids were
detected, and only in INEPT-based spectra, indicating that those lipids were not
tightly bound and likely are annular lipids (chapter 3) 22. The difference may be
explained by the monomerization of npq2 LHCII. Compared to trimers, LHCII
monomers will have more membrane-exposed hydrophobic protein sites that
form potential lipid binding sites. Another possible explanation is that Zea
increases the affinity of LHCII for lipids, owing to its more hydrophobic nature
compared to Vio. It is not clear if the LHCIIs are already present as monomers
in the npq2 thylakoid membranes or that lower stability of npqg2 LHCII trimers
caused their monomerization during purification. For WT LHCII, light-induced
trimer to monomer transitions have been observed 23 and it is has been reported
that high light induces monomerization of LHCII trimers in plant leaves,
leading to more quenching and less efficient transfer of excitations to the
reaction center 24, The monomeric state of LHCII, or oligomers formed from
LHCII monomers, thus represents a state that may also be present under stress
conditions in vivo. The recently obtained cryo-EM LHCII-PSII supercomplex
structures reveal well-defined lipid molecules that contribute to interactions
between the LHCII and PSII core 25. Increased lipid binding to monomeric Zea
LHCII could play a role in modulating LHCII-PSII interactions, or the
interactions among the antenna proteins. Moreover, it has been reported that
elevated levels of Zea associated with LHCII oligomers enhances resistance to
photooxidative stress by a lipid-protective mechanism 26, Increased affinity of
lipids for Zea-containing LHCII could also serve as a way to protect thylakoid
lipids under light stress conditions.

It is very interesting to note that also 2D CP-PARIS NMR spectra of Cr. npg2
whole thylakoids from which the npq2 LHCII were isolated differ from WT
thylakoid spectra by containing strong signals of immobilized galacolipid heads
(chapter2) 22, This suggests that also inside the original npq2 thylakoid
membranes galactolipids are strongly associated with Zea LHCII. We speculate
that those lipids bound to Zea LHCII count for the additional fraction of
immobilized lipids that is observed in npqg2 thylakoids compared to WT
thylakoids?2 and may contribute to the overall rigidity of Zea-containing
thylakoid membranes as has been described in chapter 2 and by various other
reports 18 27,

In INEPT spectra of WT LHCII proteoliposomes, Chl phytol tail signals are
detected that were attributed to Chl b 605 and 606. The 605 and 606 Chls are
located at the periphery of the complexes and have Chl tails that will protrude
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into the surrounding lipid bilayer. Dynamic Chl tails are only detected for WT
and not for npq2 LHCII, indicating that WT LHCII has a less tight packing in
the proteoliposome membranes. Other dynamic sites that are detected for WT
but not for npq2 LHCII involve two Thr and one Phe residue. In our previous
study, we predicted that these dynamic amino acids are located in the C
terminus, which site is involved in stabilizing the V1 carotenoid. The reduced
dynamics of this site in npq2 LHCII suggests that Zea in the V1 pocket rigidifies
the LHCII protein structure. This notion is further confirmed by strong Thr and
Ser coil and strand signals that appear in the npg2 spectrum, while the Thr and
Ser coil signals in the CP-PARIS spectrum of WT LHCII are very weak.

The three coil Ala peaks in the LHCII WT spectrum that are not found in the
npq2 spectrum could originate from the N terminal stretch, which would suggest
that the N terminal stretch adopts a more ordered structure in WT LHCII.
Furthermore, the LHCII crystal structures do not contain strand segments,
while the NMR spectrum of npq2 LHCII contains Ser signals in the predicted
region for strand conformations. These differences clearly indicate that the
LHCII pigment-protein complex has sites with structural plasticity that refold
upon xanthophyll exchange and/or monomerization.

Conclusion

In summary, our results provide converging evidence for structural plasticity in
LHCII. The same protein matrix adopts a different fold depending on its
trimerization state, and on Zea binding in the V1 pocket. Both elements also
have a strong effect on the lipid affinity of LHCII and may affect the overall
membrane fluidity or supramolecular organization by changes in lipid-protein
interactions.
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Abstract

We report the application of NMR dynamic spectral editing for probing the
structure and dynamics of molecular constituents in fresh, intact cells and in
freshly prepared thylakoid membranes of Chlamydomonas reinhardtii (Cr.)
green algae. For isotope labeling, wild type Cr. cells were grown on 13C acetate-
enriched minimal medium. 1D 13C J-coupling based and dipolar-based MAS
NMR spectra were applied to distinguish 13C resonances of different molecular
components. 1D spectra were recorded over a physiological temperature range
and whole-cell spectra were compared to those taken from thylakoid
membranes, evaluating their composition and dynamics. A theoretical model for
NMR polarization transfer was used to simulate the relative intensities of direct,
J-coupling and dipolar-based polarization from which the degree of lipid
segmental order and rotational dynamics of the lipid acyl chains were estimated.
We observe that thylakoid lipid signals dominate the lipid spectral profile of
whole algae cells, demonstrating that with our novel method, thylakoid
membrane characteristics can be detected with atomistic precision inside intact
photosynthetic cells. The experimental procedure is rapid and applicable to fresh
cell cultures, and could be used as an original approach for detecting chemical
profiles, and molecular structure and dynamics of photosynthetic membranes in
vivo in functional states.

