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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 reinhardtii   

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.  

 

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: 
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𝑐𝑎𝑟𝑏𝑜𝑛	𝑑𝑖𝑜𝑥𝑖𝑑𝑒 + 𝑤𝑎𝑡𝑒𝑟
/0123456
7⎯⎯⎯⎯9 	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).  

 

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-
b6f complex (Cyt b6f) 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 
(PQH2). The plastoquinol then diffuses into the thylakoid membrane. Via the 
plastoquinol, electrons are transferred to Cyt b6f 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 CO2 to carbohydrates 3. 
 

 
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 4-5. 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 Å 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 (Lhc1-4) 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 8-12, the outer antenna (LHCI) 
of Chlamydomonas reinhardtii (Cr.) shows a significant difference in the number 
of genes that encode for the LHC polypeptides 13-14. LHCI of Cr. is composed of 
nine Lhca proteins (Lhca1–9) with different spectroscopic properties, located on 
one side of the core in a double half ring arrangement 15. However the light 
harvesting complex of PSI in higher plants consists of 4 (Lhca1-4) 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 Å 17-19 and recently a high-resolution cryo-EM structure of a 
spinach PSII-LHCII supercomplex at 3.2 Å 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 21, 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.  

 

Figure 4. Top view of LHCII-PSII supercomplex resolved at 3.2 Å by cryo-electron 
microscopy 20. 
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Light harvesting complex II (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 Å 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 Å 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 
(Lhcb1 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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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 26-27. 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) 31 and photo 
inhibitory quenching (qI) 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 qI. qI, the slowest NPQ 
process, is 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 PSII 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 is 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. 

 
Figure 7. Schematic illustration of non-photochemical quenching in Chlamydomonas 
reinhardtii (Cr.) adapted from 25, 35 (Erikson 2015 and Malnoe 2018).  

1 
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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 48-58. 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 59-60. However, 
detecting the atomistic details of structure-function interaction in flexible 
environments remains a daunting task 61. 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 62-63. 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 (B0). 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 = 𝐻A + 𝐻BC + 𝐻D + 𝐻E +⋯ ,                        (1) 

where 𝐻A stands for the Zeeman interaction, 𝐻BC is the chemical shielding, 𝐻D	 
presents the dipolar coupling and 𝐻E describes the scalar coupling.  

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

          																																																						𝐻A = −𝛾ℏ𝐼. 𝐵A ,                                            (2) 

1 
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where 𝛾 is the gyromagnetic ratio and B0 the strength of external magnetic field. 
The Zeeman interaction  is in the order of 107-109 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 (Bloc) in order of few parts per million 
(ppm). Therefore, each nucleus experiences an effective magnetic field known as 
Beff =B0-Bloc, 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  

																																																															𝐻BC = −𝛾ℏℴ𝐼N𝐵A ,                                           (3) 

where Iz is the z-component of the spin operator, and σ 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 
3×3 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 

																																																								𝐻D = 	𝐻OPQP + 𝐻ORSRTP ,                                       (4) 

where Hhomo is 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  

                       𝐻5U6UVW = − XY
Z[
ℏ∑ ∑ ]^]_

V̀ a
b

c
de3 (3𝑐𝑜𝑠d𝜃3e − 1	)2𝐼l3𝑆l

e ,                      (5) 

														𝐻5WnW = − XY
Z[
ℏ∑ ∑ ]o

V̀ a
b
c
de3 (3𝑐𝑜𝑠d𝜃3e − 1	)(3𝐼l3𝐼l

e − 𝐼3. 𝐼e) ,                        (6) 

where 𝛾3 and 𝛾/ are the gyromagnetic ratio of spin I and S, 𝑟3e represents the 
internuclear distance between the nuclei i and j,  𝜃3e stands for the orientation of 
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the vector connecting two spins with respect to the external magnetic field and 𝐼l3  
and 𝑆l

e are the z components of the nuclear spin of I and S 70 .  

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  

																																															𝐻e = 2𝜋ℏ𝐽er s𝐼e→. 𝐼r→u ,                                                  (7)         

 
where Jjk is 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 𝜃n 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 3𝑐𝑜𝑠d𝜃 − 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, 

                               3𝑐𝑜𝑠d𝜃Q − 1 = 0	,	                                                            (8)          

where 𝜃Q = 54.74 is the angle with respect to the external magnetic field B0. 

 

The dynamic spectral-editing method  

As mentioned in previous sections, the NMR sensitivity depends on the 
gyromagnetic ratio (γ) 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 

1 
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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 γC which is 
¼ of γH 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 1H nuclei with high 
gyromagnetic ratio (γ) to low sensitivity 13C nuclei with low γ and the resulting 
13C spectrum is intensity enhanced, depending on the polarization-transfer 
efficiencies. The polarization transfer occurs via heteronuclear couplings 
between 13C and 1H 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 (T2) 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 90o 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. 

 

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 900 
pulse, radio frequency pulses B1I and B1S are applied to different frequency 
channels, for instance 1H 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. 
 
																																																													|𝜔c}| = |𝜔c/| ,                                                   (9) 
 
where  𝜔c} = −𝛾c}𝐵c}  and 𝜔c/ = −𝛾c/𝐵c/.  
 
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	𝛾c}/𝛾c/. Figure 9 presents the schematics of the Hartman-Hahn 
condition and the basic pulse sequence of the CP experiment.  
 
 

 

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 

1 



   16 Chapter 1 
 

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 
 
 
 
                                       𝛾c}𝐵c} − 𝛾c/𝐵c/�	 ± 𝑛𝜔V ,                                            (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 I is 
refocused by a spin echo or 1800 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 900 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.  
 

 

Figure 10. Pulse sequence of INEPT and refocused INEPT. 
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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 npq2 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.  

1 
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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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