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Chapter 1 

Introduction and 

Methodological background 
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A General Introduction 

1.1 Introduction 

Fossil fuels are currently one of the most widely used energy sources, but they will eventually 

become depleted in the future, leading to an energy crisis. Additionally, the use of fossil fuels 

is not an ideal solution due to their negative impacts on society and the environment, 

including global warming, air pollution, and political tensions, as they are not evenly 

distributed worldwide.1,2 

There are many renewable energy sources the planet has to offer to humankind, and among 

them, solar energy is the largest. The utilization of solar energy for power generation through 

methods such as photovoltaic cells is a prevalent practice. Despite this, the full potential of 

this energy source remains inadequately realized. The solution to this problem can be found 

by going back to nature, where the energy from the sun is utilized efficiently by a process 

called photosynthesis, a fundamental mechanism that supports and sustains most life on 

Earth. There has been growing research towards mimicking natural photosynthesis and using 

it in artificial photosynthesis to harness solar energy efficiently.1,3–5  

Photosynthesis is a complex, multi-step process that begins with the capture of light energy, 

followed by its transfer to the reaction center, where charge separation occurs.6,7 The 

harvesting of light is crucial as it is the first step in photosynthesis, and it is carried out by 

antennae in photosynthetic organisms.  A wide variety of light-harvesting antennae consisting 

of various pigments such as chlorophylls, bacteriochlorophylls, phycobilins, carotenoids, etc., 

are known to exist.8,9 The interaction of pigments with their environment dictates their 

properties. The dynamics occurring on the molecular and cellular level are related to their 

environment, which in turn governs their functionality.10,11 The chlorosomes of green sulfur 

bacteria are recognized as the largest light-harvesting antennae observed in nature. 

Chlorosomes are considered robust because of the presence of a dense assembly of self-

aggregated bacteriochlorophyll molecules and the arrangement of these pigments in a way 

that drives efficient exciton energy transfer upon photon absorption.8 The self-aggregation of 

pigments without encoding the proteins makes them a preferred candidate for mimicking 

artificial photosynthesis.12–18 



 
 

 1.2 Photosynthetic Bacteria 

Photosynthetic bacteria are broadly categorized into two groups based on the type of 

photosynthesis they perform: oxygenic and anoxygenic. In oxygenic photosynthesis, water 

serves as the electron donor, and molecular oxygen is released as a by-product. This mode of 

photosynthesis is carried out by plants as well as by cyanobacteria, which include several 

subclasses such as prochlorophytes. In contrast, anoxygenic photosynthesis employs 

alternative electron donors such as hydrogen sulfide or organic compounds. When hydrogen 

sulfide is utilized, the organisms are classified as green or purple sulfur bacteria, whereas the 

use of organic substrates as electron donors characterizes green and purple non-sulfur 

bacteria (Figure 1.1).19–21 I will concentrate on green bacteria and in particular green sulfur 

bacteria in this thesis.  

 

  

 

Figure 1.1 Classification of photosynthetic bacteria. 

1.3 Green Bacteria 

Green bacteria are a group of anoxygenic bacteria characterized by their unique light-

harvesting structures known as chlorosomes. These bacteria belong to three distinct phyla: 
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Chlorobi, Candidatus Chloroacidobacterium thermophilum, and filamentous anoxygenic 

phototrophs of the phylum Chloroflexi. All three have special antennae systems, chlorosomes, 

as the light-harvesting apparatus. Despite their diversity, green bacteria thus share the 

common feature of chlorosomes, which serve as specialized antennae systems for capturing 

light energy.22,23 Among these groups, Chlorobaculum tepidum, a species of green sulfur 

bacteria, is the most extensively studied and has emerged as a model organism for 

chlorosome research.24 Green sulfur bacteria are predominantly found in environments such 

as hot springs and the deep waters of the Black Sea, where light intensity is extremely 

limited. At these depths, the environment is also devoid of oxygen, making it an ideal habitat 

for these anoxygenic phototrophs.22,25–29In this thesis, I focus on studying the structure and 