Introduction

The plasticity of oxygenic photosynthetic membranes is tightly connected with
plant fitness in fluctuating environments and their capability to respond to
stress in excess light or drought conditions. Regulation of photosynthetic light
harvesting is controlled by flexibility of the light-harvesting antenna from
atomistic to supra molecular scale. Short and long-term adaptation results in
structural, dynamical changes varying from atomic-scale pigment and protein
alterations to mesoscopic membrane rearrangements !4, Fast membrane
remodeling is required to cope with sunlight fluctuations, while photosynthetic
organisms may adjust their membrane compositions in adaptation to varying
seasons or climates. The underlying regulation mechanisms have to be
understood to the molecular level to gather central knowledge that can be used
to increase plant stress tolerance or design algae species with improved solar-to-
biomass conversion.
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Essential here is the parallel development of suitable tools and methodology
that can analyze molecular composition, structure and plasticity of intact
photosynthetic membranes of plants and cells grown under various
environmental conditions or in different functional states. Fluorescence
techniques have been developed for functional analysis of whole membranes,
cells, or leaves, probing the dynamic nature of light harvesting in vivo in
molecular detail 5-8. Complementary techniques that can resolve conformational
structures and dynamics at the molecular level inside physiological membranes
or whole cells are still challenging. With Fourier-Transform Infra-Red (FTIR)
spectroscopy, molecular information of protein carbonyls and lipids can be
obtained from heterogeneous membranes, but has to be extracted from band
fitting of broad FTIR absorbance spectra. The technique has been applied to
determine the dynamics of protein and lipid moieties in Synechocystis cells and
in higher-plant thylakoid membranes 910, Resonance Raman (RR) spectroscopy
can report on the conformations and H-bonding patterns of chromophores in
intact systems and through this technique, it was discovered that light stress
induces in-vivo and in-vitro changes in the conformation of neoxanthin (Neo) 1.
Fluorescence Recovery After Photobleaching (FRAP) was used to investigate the
lateral mobility of light-harvesting complexes in cyanobacteria and in plant
thylakoid membranes 12. Thylakoid membrane fluidity has been investigated by
measuring the rotational dynamics of externally added fluorescence or Electron
Spin Resonance (ESR) spin probes 4. The latter techniques, however, do not
report on the intrinsic, molecular dynamics of the membrane components. 31P
NMR and fluorescence studies using fluorolipid probes have been applied to
detect mesoscopic phase transitions in functional thylakoid membranes, and
detected a transition from bilayer to inverted hexagonal states at high
temperature 1314, The advantage of 3!P NMR is that no external probes are
added and no isotope enrichment is required, the disadvantage is however that
only the phases of the phospholipids are followed, which in thylakoids only form
~10% of the total lipid composition. Recent multi-scale modeling simulations
have provided molecular insight in thylakoid lipid lateral organization and
dynamics 15 and predicted the molecular dynamics of Photosystem II embedded
in a thylakoid membrane 1617, These studies have not been matched by
experimental approaches, which would require detection of protein and lipid
dynamics with atomistic resolution in native thylakoids, or atomic-level
structural analysis of isolated pigment-protein complexes reconstituted in
thylakoid lipid membranes.

Herein we describe the use of dynamic spectral-editing NMR as a new tool to
analyze molecular composition and dynamics of thylakoid membranes or whole
cells. Arnold et al. demonstrated that lipid and saccharide constituents could be
identified in whole microalgae cells using NMR dynamic spectral-editing to
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improve spectral resolution 18. Topgaard and Sparr developed polarization
transfer solid-state NMR into a method that allowed them to detect molecular
mobility in intact skin ! and to determine surfactant phase transitions 20. In
chapter 2, we elaborated on these approaches to separate rigid and mobile
thylakoid constituents in Chlamydomonas reinhardtii (Cr.) thylakoids 2! and
demonstrated that protein and lipid molecules in zeaxanthin (Zea)-accumulating
npq2 thylakoids display differential dynamics compared to WT (CW15)
membranes, providing a molecular explanation for reported increased rigidity in
Zea-rich membranes.

In this chapter, we demonstrate that our approach can be applied directly to
fresh Cr. cells, circumventing isolation procedures and the need for sample
storage. By simulating the polarization transfer efficiencies, we show that lipid
acyl-chain rotational dynamics and their degree of segmental order can be
estimated within a certain range, in a quantitative way. Comparison of intact
Cr. cells and freshly isolated thylakoid membranes show very similar NMR lipid
spectral profiles, demonstrating that the thylakoid lipids dominate and implying
that their molecular conformation and dynamics can be determined inside intact
cells.

Material & Methods

Cell culturing and "*C isotope labeling

Wild-type Cr. cells (strain CC-124) were grown mixotrophically on Tris-Acetate-
Phosphate (TAP) medium in a home-built set up, under continuous illumination
with cool white LEDs (~50 umol/m2s) and constant temperature of 25°C. For
isotope-label incorporation, the acetic acid was replaced by 13C- acetate
(Cambridge Isotopes).

Pigment analysis

Chlorophyll and carotenoid concentrations were determined based on 22, using a
home-written Javascript web application that performs a non-negative least-
square fitting procedure based on Lawson and Hanson 23 and Bro and de Jong 24.
In addition, pigment extracts were analyzed by High-Performance Liquid
Chromatography (HPLC).



In-vivo NMR as a tool for probing molecular structure and dynamics in Cr. cells | 99

Thylakoid extraction

The isolation of thylakoids was performed according to Chua and Bennoun 25
with some modifications. Cells were harvested in the exponential growth phase,
centrifuged and resuspended in 0.2 volumes of MgClz buffer (1mM MgClz, 0.1 M
HEPES, pH 7.5/KOH, 10% sucrose). Cells were ruptured by sonication on a 2500
Watt sonicator at 10%, using 15 cycles of 1s on/10s off followed by 30 cycles of 2s
on/10s off. Thylakoid membranes were isolated using a discontinuous sucrose
gradient. The disrupted cells were overlaid with 3mL of 1.8M sucrose in EDTA
buffer, 1ml of 1.3M sucrose EDTA buffer, 1 ml of 0.5M sucrose EDTA buffer and
5ml of EDTA buffer without sucrose. The gradients were ultra-centrifuged for
one hour at 4 °C in a SW41 swing rotor (Beckmann) at 24000 rpm (100000xg).

Solid-state NMR

NMR spectra were recorded with a Bruker Advance-III 750 MHz wide bore
NMR spectrometer. NMR samples were prepared by mild centrifugation of fresh
cell or thylakoid suspensions into a 4mm NMR rotor that was used with a top
insert. For cell samples, approximately 50mL of cell culture was used and
concentrated into the rotor, from which we estimate that samples contained
about 0.5mg of Chl. Magic Angle Spinning was performed at 5 kHz for whole
cells and at 13 kHz for thylakoid extractions. Cross polarization (CP)
experiments were performed with a 2ms CP contact time (t¢p), 5s recycle delay
and 20ms acquisition time, w1¢/27 of 40.3 kHz and 'H nutation frequency
linearly ramped from 80 to 100 kHz. Insensitive Nucleus Enhanced Polarization
Transfer (INEPT) experiments were performed with two delays of 1.25ms and
an acquisition time of 80ms. For direct polarization (DP) experiments, the delay
was set at 5s and the acquisition time was set to 43ms. The dead time after
pulse excitation before acquisition was 4.5 microseconds. Data were processed
and analyzed in TopSpin3.2 and MNova. Temperature were calibrated analyzing
207Pb NMR chemical shifts of lead nitrate (Pb(Nos)2) 26.

Simulation of INEPT and CP intensities

CP and INEPT intensities relative to DP as function of rotational correlation
time z and order parameter S were estimated by using the following equations
taken from 27-28;
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in which the gyromagnetic ratios of 'H and 13C are equivalent to 267.5 (106 rad
St T1) and 67.2 (106 rad St T-1), respectively, T{; is the 'H spin-lattice
relaxation time in the rotating frame, Tcm is the time constant for cross-
polarization and zcp is the contact time for cross polarization.

