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“Certainly, no subject or field is making more progress on so 

many fronts at the present moment than biology, and if we 

were to name the most powerful assumption of all, which 

leads one on and on in an attempt to understand life, it is that 

all things are made of atoms and that everything that living 

things do can be understood in terms of the jigglings and 

wigglings of atoms.” 

 

Richard P. Feynmann, from “Six easy pieces” (1963) 
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CHAPTER 1:  

INTRODUCTION 

1.1. Background and Motivation 

Photosynthetic organisms, including cyanobacteria, have evolved complex 

mechanisms to capture solar energy and convert it into chemical energy with 

remarkable efficiency. However, under high-light conditions, the excess absorp-

tion of light can damage the photosynthetic apparatus [1–3]. To prevent such 

damage, organisms have developed photoprotective mechanisms such as non-

photochemical quenching (NPQ) [4, 5], which safely dissipates excess excitation 

energy as heat [6]. 

In cyanobacteria, the Orange Carotenoid Protein (OCP) is a central regulator 

of NPQ [5]. Acting both as a light sensor and energy quencher [7, 8], OCP under-

goes substantial light-induced conformational changes, enabling it to switch 

between dark-adapted (OCPO) and active states (OCPR) [9] and thereby modulate 

energy dissipation [10]. Understanding this dynamic transformation is crucial for 

revealing how cyanobacteria respond to fluctuating environmental conditions and 

how protein flexibility underlies biological function. 

This dissertation focuses on understanding the structural and dynamical aspects 

of OCP activation, and how such processes contribute to photoprotection. Addi-

tionally, to explore more general principles of pigment–protein interactions and 

energy transfer, we investigate the Water-Soluble Chlorophyll-binding Protein 

(WSCP) as a simplified model system [11]. Together, these systems offer insight 

into how proteins regulate light absorption and dissipation at the molecular level. 

 

 

1.2. Photosynthesis 

Photosynthesis is the fundamental process by which solar energy is captured and 

converted into chemical energy by photoautotrophic organisms see Fig. 1.1 A 

and B (i.e., they use light as an energy source and carbon dioxide as a carbon 

source to produce organic matter through photosynthesis), including plants, algae, 

and various bacteria [12]. It is the basis of nearly all life on Earth, providing the 

organic matter and oxygen required by heterotrophic organisms [12] (i.e., orga-

nisms that rely on consuming organic compounds produced by other organisms 

for energy and carbon). At its core, photosynthesis transforms carbon dioxide 

(CO₂) and water (H₂O) into carbohydrates and molecular oxygen (O₂), using light 

energy absorbed by pigments such as chlorophyll [12]. The overall simplified 

equation for oxygenic photosynthesis is: 
 

 6CO2 + 6H2O + light energy → C6H12O6+ 6O2 . (1.1) 
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Figure 1.1: Overview of photosynthesis and the light reactions in plants. (A) Schematic 

representation of photosynthesis in a plant system. Light energy from the sun drives 

carbon fixation and oxygen production in the leaves, where chloroplasts perform energy 

conversion. This illustration emphasizes the role of chloroplasts in integrating light and 

carbon inputs. Müh, Frank, and Thomas Renger. “Structure-based calculation of pigment–

protein and excitonic pigment–pigment coupling in photosynthetic light-harvesting 

complexes.” Reproduced from: The biophysics of photosynthesis (2014): 3–44 [19]. 

(B) Diagram of the light-dependent reactions within the thylakoid membrane of chloro-

plasts. It shows the electron transport chain involving PSII, cytochrome b6f complex, PSI, 

and ATP synthase. Light energy drives the movement of electrons and protons, resulting 

in the synthesis of ATP and NADPH used for carbon fixation in the Calvin cycle[14]. 

Reproduced from: Blankenship, Robert E. Molecular mechanisms of photosynthesis. 

John Wiley & Sons, 2021 [20]. 
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This process occurs primarily in specialized organelles called chloroplasts in 

plants and algae, and in thylakoid membranes of cyanobacteria [13]. Photo-

synthesis can be divided into two major stages: the light-dependent reactions and 

the light-independent reactions (also known as the Calvin cycle) [14, 15] Fig. 1.1A. 