dynamics of chlorosomes due to their exceptionally efficient energy transfer capabilities, 

which are crucial for the survival of green bacteria in such harsh environments. Without this 

high efficiency, these organisms would not be able to thrive under the challenging conditions 

of low light and oxygen scarcity.24  

1.4 The Introduction to Chlorosomes 

The chlorosomes of green bacteria contain tubular molecular aggregates of BChl and are 

located on the inner side of the lipid envelope, interspersed with proteins. On average, 

chlorosomes are 50-60 nm in diameter and 120-150 nm in length.24,30,31 Chlorosomes contain 

excitonically coupled pigments, and green bacteria contain either BChl c, d, or e pigments in 

them, along with a small amount of carotenoids and other pigments.32 Each cell of Cba. 

tepidum contains ca 200 chlorosomes, and each chlorosome can contain 250,000 

bacteriochlorophyll pigments, leading to ca 50 million bacteriochlorophylls per cell. In 

addition, they also contain minor amounts of carotenoids, quinones, and lipids. The lipid 

envelope consists of glycolipids, wax esters, and phospholipids along with a few proteins. On 

one side of the envelope, it is thought to have a para-crystalline two-dimensional baseplate 

made of CsmA-BChl a.33–36 This baseplate connects to the FMO antenna complex and the 

reaction centre 37,38 Green sulfur bacteria also use a photosynthetic reaction centre where 

charge separation takes place.39 

 

 



 
 

 

Figure 1.2 Photosynthetic apparatus of Cba. tepidum (schematic). Picture reproduced with 

permission from Springer Nature.36 

 

 Experimental and Methodological Insights into Solid-State NMR 

1.5 General Introduction to Solid-State NMR 

Solid-state NMR is a technique that is used in studying the structure and dynamics at an 

atomistic level of resolution. To understand this technique, it is necessary to dive into various 

interactions originating in NMR.  

The spin Hamiltonian, which describes various interactions in solid-state NMR is given by 

the equation 

H= H₀+HCS+HD+HJ+...                                                                                                           

(1) 

The external static field is given by 𝐁0 = 𝐵0𝐞𝑧                                           

(2) 
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When a sample is placed in an external static magnetic field B0 the spins associated with the 

sample interact with the magnetic field and this is termed as Zeeman interaction and is given 

by 

𝐻0 = −𝛍 ⋅ 𝐁0,                                                                                                      

(3) 

where μ is the nuclear magnetic moment. μ can be expressed in terms of the nuclear spin 

operator I as μ= γℏI. Equation 3 can be rewritten in units of ℏ as  

𝐻0  =  −𝛾𝐼𝑧𝐵0.             (4)

   

The Zeeman interaction is the dominant interaction in NMR since the strength of this 

interaction is in the order of 107-109 Hz. However, the Zeeman interaction does not give any 

spectral information.40 The field felt by the nucleus locally is not only due to the external 

magnetic field strength B0 but also the field strength that is created locally (Bloc) by 

circulating electrons in the electron cloud around the nucleus that shields the nucleus from the 

B0. The effective field felt by the nucleus is Beff =B0 - Bloc, and this results in a change in the 

resonance frequency of a nucleus. This interaction of spins with the local magnetic field is 

called the chemical shift interaction. The chemical shielding Hamiltonian on spin I is given 

by 

𝐻CS  =  −𝛾𝐈. 𝛔. 𝐁₀,                                            (5) 

where γ is the gyromagnetic ratio, and σ is the chemical shielding tensor whose value 

depends on the orientation of a molecule with respect to the magnetic field B0.  

The electronic distribution around a nucleus is not always spherically symmetric as it 

depends on the orientation of the molecule in the magnetic field B0. The chemical shielding 

tensor is represented by a 3×3 matrix, which describes the orientation dependence of the 

chemical shift or chemical shielding anisotropy (CSA). A detailed explanation of CSA can be 

found, e.g. in41. 