INEPT _ YH 1 6in(27] oy T) Sin(27)cnt’) cos™ L (2m] ey T’) exp (— 2 zic), 2)
Ipp Yc T; )

in which n is the bond multiplicity, Jcy is the 'H-13C through bond scalar
coupling constant, and T{' and Ty are the effective 'H and 3C transverse
dephasing times. The DP intensities in the equation are the theoretical
intensities assuming that total polarization relaxation occurs after each pulse.
The coherence evolution times 1=1/4J.4 and 7' =1/6]-y are delays between the
radio frequency (rf) pulses in the INEPT sequence. T}, TS, Tll';, and Ty values
were estimated from a rotational correlation function that describes time-
averaged fluctuations of the local magnetic field due to chemical-bond vector
reorientations, depending on 7. and S (see 20 and 28). Experimental parameters
that were used as input for the simulations were tcp=2ms, J.5=133.3 Hz,
1%/27=86 kHz, ©1€/272=40.3 kHz, ©0o¢/27=86 MHz, wott/27= 188 MHz, ts=1 ms,
wr=b kHz for cells and 13 kHz for isolated thylakoid membranes. Curves of the
relative INEPT intensities as function of rotational correlation time zc and order
parameter S were generated using MathCad 15.0.

Results and Discussion

Spectral editing and assignment of molecular constituents in Cr.
intact cells

Figure 1A presents a DP, CP and INEPT 13C spectrum of Cr. cells. We
performed an assignment of the most prominent peaks in the 3C spectra. Most
of the assignments are based on the following references and are summarized in
table 1 18 29-32, Many assignments are ambiguous and peaks correspond with
reported NMR resonances of more than one possible carbon atom type, as
indicated. Cr. lipid composition consists of monogalactosyldiacylglycerol
(MGDG), digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol
(SQDG), diacylglyceryltrimethylhomo-Ser (DGTS), phosphatidylglycerol (PG)
and phosphatidylethanolamine (PE) in descending order of abundance, and in
case of overlapping peaks we only specify fatty acid (FA) chain length and degree
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of unsaturation, based on 30. The region 10-40 ppm contains the protein side
chain resonances that accumulate in a broad peak, together with the lipid FA
CH:2 and CHs signals, which are the sharp peaks superimposed. The protein C.
signals are visible between 50-70 ppm and partly overlap with carbohydrate
signals that are visible in the region 70-100 ppm. The region 125-135 ppm
contains the signals of the aromatic protein side chains and double-bonded CH
signals of the lipid FA. The protein backbone carbonyl signals accumulate
between 170-180 ppm. Chl and xanthophyll signals are relative weak and
coincide with other peaks. Figure 1 presents DP, CP and INEPT 13C spectra of
Cr. whole cells (1A) and of thylakoid membranes (1B) and in figure 2 the
spectrum of thylakoids and those of whole cells are superimposed for each type
of NMR experiment. The lipid patterns in the aliphatic region (10-40 ppm) and
aromatic region (125-135 ppm) are remarkably similar for both types of samples,
which indicates that in whole cells, most of the lipids belong to the thylakoids.
As expected, the signals from cell-wall components, starch or DGTS are absent
in the spectra of thylakoids. The thylakoid membranes were purified with
sucrose gradients, and signals in the region 70-100 ppm could originate from
galactosyl lipid head groups but also from natural-abundant 13C of the sucrose
present in the buffer. Between 135-140 ppm a weak shoulder of the xanthophylls
becomes visible in the DP and CP spectra of thylakoids. The protein carbonyl
band has more intensity in the CP spectrum of thylakoids than in whole cells.
This is because thylakoids contain membrane proteins that are relatively rigid
and enhanced in CP, whereas intact cells contain a mixture of membrane and
soluble proteins with higher mobility. The CH peaks of the unsaturated CHs
fatty acids (FA) have much higher intensities in INEPT than in CP and the 132
ppm peak of the C16 carbons towards the FA end-tail are absent in CP,
indicating that the majority of the CHs FA chains have low segmental ordering
and highly dynamic FA tails.
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Figure 1. A: Overlaid 3C-DP (purple), 13C -CP (orange) and 3C-INEPT (green) spectra of
whole cells recorded at 13.5 °C. B: Overlaid 13C-DP (black), 13C -CP (blue) and 3C-INEPT
(red) spectra of isolated thylakoids recorded at 13.5 °C.
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Figure 2. Overlaid DP, CP and INEPT spectra of whole cells and thylakoids recorded at
13.59C. A: DP spectra of whole cells (purple) and thylakoids (black). B: CP spectra of
whole cells (orange) and thylakoids (blue). C: INEPT spectra of whole cells (green) and
thylakoids (red).
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Chemical

shift (ppm) Assignment INEPT Cp Reference
12.6 Ile Cs; xanth 9/13-Me b 31,33
14.6 lipid CHs X 30,34
21.0 lipid (w—1) CH2 18:3 X X 30
23.2 Lipid (w-1) CH216:1/16:0 X X 30
26.0 lipid C3 X X 30,18
27.8 lipid C8 18:3 X b 30
30.2 lipid nCHz X X 34
32.5 lipid C14 16:1/16:0 X X 30
34.5 lipid C2; Lut/Neo C1 X X 30, 31
37.6 Chl P7/11 phy; glycoprotein C3; X b 32,31
xanth C1
40.1 Chl phytols P8/10/12; xanth C4 X X 32,31
52.6 glycoprotein C; PC C, X X 18
61.7 Glyc C1/C3; glycoprotein C2 X b 18,34
63.5 Glyc C1/C3 X 18, 34
71.5 MGDG G3 b 18, 34
72.5 lipid G2/3/5, starch C2/5 X 18
73.6 lipid G2/3 X 18,34
74.3 starch C3 X b 18
78.0 glycoprotein C4 X 18
98.0 SQDG/DGDG G1 X X 18, 34
100.5 DGDG G1, starch C1 X X 18
104.2 MGDG G1; cell wall C1 X X 18,34
128.6 lipid C10 18:3 X X 30
130.1 lipid C9/12/13 18:3 X X 30,31
132.0 lipid C16 18:3 X 30,31
157.7 Arg C, 33
171.9 lipid C1/CO X 18
172.6 DGTS C1/CO 18
174.2 PG C1 18
181.7 Gluw/Asp COO- X 33
183.1 Glu/Asp COO- X 33

Table 1. Chemical shift assignments. Crosses indicate that the peak is observed in the
13C INEPT, resp. CP spectrum. Xanth: xanthophyll; Phy: Chl phytol chain; Lut: lutein;
Neo: neoxanthin; Glyc: glycerol.