The light-dependent reactions take place in the thylakoid membranes, where 

light energy is absorbed by photosynthetic pigments, primarily chlorophyll a 

(Chl a) [15]. The absorbed energy excites electrons, which are transferred through 

a chain of protein complexes and electron carriers known as the photosynthetic 

electron transport chain (Fig. 1.1B) [16]. This electron flow involves two main 

photosystems: Photosystem II (PSII) and Photosystem I (PSI) [16]. In PSII, light 

energy splits water molecules (photolysis) [16, 17], producing electrons, protons, 

and molecular oxygen as a byproduct [17]. The electrons pass through the 

cytochrome b6f complex and eventually reach PSI, where they are re-energized 

by another photon [17]. These high-energy electrons are then used to reduce 

NADP⁺ to NADPH, a key reducing agent [17]. Simultaneously, the movement of 

electrons drives the pumping of protons across the thylakoid membrane, creating 

a proton gradient that powers ATP synthesis via ATP synthase [17]. Thus, the 

products of the light-dependent reactions are ATP and NADPH, which store 

energy and reducing power [18], respectively, for use in the next stage. 

The Calvin cycle occurs in the stroma of the chloroplast [21] Fig. 1.1A, and 

uses the ATP and NADPH produced during the light-dependent reactions to fix 

atmospheric carbon dioxide into organic molecules [21]. The key enzyme 

RuBisCO catalyzes the fixation of CO₂ into ribulose-1,5-bisphosphate (RuBP), 

forming 3-phosphoglycerate [21]. Through a series of enzymatic steps, these 

intermediates are converted into glyceraldehyde-3-phosphate (G3P), which can 

be used to build glucose and other carbohydrates [21]. The Calvin cycle does not 

require light directly but is dependent on the products of the light-dependent 

reactions [21]. Consequently, it is indirectly regulated by light and environmental 

conditions [22]. 

Central to the photosynthetic process is the absorption of light by pigments. 

Chlorophylls absorb primarily blue and red wavelengths of light and reflect green, 

giving plants their characteristic color [23]. Accessory pigments such as phyco-

bilins (in cyanobacteria) broaden the absorption spectrum, allowing organisms to 

harvest more light across different environments [24]. These pigments are orga-

nized within light-harvesting complexes, which transfer energy to the reaction 

centers of the photosystems with remarkable efficiency [24]. 

 

1.2.1. Light Harvesting and Energy Transfer 

The first step of photosynthesis involves the capture of sunlight and its conversion 

into electronic excitation energy, which must then be transferred with high 

efficiency to the photosynthetic reaction centers [25]. This process is mediated 

by light-harvesting complexes (supramolecular assemblies of pigments bound to 

proteins) Fig. 1.2A, B and C which collect photons over a wide range of 
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wavelengths and funnel the excitation energy toward the photosystems where 

photochemical reactions occur. 

The organization of pigments within the protein scaffold is critical for 

ensuring fast and directional energy transfer. Energy migration occurs primarily 

through Förster resonance energy transfer (FRET) mechanisms, which rely on the 

spectral overlap between donor and acceptor pigments and on their spatial 

orientation (Fig. 1.2ARight). The protein matrix not only positions the pigments 

but also modulates their photophysical properties through interactions such as 

hydrogen bonding, electrostatic effects, and conformational constraints. 

 

Figure 1.2: Structural and Functional Insights into the Light-Harvesting Complex II 

(LHC II). (A) Left: Crystal structure of the LHC II monomer (PDB: 1RWT), with Chl a 

(orange), Chlorophyll b, Chl b (green), and carotenoids (purple). Right: Simplified 

energy diagram showing photon absorption and excitation energy transfer (EET) between 

two pigments, highlighting vibrational coupling. (B) Solution structure of trimeric LHC 

II in n-Octyl-β-D-glucopyranoside, reconstructed from SAXS data. (C) SANS-derived 

solution structure of a nonameric LHC II in β-D-maltoside. Depicted from Golub, M., 

Rusevich, L., Irrgang, K. D., & Pieper, J. (2018). The Journal of Physical Chemistry B, 

122(28), 7111–7121.[26]. 

 

To better understand how protein environments shape these processes, re-

searchers often turn to model pigment–protein systems that allow detailed experi-

mental interrogation under controlled conditions. One such system is the WSCP 

Fig. 1.3. Although WSCPs are not directly involved in photosynthesis in vivo, 

they offer a tractable and well-defined platform for studying chlorophyll binding 

and energy transfer [11]. WSCPs form stable complexes with chlorophyll mole-

cules, organizing them in specific geometries that mimic key features of natural 

light-harvesting systems [11]. 
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Figure 1.3: X-ray structures of the WSCP tetramer according to (PDB: 2DRE) [27], The 

chlorophyll molecules are represented as lime balls and sticks. Figure 1.3 is created by 

UCSF ChimeraX [28]. 