The ensemble of spins, whether consisting of I spins or S spins, can interact with nuclei of the 

same type or different types. However, these interactions are significantly weaker than 

Zeeman interactions by several orders of magnitude. These interactions can be intramolecular 

or intermolecular. The interactions between two spins can be either through space or through 

a covalent bond between the spins. The through-space interactions are most often dipolar 

couplings, and the dipolar coupling Hamiltonian is given by 

 𝐻D = 𝐻D
𝐼𝐼 + 𝐻D

𝐼𝑆                                                                                                                                   (6) 



 
 

where 𝐻D
𝐼𝐼  is coined to describe the coupling between the same type of spins and is often 

referred to as homonuclear dipolar couplings, while 𝐻D
𝐼𝑆 is used to describe the coupling 

between two different spin types or heteronuclear dipolar couplings. 

The Hamiltonians describing the homonuclear and heteronuclear dipolar couplings are given 

by 

𝐻D
𝐼𝐼  =  − 

𝜇0

4𝜋
 ℏ ∑ ∑  𝑗𝑖

𝛾𝐼𝛾𝐼

𝑟𝑖𝑗
3  

 
1

2
 (3cos2𝜃𝑖𝑗 − 1)(3𝐼𝑧

𝑖 − 𝐈𝑖 ⋅ 𝐈𝑗)                      (7) 

and 

𝐻D
𝐼𝑆  =  − 

𝜇0

4𝜋
 ℏ ∑ ∑

𝛾𝐼𝛾𝑆

𝑟𝑖𝑗
3𝑗𝑖   

1

2
 (3cos2𝜃𝑖𝑗 − 1)2𝐼𝑧

𝑖  𝑆𝑧
𝑗
                                     (8) 

 

where rij represents the internuclear distance between two interacting spins,  γI and γS are the 

gyromagnetic ratios of spins I and S, respectively, μ₀ is the permeability of vacuum, θij 

represents the angle between the internuclear vector r and the external magnetic field B0, and 

Iz
i and Sz

j are the z components of the nuclear spin angular momentum. 

Measurement of dipolar couplings gives direct evidence for specific distances between two 

nuclei, which in turn helps in structure elucidation unambiguously.42 

J-couplings offer direct insight into chemical bonding. Also referred to as scalar couplings, 

these field-independent interactions typically fall within the range of 1–10³ Hz.Two spins can 

have a measurable J coupling if they are separated by very few bonds. Unlike dipolar 

couplings, these interactions are exclusively intramolecular. Even though their interaction is a 

few orders of magnitude lower than that of the dipolar couplings, mobile sites can be probed 

by the measurement of scalar-based experiments in solids.43 

The Hamiltonian for scalar couplings is given by 

𝐻J =  2𝜋𝐽𝑗𝑘(𝐈𝑗 ⋅ 𝐈𝑘)                                            (9) 

Here, Jjk denotes the isotropic J-coupling.  
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1.6 Magic Angle Spinning NMR. 

 

 

Figure 1.3 schematics of spinning a sample at the magic angle of 54.7⁰ with respect to the 

static magnetic field B₀. 

 

Magic angle spinning is a widely used technique in solids to remove the anisotropic 

interactions that arise due to the orientational dependency of the molecules with respect to 

chemical shielding tensors, and often they are referred to as chemical shift anisotropy. 

Contrary to solids, liquids have a rapid tumbling motion of the molecules, which averages the 

orientational dependency and gives rise to sharp, well-resolved lines in the spectra. To 

overcome the powder pattern seen in the solid-state NMR spectra, there was a need to 

develop a technique, and this is referred to as Magic Angle Spinning (MAS).44,45  MAS is a 

technique that makes use of spinning a sample at the magic angle of 54.7⁰ with respect to the 

external field B₀, during which the anisotropic interactions, such as CSA and heteronuclear 

couplings, are scaled by the factor of 3cos2θ-1, become time-dependent, and can be averaged 

to zero at very high spinning frequencies.46 When the MAS rotation exceeds the strong 

dipolar couplings, homonuclear couplings are also attenuated or removed. In MAS, averaging 

is given by 

3cos2θm-1=0,                                               (10) 

where θm  = 54.7⁰ is the magic angle. 