Temperature dependence

The dynamic behavior of protein and lipid components was further explored by
varying the temperature in a physiological range. For thylakoid membranes, the
temperature was not raised above 23.3 °C to make sure that no irreversible
damage would occur. For whole cells, the temperature was raised to 37.8 °C. To
check if heating caused irreversible changes, the temperature was raised and
lowered again after which samples were re-measured, verifying that no heating-
induced changes had taken place (data not shown). We noticed a decrease of
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signal intensity in DP spectra over time, which could be caused by the effect of
magic-angle spinning, slowly sedimenting the cells at the rotor walls and
changing the filling factor. To correct for time-dependent intensity changes, the
CP and INEPT intensities were divided by the DP intensities of the respective
peaks. Figure 3 presents the temperature-dependent CP over DP and INEPT
over DP signal intensities of whole-cell spectral components and figure 4
presents the temperature curves obtained from thylakoid spectra. The
intensities are normalized with respect to the intensity at 3 °C for better
comparison. The thylakoid INEPT-observed components (4C) show an increase
with temperature that seems to stabilize for around 20 °C for the CH and FA
end-tail carbons. The thylakoid CP-observed components (4A, B) show a
decrease of CP efficiencies with temperature except for the nCH: carbons.
Because INEPT signals are sensitive for highly mobile components and CP
signals are enhanced for more rigid molecules, this behavior is in line with
expected increase of mobility at higher temperatures. The whole-cell CP-
observed components (3A, B) also show an overall decrease of CP efficiencies
with temperature, but unexpectedly the INEPT-observed intensities (4C, D) only
increase up to 13.5°C and stabilize or decrease at higher temperatures,
suggesting that their dynamics is reduced.
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Figure 3. 13C CP and INEPT intensities of whole-cell components as a function of
temperature. The intensities are normalized at T=3 °C. A: CP intensities of fatty acids.
Red circles: (w-1) CHz of 16:1; green triangles: nCHz; light-blue squares: CH. B: CP
intensities of protein carbonyls and carbohydrates. Dark-red squares: carbonyl; gray
triangles: galactosyl and glycerol carbons (Galac) of glycerolipids; pink circles:
glycoprotein and glycerol C1/C3 carbons (Glyc). C: INEPT intensities of fatty acids. Black
squares: (w-1) CHs of 18:3; red circles: (1) CHz of 16:1; green triangles: nCHz; dark blue
triangles: CHs; light blue squares: CH. D: INEPT intensities of protein carbonyls and
carbohydrates. Grey triangles: galactosyl and glycerol carbons of glycerolipids; pink
circles: glycoprotein and glycerol C1/C3 carbons
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Figure 4: 3C CP-MAS and INEPT intensities of thylakoids as a function of
temperature. A: CP intensities of fatty acids. Red circles: (w-1) CHz of 16:1;
green triangles: nCHz; light-blue squares: CH. B: CP intensities of protein
carbonyls. C: INEPT intensities of fatty acids. Black squares: (ov-1) CHs of 18:3;
red circles: (w-1) CHz of 16:1; green triangles: CHz; dark-blue triangles: CHs,;
light-blue squares: CH.

Simulated INEPT and CP efficiencies

To gain more insight how the experimentally obtained INEPT and CP
intensities related to molecular dynamics and segmental ordering, we simulated
the INEPT and CP intensities as function of rotational correlation time zc and
order parameter S, using our experimental NMR parameters as input. In figure
5, we show the theoretical INEPT polarization transfer efficiency for a CH
segment. Figure 5A and B present Iinepr /Ipp as a function of correlation time (zc)
and of order parameter (S) at MAS frequency of 13 kHz (simulating the
thylakoid experiment), and 5C and D present Iinepr/Ipp calculated for a MAS
frequency of 5 kHz (simulating the whole-cell experiment). At both MAS
frequencies, INEPT starts to be effective for correlation times below 0.1 us (zc
<0.1 ps) and approaches a maximum (Imax) at 7c <1 ns. In the sub-nanosecond
dynamics range, the INEPT intensities only depend on the segmental order
parameter S. At 13 kHz MAS, INEPT becomes effective at S < 0.2, while at 5
kHZ, INEPT becomes effective at S < 0.05, and has a lower Imax. We performed
the same analysis for CH2 and CHs segments and summarized the results in
table 2.
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Figure 5. Simulated INEPT/DP intensities as a function of order parameter S
and rotational correlation time zcfor a CH segment. A: INEPT/DP intensities for
wr=13 kHz as function of z¢ at S=0.2, 0.1 and 0.02. B: INEPT/DP intensities for
®wr=13 kHz as a function of S at 7¢=10-12, 10-10, 10-8, 10-7 and 10-6 seconds. C:
INEPT/DP intensities for wr=5 kHz as a function of zc at S=0.08, 0.06 and 0.02.
D: INEPT/DP intensities for wr=5 kHz as a function of S at t¢=10-12, 10-10, 10-8,

10-7and 10-6 seconds.
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Spinning Correlation time Order parameter
frequency (wr) (o) )

CH <0.1 ps :882
5kHz CH: <0.05 ps <0‘ 1

CHs <0.05 ps ’

CH <0.1 ps <0.2
13kHz CH: <0.05 ps <0.1

CHs <0.05 ps <0.03

Table 2. Theoretical conditions for observing INEPT intensities at 5 kHz (simulating the
whole-cell experiments) and 13 kHz (simulating the thylakoid experiments

Figure 6 presents the theoretical Icp/Ipp intensities as a function of correlation
time for a CH segment. The predicted CP intensities were identical for 5 kHz
and 13 kHz. Figure 6 shows that CP is effective for correlation times between
nanoseconds and seconds, except for a gap in the microsecond range in which CP
gives no signal. The same behavior as function of the correlation time is
observed for different order parameter values (S=0.05, 0.1 and 0.5) except that
for S > 0.5, CP has non-zero intensity for sub-nanosecond zc values. Hence, CP is
effective for oriented molecules with restricted motions, even if they exhibit very

fast dynamics.
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3} s=01 — _
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Figure 6. Simulated CP/DP intensities as a function of rotational correlation time zc for
S§=0.05, 0.1 and 0.5.
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Dynamics of Cr. cell and thylakoid molecular components