 
 

MAS makes the inhomogenously broadened lines into narrower central lines with spinning 

side bands spaced at equal distances from the central band displaced by multiples of the 

spinning frequency used. 

1.7 Dynamic Spectral Editing (DYSE) Technique in Solid-State NMR 

 

 

Figure 1.4 Schematic representation of DP, CP and INEPT where the respective techniques 

are most effective. 

 

Dynamic spectral editing is a technique where polarization transfer methods are employed to 

probe rigid and dynamic parts of the system under study. The transfer takes place from the 

spins with a high gyromagnetic ratio (γ) such as 1H to the spins of a lower gyromagnetic ratio 

such as 13C to enhance the signal intensity. The polarization transfer can be either through 

space or through a bond and this transfer acts as a dynamic filter. Through space transfer 

probes dipolar couplings between nuclei and through bond transfer probes J-couplings 

between nuclei. Through space transfer is done via cross polarization (CP) and through bond 

transfer is done via ‘Insensitive Nuclei Enhanced Polarization Transfer’ (INEPT).47 It is 

interesting to know how these two act as dynamic filters. CP measures rigid molecular sites 

in a molecule. When there is large amplitude motion, the dipolar couplings are attenuated by 

averaging, making CP inefficient and as a result, the mobile sites are filtered out from the CP-

based spectra that selectively show the NMR response from immobile constituents. On the 

other hand, if the coherence lifetime (T2) is sufficiently long compared to the transfer time 

then INEPT becomes effective. This is not the case for rigid solids and hence INEPT acts as a 
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dynamic filter for selectively probing mobile constituents. Through bond transfer is also not 

affected by bond reorientation and as a result, they can be probed via INEPT type 

measurements. To combine the output of both filters, we used Direct Polarization (DP) which 

is not very sensitive to rigidity or flexibility within the molecule and provides insight into the 

NMR response irrespective of the dynamics. 43,48–51  

Direct Polarization 

This simple technique begins with the application of a 90⁰ pulse directly on the 13C and 

applying a decoupling pulse on the protons while detecting the carbons. This particular 

sequence is not commonly used due to the fact that the abundance of 13C in nature is quite 

low at just 1%. Therefore, labeling strategies need to be implemented to obtain accurate 

results. Even after the sample is fully labeled, the long T1 of 13C presents a challenge as the 

delay required to acquire the full signal must be sufficiently long. This results in a longer time 

needed to acquire the spectra compared to CP spectra. As a solution, CP or INEPT sequences 

are typically used for obtaining 13C spectra.  

 

 

 

Figure 1.5 Pulse sequence for Direct Polarization (DP)  

 

 

 

 

 

 

 

 

 



 
 

Cross Polarization 

 

 

Figure 1.6 Energy levels of 1H (abundant nuclei) and 13C (rare nuclei) spin in the laboratory 

frame (a) and in the rotating frame of reference (b). In b, the Hartmann Hahn matching 

condition is fulfilled. 

 

Cross polarization is a technique that is used to enhance the signal intensity of less abundant 

nuclei.52 This technique was introduced first by Hartmann and Hahn in 1962 for static 

conditions.53 The most common nuclear species that is used for transferring polarization is 1H 

due to its high natural abundance (99.9%) and high gyromagnetic ratio (γ), which are the two 

basic requirements for high sensitivity in NMR spectra. Even though the protons are 

extremely sensitive nuclei, 1H spectra are generally poorly resolved due to the dense proton 

network with strong homonuclear couplings and little dispersion of proton signals. Hence, 

13C  is frequently selected as the preferred nucleus due to its extensive spectral width of 200 

ppm. Since 13C has a lower gyromagnetic ratio i.e.,1/4 of γH), low abundance, and long spin-

lattice relaxation (T1), suitable labeling strategies and cross-polarization are required for 

obtaining good signal-to-noise.  
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Figure 1.7 represents the pulse sequence for cross polarization. 

 

In the CP method, an initial 90⁰ pulse establishes transverse magnetization in the rotating 

frame after which a contact pulse is applied on resonance with the 1H and it creates a 

transverse field 𝐵1,1𝐻
 that is static in the rotating frame and is called a spin lock field. 