We used the simulations to estimate the dynamics of Cr. cell constituents, in
particular of the lipids, of which signals are observed both in INEPT and CP.
The simulated intensity ratios use Ipp assuming that DP is effective over the
whole frequency range. The experimentally observed DP intensities however
depend on T'1 and on the delay time #q between scans, so that Ipp/IDp theory = 1-€Xp
(-ta/TL). With our experimental settings we assume that DP intensities are
attenuated for components with zc > 1us. Since the DP spectra show significant
intensity for most of the cell and thylakoid components, we presume that these
have dynamics in the sub-microsecond range. Comparing the spectral profiles of
whole-cells and thylakoids (figure 2), we conclude that the whole-cell INEPT
spectrum is dominated by the signals of the thylakoid lipids. The higher
intensities observed for the thylakoid INEPT spectrum compared to the whole-
cell INEPT spectrum, relative to the DP intensities (figure 1A an B) can be
explained by the increased MAS frequency used for the thylakoid experiments
that renders INEPT more efficient, as illustrated in the model. The largest nCH>
lipid peak at 30 ppm has similar intensity in CP and DP for both whole cells and
thylakoids (figurelA and B), conforming to Icppp~ 1 in our model. Focusing on
the sub-microsecond regime where DP is effective, Icppp~ 1 matches with z’s in
the order of 50 ns. In contrast to the nCHz carbons, the CH carbons have much
larger signals in INEPT than in CP, implying that they have conformational
dynamics with 7 < 10 ns and a large degree of disorder (S <0.05 for whole cells).
The lipid CH carbons are the bended, lower part of the unsaturated FA chains,
while the nCHz FA carbons are located toward the lipid head groups. The lipid
FA chains of the unsaturated lipids thus become more dynamic towards the end
tails, which are disordered and undergo fast motions.

In the temperature profiles of the intact cells (figure 3), we observe overall a
decay of the CP intensities for lipid (3A), and protein backbone and cell wall (3B)
components at higher temperatures, indicating that the cell components have
increased molecular motions. The lowest temperature point in the curves in
figure 3 was close to zero Celsius, which could have led to non-linear
temperature effects, and might explain the observed increase instead of decrease
of CP signal between the two lowest temperature points. The INEPT-observed
lipid signals (3C) increase for temperatures up to ~13 °C, indicating that the
lipid segments increase their conformational dynamics, or become more
disordered. Above this temperature, the signals remain constant for the end-tail
carbons, suggesting that their conformational dynamics enter the sub-
nanosecond regime where INEPT becomes insensitive to further changes in
dynamics, and that there is no change in lipid disorder. Interestingly, the
INEPT-observed nCHz, CH (3C) and galactosyl/glycerol (3D) signals clearly
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decline at higher temperatures, suggesting that conformational dynamics of
mobile lipid head groups and FA segments are suppressed. The lipid spectral
profiles do not change with temperature and from analysis of lipid peak
intensities we exclude significant changes in lipid unsaturation or isomerization.
The reduced lipid dynamics at high temperatures could be associated with a
phase transition in the membrane. The INEPT temperature curves suggest that
there is a mechanism (phase transition or other) that effectively protects the
photosynthetic membranes against extreme membrane fluidity at high
temperatures, unrelated to lipid saturation or isomerization, which would be of
interest to further explore.

The temperature profiles of the thylakoid sample (figure 4) cannot directly be
compared to the whole-cell sample, because of the increased sensitivity for
INEPT detection in the thylakoid experiment due to higher MAS frequency that
was used, and because of the limited temperature range over which the
thylakoid preparations could be recorded without thermal damage. In the
overlapping temperature range, the overall dynamic behavior is similar. the
relative INEPT intensities of the lipid signals in the thylakoid spectrum in this
work (4C) are higher than observed in the study in chapter 2 2!, where we
concluded that the major lipid fraction did not display fast dynamics, and only a
small fraction of lipids had mobile FA tails. In chapter 2 we also observed larger
effect of lipid isomerization with temperature. Here we observe only small effect
of isomerization and find that the majority of the lipids have very flexible end
tails. A difference in sample conditions was that in the former study the water
content of the rotor sample preparations was lower, which could have reduced
the lipid conformational dynamics. In addition, the thylakoid preparations
studied in chapter 2 were from different strains and had been stored at -80°C
before use, using glycerol as a cryo-protectant, whereas the thylakoid
preparation in this study contained sucrose and was freshly prepared.

Conclusion

We demonstrate that 13C NMR spectral editing can identify lipid, protein, sugar
and cell wall constituents and resolve and quantify molecular dynamics of
different cellular components, in particular lipid FA, in intact photosynthetic
cells. Sample preparation typically involved growing a 50ml Cr. culture for 2-3
days and using 1,2-13C acetate as a carbon source, which is very feasible both in
terms of labor and label expenses. The presented spectra were each recorded
with 64 scans, which typically takes about 10 minutes for scan accumulation.
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However, we noticed that after rotor insertion, spectral changes occurred during
MAS in the first 30-60 minutes, presumably due to slow sedimentation of cells
on the rotor walls. Thus, the samples need to be spun for at least one hour in the
rotor at the set spinning frequency before starting the measurements. MAS
spinning did not break the cells at 5 kHz spinning frequency, which was checked
afterward using an ordinary light microscope.
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CHAPTER 6

General discussion and future prospects
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Photosynthetic light harvesting complexes from plant and algae have the crucial
role to capture the sunlight and transfer it to reaction centers for biochemical
productions. Fluctuation in sunlight intensity is a challenge that plants face
every day. To cope with this challenge, they develop complex protective
mechanisms to protect themselves from photo-damage. The PhD research
described in this thesis aimed to understand how the structural flexibility of
photosynthetic light harvesting complex II effects on its function and how this
can be controlled by membrane environments. In this light, obtaining atomic-
level structures of these complexes under physiological conditions and in native
environments is an essential step towards understanding the molecular
mechanisms that regulate the excitation energy flow.

NMR spectroscopy has the advantage over crystallography that it is capable of
studying conformational dynamics of membrane proteins in their native
environments. In-situ and in-cell NMR spectroscopy allow to the researcher to
simultaneously have an overview of membrane or cell chemical compositions and
conformations (lipid isomers, degree of unsaturation). While in-cell or in-situ
NMR spectroscopy for structure characterization is very challenging, several
studies have been reported, for example solid-state NMR of recombinant-
expressed PagL in E. coli whole cells and cell envelopes, in-situ NMR of the Chl-
binding CsmA protein and Dynamic Nuclear Polarization NMR of proteins in
native cellular membranes 1-3. The in-situ NMR experiments reported in this
thesis may serve as a steppingstone toward structural characterization of LHC
pigment-protein complexes in their native environments.

Dynamics of LHCIIl and the role of the membrane
environment: from protein and lipids to cell

In-vitro: LHCII

The conformational dynamics of LHCII is mainly studied via the spectroscopic
characteristics of the pigments that are taken as reporters, resulting in lack of
information on the dynamics of the protein helixes and loops. However, with our
NMR approach we obtained simultaneously a direct view of the protein,
pigment, associated intrinsic lipids of LHCII and their dynamics.