Simultaneously, a contact pulse on 13C is applied, which gives rise to a spin lock field 𝐵1,13𝐶
. 

For the polarization transfer to occur the nutation frequencies of both the nuclei must be 

identical and match the Hartmann Hann matching condition according to41 

𝛾1𝐻
𝐵1,1𝐻

 =  𝛾13𝐶
𝐵1,13𝐶

 .                               

(11) 

The signal obtained after polarization transfer is enhanced by decoupling protons from 

carbon.  

The Hartmann-Hahn match condition is modified when it is being used under MAS, and it is 

given by  

𝛾1𝐻
𝐵1,1𝐻

 - 𝛾13𝐶
𝐵1,13𝐶  = ±nωr                             

(12) 

where n is an integer.41,54 

Insensitive Nuclei Enhanced by Polarization Transfer (INEPT) 

INEPT is a technique that is being employed to enhance the magnetization of the nuclear 

isotopes with a low gyromagnetic ratio.55 Unlike CP, the INEPT sequence works by 

transferring magnetization through a bond and not through space. Through bond transfer is 

usually seen in solution NMR, whereas J coupling has minor contributions to the spin 

Hamiltonian of solids. Yet this technique has been proven to be powerful for transferring 

polarization where there are significant dynamics in the biological solids and the dipolar 

couplings get averaged to zero. 



 
 

 

 

Figure 1.8 represents the pulse sequence for INEPT. 

 

During A, an antiphase state is generated for the I spin, i.e. 1H. During B, the antiphase state 

is transferred to S, i.e. 13C. During C, the antiphase state evolves back to an in-phase state that 

is observed on the S channel. The pulse sequence begins with a 90⁰ pulse on the spin I to 

create transverse magnetization. A spin echo is applied to both spins to refocus the chemical 

shifts while the coupling continues to evolve for the whole period of 2τ1
. During B, the two 

90⁰ pulses on both channels transfer the antiphase state from the I spin to the S spin. During 

C, again we apply a spin echo during which the couplings continue to evolve, and the 

antiphase state is converted to an in-phase state. The detailed explanation of the INEPT 

transfer steps can be found in42,47,56. The optimum values for both delays are τ1,2 = 1/4JIS. 

1.8 Advanced Solid-State NMR techniques used in this present study. 

The broadband homonuclear recoupling techniques used in this study are PDSD, RFDR, 

CHHC and INEPT-TOBSY, while hCH, scalar hCH, and REDOR have been employed as 

heteronuclear recoupling techniques.  

Homonuclear dipolar correlation experiments used in this study: 

Proton Driven Spin Diffusion (PDSD)  

PDSD is one of the oldest recoupling techniques. It is being employed to study the transfer of 

magnetization from 13C-13C directly through space, and is mediated by interaction with the 

protons.57,58 
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Figure 1.9 represents the pulse sequence for proton driven spin diffusion. 

 

There are four steps in the pulse sequence, namely preparation, evolution, mixing and 

detection. CPMAS is used during the preparation step to enhance the 13C magnetization, 

which results in a spin-locked 13C magnetization in the xy plane. During evolution, the dilute 

13C spins are subjected to a Zeeman interaction under the influence of a 13C chemical shift 

Hamiltonian and under strong proton decoupling. The 90⁰ pulse after the evolution time maps 

the chemical shift information on 13C magnetization in the z direction. During the mixing 

period, 13C spins communicate with each other. There is an exchange of polarization, and 

protons aid in this mixing process. The last step is a detection step where a 90⁰ pulse at the 

end of the mixing period is used to reestablish observable 13C magnetization. This technique 

does not use any radiofrequency field during mixing, which makes it a preferred choice of 

experiment for biological assemblies or proteins. It is also a versatile experiment if the 

sample is fully labeled and there is dipolar truncation, this experiment works best.59,60 

Radio Frequency Driven Recoupling (RFDR) 

This is a homonuclear dipolar recoupling experiment that was used in the present study to 

assign the 13C chemical shifts.  

 



 
 

 

Figure 1.10 represents a pulse sequence for RFDR. The rotor period is denoted by a symbol 

τr, and n represents the train of rotor synchronized π pulses. 

 

The pulse sequence for RFDR begins with the application of a 90⁰ pulse on the 1H, followed 

by polarization transfer to the 13C through cross polarization. After the CP step, a train of 

rotor-synchronised π pulses are applied on the carbon channel while simultaneously 

decoupling the protons. This reintroduces the homonuclear 13C dipolar couplings that are 

averaged due to MAS.61 

CHHC/CP3 Experiment 

 

 

Figure 1.11 represents the pulse sequence for CHHC. 
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The CHHC pulse sequence is used to probe the distance constraints in the present study. The 

pulse sequence begins with the first CP, where the proton magnetization is transferred to the 

carbons, followed by decoupling of the protons and evolution of 13C chemical shifts during t1. 

During the second CP, the 13C magnetization is transferred back to the protons and the proton 

magnetization is stored along the magnetic field B₀ by the application of a 90⁰ pulse. During 

the tm period, the proton magnetization is distributed by proton spin diffusion. Short mixing 

times of 0.1 to 1 ms time range should be used during the mixing period. Then, a second 90⁰ 

pulse is applied to rotate the proton magnetization back to the XY plane, followed by a final 

CP for high-resolution 13C detection.62  This method is employed for probing the proton 

distance constraints by making use of a dense proton network for the spin diffusion. This 

enables the detection of the polarization transfer properties of 1H spins with rare spin 

evolution and detection periods in solid-state NMR.62–64 

INEPT-TOBSY (TOtal through Bond correlation SpectroscopY) 

 

 

Figure 1.12 represents the pulse sequence for INEPT-TOBSY. 

 

Total through bond correlation spectroscopy is used to exploit the J-coupling interactions of 

the spin system. INEPT is used as a prefix because it is used for enhancing the magnetization 

during the preparation step, instead of CP, which is commonly used. During TOBSY, the 

homo and heteronuclear dipolar interactions as well as the chemical shifts, must be 

suppressed during the mixing period so that the dominant interaction in the Hamiltonian is 

the isotropic J coupling. To suppress these interactions use of fast spinning and the 

application of rotor synchronized π pulses can be used at high spinning speeds, and at low 

spinning speeds, efficient proton decoupling methods like Lee-Goldberg are mostly used.65,66 

Heteronuclear correlation experiments used in this present study: 



 
 

The Dipolar hCH/ CP-HSQC technique was used to assign the protons. This is a proton-

detected experiment. The advantage of proton detection lies in its high natural abundance and 

high gyromagnetic ratio. However, the same condition poses a problem due to the dense 

proton network and strong homonuclear dipolar couplings. Thanks to the high field and small 

rotors, the resolution and sensitivity are significantly improved.67–70 

 

 

Figure 1.13 represents the pulse sequence for dipolar-hCH. 

 

Here, the pulse sequence begins with the cross polarization from proton to carbons during the 

first CP after which the evolution of 13C chemical shifts takes place and the simultaneous 

decoupling of protons. A 90⁰ pulse on the carbon channel projects the 13C magnetization onto 

the z axis followed by a certain delay for dephasing any remaining transverse 1H 

magnetization. The grey box indicates a water suppression block to remove any residual 

water signal. The final CP block transfers the magnetization back to protons where it is being 

detected.68,71 

 INEPT-hCH uses an INEPT block for magnetization transfer and it is used to assign mobile 

residues. The pulse sequence follows the above sequence, where the CP blocks are replaced 

by INEPT. 

Rotational Echo DOuble Resonance (REDOR) 

To study the C-H dipolar coupling strength, the distances between C-H were determined by 

using 13C{1H} REDOR.72–78 REDOR works by reintroducing the dipolar couplings that are 

averaged due to MAS by application of π pulses every half a rotor period and dipolar 

dephasing is observed which attenuates the signal intensity of the observed signal.79 The 

datasets are collected by two consecutive experiments with and without π pulses which gives 

S and S0 data sets from dipolar dephasing and natural dephasing respectively, S0 accounts for 
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the dephasing due to relaxation. The intensity difference between these two allows us to 

extract the dipolar coupling strength by comparing it with computer simulations.49,50  

 

 

Figure 1.14 represents the pulse sequence for REDOR. The rotor period is denoted by a 

symbol τr , and N represents the number of times the π pulses are repeated. 