Combining the NMR results together, we could detect flexible sites of LHCII
that have not been resolved by crystallography and cryo-EM, including residues
of the N-terminus and 2 Chl tails (Chapter 3). Our findings in Chapter 3 of a
flexible N terminus are in agreement with a reported MD study on membrane-
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embedded LHCII and with an EPR-spin label study 4. Interestingly, the
suggested flexible sites in our study are in close proximity to carotenoid and Chl
sites that have been proposed to be involved in excitation quenching 59. The
NMR signals of different Lhcbm polypeptides could be distinguished in our NMR
study, which could not be distinguished in X-ray or cryo-EM studies (chapter 3).
Selective Lhcbm mutants may be used in future to identify chemical shift
contributions of the different polypeptide types 1°.

Moreover, we present the first study of the effect of Zea binding on the
conformation and dynamics of LHCII (Chapter 4). Our NMR results on Zea
binding LHCII from the npg2 mutant reconstituted in a lipid bilayer reveal that
Zea-LHCII binds many lipids that are immobilized and that protein dynamics is
reduced compared to wildtype LHCII. In addition, evidences for structural
change have been observed revealing that some parts of the Zea-containing
LHCII folds into strands. Our novel results of reduced dynamics and strong lipid
binding of Zea LHCII might be correlated with the reduced fluidity of Zea-
accumulating thylakoid membranes that was observed in Chapter 2. Although
our approach, where we did not perform a sequence-specific NMR assignment
revealed interesting results on the conformational dynamics of LHCII in lipid
environments, a sequential assignment will help to reveal site-specific structure
and dynamics. This would require selective labeling of native LHCII that are
extracted from Cr. or selective labeling of recombinant LHCII that is
overexpressed in E. coli. However, for both approaches there are number of
challenges. For E. coli, selective labeling methods are well established, however
for Cr. selective labeling strategies would first have to be established. A
challenge that recombinant expression of LHCII faces is the refolding of
recombinant LHCII. The LHCII proteins expressed from E. coli come as
inclusion bodies and should be refolded with pigments, and further purified to
separate the refolded proteins from free pigments and unfolded proteins. Hence,
obtaining NMR quantities (milligrams) of refolded LHCII may lead to long
sample preparation time.

The conformational dynamics studies in Chapter 3 and 4 were performed on
proteoliposomes in conditions where the LHCII proteins were strongly
fluorescence quenched due to the high protein to lipid ratio. An interesting
study would be to investigate the conformational dynamics of LHCII under mild
quenched conditions. Fluorescence quenching of LHCII in our preparations is
induced by protein self-aggregation in liposomes !l. Therefore dilution of the
LHCII complexes in proteoliposomes would reduce the quenched state. This
requires at least 10 times dilutions of protein content compared to the condition
described in the Chapter 3 and 4. Therefore, the concentration might not be
enough for the 2D 13C-13C NMR measurements. However 1D CP and INEPT or
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1H-13C HETCOR still could provide information on the effect of the protein to
lipid ratio on the conformational dynamics of LHCII.

In-situ: thylakoid membrane

We show that polarization transfer solid state NMR and biosynthetic isotope
labeling methods have the ability for assessing protein and lipid molecular
dynamics in native heterogeneous photosynthetic membranes, providing a
microscopic picture on molecular components of thylakoid membranes (Chapter
2). Separation of the rigid and mobile components is possible by combining CP
and INEPT based experiments. Our method has provided detailed information
on molecular dynamics of protein, lipid and xanthophyll molecules in thylakoid
membranes as a function of temperature and comparing wildtype and Zea
accumulating membranes. Moreover, we demonstrate that the NMR signals of
LHCII can be detected within native thylakoid membranes, which allowed us to
explore the role of the native environment on the conformational dynamics of
LHCII by comparing LHCII in native thylakoid membranes and in liposome
membranes (Chapter 3). Our NMR results reveal that the dynamics of LHCII
flexible sites are significantly suppressed in native thylakoid membranes.
Current models for excitation migration assume that individual antenna
proteins fluctuate between quenched and unquenched states. Our observation
that the intrinsic dynamics of LHCII is constrained in native membranes raises
questions by this view and suggests that environmental changes are necessary
to enable their conformational switching.

For the purpose of studying active membranes on which only rapid, 1D
experiments can be performed in order to maintain their states, a limitation is
the lack of sensitivity for detection of specific proteins. In that respect, FRAP is
more selective for study of light-harvesting protein mobility, but has limited
spatial resolution since lateral diffusion is measured over long distances, while
NMR detects rotational diffusion of molecules with atomistic resolution. Our in-
situ NMR approach can be further exploited by integration with selective
mutation or labeling strategies. In-situ NMR studies that are aimed at
structural characterization of a target protein generally rely on genetic
manipulation to reduce the background signals of other cellular or membrane
components. Recently, a chloroplast biosynthesis induction/repression system
was reported to create minimal cells with stripped thylakoid membranes
containing LHCII as the only Chl-binding protein 2. Such a system could be
used to more selectively probe the dynamic behavior of LHCII in a membrane or
cellular environment. Selective 3C in-vivo labeling of Chls could be achieved by
addition of &aminolevulinic acid to the cell growth medium 13, which would
amplify the Chl signals with respect to the lipid and membrane background.
Another interesting direction would be to perform in-situ NMR on LHCII,
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comparing thylakoid membranes of cells grown under different light conditions
to study the effect of environmental conditions at the protein level.

Furthermore, our NMR method can be combined with other spectroscopic
techniques such as fluorescence, EPR, electron microscopy and Raman as
complementary methods for quantitative analysis of protein and lipids structure
and dynamics.

In-cell: thylakoid membrane dynamics in intact Cr. algae

Polarization transfer NMR was successfully extended to whole cells (Chapter 5)
providing a molecular picture of cell components in intact Cr. cells. Intact Cr.
cells and isolated thylakoid membranes share very similar NMR lipid spectral
profiles, demonstrating that the lipid NMR profiles in the spectra of Cr cells are
dominated by thylakoid lipids. This suggests that their molecular conformation
and dynamics can be determined inside intact cells. The intrinsic dynamics of
protein and lipid constituents was measured over a physiological temperature
range. An overall increase of mobility was observed for the cell components with
increasing temperature up to 13 °C Celsius. However, at higher temperatures,
the dynamics of the lipids decreased or stabilized, which may suggest the
existence of a protective mechanism in the membrane that prevents the
membrane from extreme fluidity. In addition to the temperature dependence
NMR analysis, simulated INEPT and CP NMR intensities provided quantitative
information on values or ranges of order parameters and rotational correlation
times of the lipid components, which may provide input for coarse-grain and
molecular dynamics simulations.