Objectives and Scope of the Thesis 

The overarching aim of this thesis is to deepen the understanding of the molecular 

mechanisms underlying light harvesting in green sulfur bacteria. Specifically, the work 

focuses on elucidating the structural organization and conformational dynamics of 

chlorosome antenna complexes, which represent the largest and most efficient light-

harvesting systems found in nature. Solid-state NMR spectroscopy is employed as the 

primary characterization technique over the last decade, particularly those inaccessible to 

solution-state NMR or X-ray crystallography providing atomistic insights into both the static 

arrangement and the dynamic flexibility of bacteriochlorophyll aggregates within 

chlorosomes.80–85  

The scope of the thesis extends beyond structural description to include a comparative 

investigation of chlorosomes from wild-type Chlorobaculum tepidum and genetically 

modified strains such as bchQ and bchR. This allows for an assessment of how pigment 

composition and side-chain modifications influence the architecture, dynamics, and 

functionality of the antenna system. Complementary approaches, including cryo-electron 

microscopy and optical spectroscopy, are also incorporated to provide a multidimensional 

perspective that integrates molecular, supramolecular, and functional levels of organization. 

Together, these studies aim to establish a comprehensive framework for linking structural and 



 
 

dynamic features of chlorosomes to their exceptional efficiency in capturing and transferring 

solar energy, thereby offering insights of relevance not only to biology but also to the design 

of bio-inspired light-harvesting systems.Additionally, the use of dynamic spectral editing 

techniques has also paved the way for studying the site-specific dynamics of BChl 

pigments.43,50,86–89 

Chapter 2 provides an understanding of the structure of the bchQ mutant of Cba. tepidum 

and its comparison to WT using distance constraints obtained from solid-state NMR in 

combination with cryo-EM and optical spectroscopy. In addition to the structure, it also gives 

a preliminary understanding of dynamics in comparison to the WT. 

Chapter 3 explains the conformational dynamics of the bchQ mutant of Cba. tepidum in 

detail by making use of solid-state NMR techniques. To address the site-specific dynamics of 

chlorosomes, we utilized the MAS NMR 1H-13C polarization transfer dynamic spectral 

editing (DYSE) approach. To explore the rotational motion of BChl c within the stack, we 

employ a direct measurement of the dipolar coupling between a C-H pair located at a meso-

position of the macrocycle using Rotational Echo Double Resonance (REDOR). The 5C-H 

meso-position is selected because it is clearly distinguished from other carbon positions, 

making it well-suited for REDOR measurements. By using REDOR, which provides direct 

access to the strength of dipolar coupling, we can investigate this coupling and compare our 

results to the expected values under conditions of complete rigidity. 

Chapter 4 reveals the dynamics of chlorosomes of WT of Cba. tepidum using DYSE, PDSD 

and relaxation measurements. It also shows the plastic crystallinity of chlorosomes of WT 

using REDOR to address the macrocycle dynamics. A similar approach to that of Chapter 3 is 

employed to study the site-specific dynamics and librational motion. 

Chapter 5  presents preliminary data on the chlorosomes from the bchR mutant, which 

exhibits variations in the methylation patterns of the 121 BChl side chain. To examine 

structural and dynamic changes, I utilized magic angle spinning nuclear magnetic resonance 

(MAS NMR). 

Chapter 6 demonstrates how solid-state NMR can be used to resolve the microscopic 

organization of chlorosomes in Cba. tepidum within their native cellular environment.It also 

explains the dynamics of chlorosomes inside a native cell using DYSE techniques. 

Finally, a general discussion and prospectives related to chlorosomes of Cba. tepidum are 

provided in Chapter 7 
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