In this thesis, cells were grown on a moderate light using acetic acid as carbon
source, however different growth conditions such as high light, different CO2
concentrations or salt stress could be tested in future to investigate the effect of
various environmental conditions on dynamics of cell components.

For the in cell NMR experiments, the stability and physiological state of cells
during the measurements has to be controlled. Controlling the physiological
states of Cr. cells during NMR experiments could be a problem since without
light and oxygen, the cells can switch on fermentation 4. Further research is
required to test and verify under which conditions in-cell NMR can best be
performed.
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Summary

Light-Harvesting Complex II (LHCII) is responsible for light absorption and
excitation energy transfer in plants and photosynthetic algae, while in high
light it undergoes conformational changes by which it quenches excitations to
prevent photodamage. The underlying molecular picture of these conformational
changes has not yet been resolved. The main target of the research described in
this thesis is to address the conformational dynamics of photosynthetic Light
Harvesting Complex II and the role of the membrane environment. Hereto, I
explored NMR-based methods that could eventually probe the molecular
structure and dynamics of photosynthetic components in-vivo in functional
membranes or cell systems.

In Chapter 1, a general introduction to photosynthetic antenna complexes and
photoprotection mechanisms is presented. I further describe the methodological
background of Nuclear Magnetic Resonance (NMR) spectroscopy and cross
polarization (CP) and insensitive nuclei enhanced by polarization transfer
(INEPT) based NMR dynamic spectral editing methods.

CP and INEPT polarization transfer solid-state NMR methods complemented
with biosynthetic isotope labeling and NMR relaxation methods are successfully
employed in Chapter 2 for determining protein and lipid molecular dynamics
in native thylakoid membranes. Our results provide a microscopic dynamic
picture of thylakoid membranes of wild-type (WT) and the zeaxanthin (Zea)-
accumulating npqg2 mutant of Chlamydomonas reinhardtii (Cr.). For both WT
and npq2 thylakoid membranes a larger fraction of ordered lipids than of mobile
lipids 1is observed, which indicates that the majority of the lipids are
immobilized within or between supercomplexes. In addition, lipid isomerization
from all-trans to trans-gauche configurations is detected at higher temperatures
for both WT and npg2 thylakoid membranes. It is found that npg2 membranes
have more rigid xanthophylls and contain a fraction of rigid proteins and
ordered lipids that are less sensitive to temperature changes than for the WT.
This suggests an overall rigidity of the thylakoid membranes due to Zea
accumulation, and the xanthophyll thus plays a role in membrane stabilization.

To investigate the plasticity of LHCs and the role of the thylakoid environment
in controlling their light-harvesting function, it is essential to study their
dynamic behavior in their native membrane environments. In Chapter 3, 2D
CP and INEPT based experiments are employed to obtain detailed insight into
conformational dynamics of LHCII in reconstituted membranes and in native
thylakoid membranes. Interestingly, the NMR responses of LHCII can be
detected within native thylakoid membranes and chemical shifts of selective
spin systems can be partially assigned. Moreover, lipid signals and signals from
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different Lhcbm polypeptides are identified by comparing the 2D 13C NMR
spectra of LHCII reconstituted in lipid bilayers and of whole thylakoid
membranes. Different protein-associated glycolipids are distinguished based on
their galactosyl head 13C-13C correlation signals. It is found that LHCII has
significantly reduced flexibility in native thylakoid membranes compared to
reconstituted membranes, emphasizing the importance of the native membrane
environment. Membrane-reconstituted LHCII contains flexible sites located in
the N- or C-terminus and, based on its flexibility, may undergo thermally-
induced conformational transitions, allowing reversible switching between light-
harvesting and quenched states. However, since LHCII has significantly
reduced flexibility in native, stacked thylakoid membranes, the occurrence of
spontaneous transitions in vivo is questionable. The detected dynamic sites in
LHCII are in close proximity to the xanthophyll-cycle carotenoid and lutein 2
molecules, which have been proposed to be involved in excitation quenching in
the photoprotective state.

In chapter 2, the effect of Zea accumulation on thylakoid membrane dynamics is
described. The effect of Zea exchange on LHCII internal molecular dynamics is
further explored in Chapter 4 by comparing monomeric Zea-containing LHCII
of npq2 with WT trimeric LHCII. Interestingly, on a protein level, Zea
exchange leads to an overall reduced dynamics of the protein and to binding of
many lipids. Moreover, it was observed that npqg2 LHCII containing Zea adopts
a different fold than WT LHCII in a lipid bilayer. Several Ser residues fold into
strands and the NMR spectra of npg2 LHCII lack three Ala signals that are
attributed to the Ala in the N-terminus, suggesting that either the presence of
Zea or the effect of monomerization changes the N-terminal fold. These results
suggest that conformational changes of LHCII upon Zea binding may cause the
overall rigidity of thylakoid membranes that is reported in chapter 2.

The polarization-transfer dynamic spectral editing NMR approaches are
extended for screening of photosynthetic cell components in Chapter 5. We
succeeded in distinguishing the signals from lipid head-groups, CHz and CH
carbons of the lipid tails, protein backbone and side chain, and carbohydrates of
cell wall components. Remarkable similarities are observed between the lipid
NMR signals in 13C spectra of thylakoid membranes and the lipid response in
spectra of whole Cr. cells. This suggests that the majority of the cellular lipids
are incorporated in the thylakoid membranes and that those can be detected
against the background of other cellular components, which enabled us to
perform an in-vivo analysis of the thylakoid lipid properties. Insights in
membrane thermodynamics have been obtained by collecting spectra over a
physiological temperature range. Quantitative analysis of the molecular
dynamics of thylakoid components and cellular constituents are provided by
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comparing the experimentally recorded NMR spectra of Cr. cells and thylakoid
membranes with simulated INEPT and CP intensities as function of order

parameter and rotational correlation times.

Finally, in Chapter 6, a general discussion on the results is presented in the
context of existing literature, and perspectives for future research are

presented.
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Samenvatting

Light-Harvesting Complex II (LHCII) is verantwoordelijk voor lichtabsorptie en
excitatie-energieoverdracht in planten en fotosynthetische algen, maar bij te
veel licht ondergaat het conformationele veranderingen waardoor het excitaties
dissipeert om zo lichtschade te voorkomen. Het onderliggende moleculaire beeld
van deze conformationele veranderingen is nog niet opgehelderd. Het doel van
het onderzoek beschreven in dit proefschrift is om de conformationele dynamica
van het fotosynthetische Light Harvesting Complex II en de rol van de
membraanomgeving te onderzoeken. Hiertoe heb ik NMR-gebaseerde methoden
verkend die uiteindelijk de moleculaire structuur en dynamica van de
fotosynthetische componenten in vivo kunnen meten in functionele membranen
of celsystemen.

In Hoofdstuk 1 wordt een algemene introductie gegeven over fotosynthetische
antennecomplexen en fotoprotectiemechanismen. Ik beschrijf verder de
methodologische achtergrond van kernspin resonantie (Nuclear Magnetic
Resonance, NMR) spectroscopie en de op cross polarization (CP) en INEPT
(insensitive nuclei enhanced by polarization transfer) gebaseerde NMR
dynamische spectrale bewerkingsmethoden.

CP en INEPT polarisatieoverdracht vaste-stof NMR-methoden aangevuld met
biosynthetische isotopen verrijking en NMR-relaxatiemethoden worden met
succes toegepast in Hoofdstuk 2 voor het bepalen van eiwit- en lipide
moleculaire dynamica in natieve thylakoide membranen. Onze resultaten
bieden een microscopisch dynamisch beeld van thylakoide membranen van
wildtype (WT) en van de zeaxanthine (Zea)-accumulerende npq2 mutant van
Chlamydomonas reinhardtii (Cr.). Voor zowel WT als npqg2 thylakoide
membranen wordt een grotere fractie van geordende lipiden dan van mobiele
lipiden waargenomen, wat aangeeft dat de meerderheid van de lipiden binnen of
tussen supercomplexen is geimmobiliseerd. Bovendien is het mogelijk om lipide-
isomerisatie te detecteren van all-trans naar trans-gauche configuratie bij
hogere temperaturen, voor zowel WT als npq2 thylakoide membranen.
Daarnaast is gevonden dat npg2 membranen meer rigide xanthofylen en een
fractie van rigide eiwitten bevatten alsmede geordende lipiden die minder
gevoelig zijn voor temperatuurveranderingen. Dit suggereert een algehele
stijtheid van de thylakoide membranen als gevolg van Zea accumulatie, en dit
xanthofyl speelt dus een rol bij membraanstabilisatie.

Om de plasticiteit van LHC's en de rol van de thylakoide omgeving in het
controleren van hun functie om licht te oogsten te onderzoeken, is het essentieel
om hun dynamisch gedrag in hun eigen membraanomgevingen te bestuderen.
In Hoofdstuk 3 worden 2D CP- en INEPT-gebaseerde experimenten gebruikt
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om gedetailleerd inzicht te verkrijgen in conformationele dynamica van LHCII
in gereconstitueerde membranen en in natieve thylakoide membranen.
Interessant is dat de NMR-signalen van LHCII kunnen worden detecteerd in
natieve thylakoide membranen en dat de chemische verschuivingen in
selectieve spin-systemen gedeeltelijk kunnen worden toegekend. Bovendien
kunnen lipide signalen en signalen van verschillende Lhcbm-polypeptiden
worden geidentificeerd door vergelijking van de 2D 13C NMR-spectra van LHCII
gereconstitueerd in een lipide bilaag en van gehele thylakoide membranen.
Verschillende eiwit-geassocieerde glycolipiden worden onderscheiden op basis
van hun galactosyl 3C-13C correlatiesignalen. De flexibiliteit van LHCII in
natieve thylakoide membranen is aanzienlijk verminderd in vergelijking met
LHCII in gereconstitueerde membranen, wat het belang van de natuurlijke
membraanomgeving benadrukt. Membraan-gereconstitueerde LHCII bevat
flexibele delen gelokaliseerd in de N- of C-terminus. Het zou, op basis daarvan,
thermisch geinduceerde conformationele overgangen kunnen ondergaan,
waardoor reversibel schakelen tussen licht-oogstende en licht-dovende staten
mogelijk is. LHCII heeft echter aanzienlijk minder flexibiliteit in natieve,
gestapelde thylakoide membranen, waardoor het de vraag is of spontane
overgangen plaatsvinden in vivo. De gedetecteerde dynamische sites in LHCII
bevinden zich in de nabijheid van de xantofyl-cyclus carotenoide en van luteine
2,, waarvan 1is voorgesteld dat ze betrokken zijn bij licht uitdoving in de
fotoprotectie toestand.

In hoofdstuk 2 wordt het effect van Zea accumulatie op thylakoid membraan
dynamica beschreven. Het effect van Zea uitwisseling op de interne moleculaire
dynamica van LHCII wordt verder onderzocht in Hoofdstuk 4 door
monomerisch Zea-houdend LHCII van npq2 te vergelijken met WT trimere
LHCII. Interessant is dat Zea uitwisseling op eiwitniveau leidt tot een algeheel
verminderde dynamiek van het eiwit en tot binding van veel lipiden. Bovendien
is waargenomen dat Zea-houdend npqg2 LHCII anders gevouwen is dan WT
LHCII in een lipide bilaag. Verschillende Ser residuen vouwen tot strengen en
de NMR spectra van npqg2 LHCII missen drie Ala signalen die worden
toegeschreven aan de Ala in de N-terminus, wat suggereert dat ofwel de
aanwezigheid van Zea danwel het effect van monomerisatie de vouwing van de
N terminus verandert. Deze resultaten suggereren dat conformationele
veranderingen van LHCII na het binden van Zea algehele stijfheid van
thylakoide membranen zoals beschreven in hoofdstuk 2 kunnen veroorzaken.

De op polarisatie-overdracht gebaseerde dynamische spectrale bewerkings-
NMR experimenten worden uitgebreid voor het screenen van fotosynthetische
cel-componenten in Hoofdstuk 5. We zijn erin geslaagd om de signalen van
lipide kopgroepen, CHz2- en CH-koolstofatomen van de lipide staarten, eiwit
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backbone en zijketens, en koolhydraten van celwand componenten te
onderscheiden. Opmerkelijke overeenkomsten worden waargenomen tussen de
lipide NMR-signalen in 13C spectra van thylakoide membranen van gehele Cr.
cellen. Dit suggereert dat de meerderheid van de cellulaire lipiden is opgenomen
in de thylakoide membranen en dat deze kunnen worden gedetecteerd tegen de
achtergrond van andere cellulaire componenten, wat ons in staat stelt om
thylakoide lipide-eigenschappen te analyseren in vivo. Inzichten in membraan
thermodynamica zijn verkregen door spectra op te nemen over een fysiologisch
temperatuurbereik. Kwantitatieve analyse van de moleculaire dynamica van
thylakoide componenten en van cellulaire bestanddelen is verkregen door
vergelijking van de experimenteel bepaalde NMR spectra met gesimuleerde
INEPT- en CP- NMR intensiteiten als functie van de orde parameter en van
rotationele correlatietijden.

Ten slotte wordt in Hoofdstuk 6 een algemene discussie over de resultaten
gepresenteerd in de context van bestaande literatuur, en worden perspectieven
voor toekomstig onderzoek gepresenteerd.
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