 

In WSCP, the chlorophylls are coordinated within a protein tetramer in a solvent-

protected environment, which isolates the pigments from external variables and 

enables precise spectroscopic analysis [29]. Consequently, WSCP serves as a valu-

able model for studying how subtle variations in pigment positioning or protein 

matrix dynamics affect key photophysical properties, including absorption spectra, 

fluorescence lifetimes, and excited-state relaxation pathways. These insights help 

elucidate general principles of light harvesting and energy transfer in photo-

synthetic systems. 

Within this dissertation, WSCP is utilized as a minimal, yet functionally rele-

vant, pigment-protein complex to experimentally probe how structural environ-

ments modulate chlorophyll behavior. The goal is to understand how the sur-

rounding protein matrix tunes the photophysical properties of bound pigments, 

with implications for photosynthetic function and bio-inspired light-harvesting 

designs. 

 

 

1.3. Photosynthesis in Cyanobacteria 

Cyanobacteria are a diverse and ecologically significant group of photo-

autotrophic prokaryotes [30]. They are among the earliest known organisms to 

have performed oxygenic photosynthesis, dating back more than 2.5 billion years 

[31, 32]. Through their metabolic activity, cyanobacteria played a critical role in 

shaping Earth’s atmosphere by releasing oxygen as a byproduct of photosynthesis, 

a transformation known as the Great Oxygenation Event (GOE) [33, 34]. Today, 

they continue to contribute significantly to global primary production and carbon 

fixation in aquatic and terrestrial ecosystems [35]. 
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Structurally, cyanobacteria lack membrane-bound organelles, yet they possess 

an internal thylakoid membrane system where the photosynthetic machinery is 

embedded [36]. This includes PSII, PSI, the cytochrome b6f complex, and ATP 

synthase, all functioning similarly to their counterparts in higher plants and algae. 

However, cyanobacteria differ in their light-harvesting strategy: rather than 

chlorophyll-based antenna complexes, they use specialized protein–pigment 

assemblies known as phycobilisomes (PBS) Fig. 1.4 [37]. Phycobilisomes are 

large, water-soluble antenna complexes attached to the outer surface of the thyla-

koid membranes [37]. This configuration allows cyanobacteria to absorb wave-

lengths of light that chlorophyll cannot, granting them a competitive advantage 

in low-light or spectrally shifted environments, such as in deeper water layers or 

under canopy shade [38]. 

The phycobilisome is composed of various phycobiliproteins (such as phyco-

cyanin (PC), allophycocyanin (APC), and phycoerythrin), which contain linear 

tetrapyrrole chromophores (bilins) [37] Fig. 1.4. The excitation energy captured 

by these pigments is transferred down an energy gradient through the phycobili-

some’s rod-core structure and ultimately delivered to PSII [39]. 

 

 
Figure 1.4: Structural model of a complete cyanobacterial phycobilisome. The figure 

shows the organization of a full phycobilisome, visualized using the atomic coordinates 

from PDB ID 7EXT [40].The structure includes the core complex and multiple radiating 

rods composed of phycobiliproteins such as PC and APC. Phycobilisomes are the major 

light-harvesting antenna complexes in cyanobacteria, capturing solar energy and trans-

ferring it efficiently to the photosystems embedded in the thylakoid membrane. 



 

16 

Cyanobacteria are remarkably adaptable and can inhabit a wide range of eco-

logical niches (i.e., specific environmental roles defined by their interactions with 

abiotic factors like light, temperature, and nutrients, and biotic factors like com-

petition and symbiosis) from freshwater lakes and oceans to deserts, hot springs, 

and polar environments [41]. This adaptability is partly due to their ability to 

regulate photosynthetic activity and respond to environmental stress, including 

changes in light intensity, nutrient availability, and temperature [41]. One key 

feature of this regulation is the dynamic control of light harvesting and energy 

dissipation, especially under fluctuating light conditions that risk overexciting the 

photosynthetic apparatus [41]. 

A major photoprotective mechanism in cyanobacteria is NPQ, a process that 

safely dissipates excess absorbed light energy as heat [4, 5]. Central to this 

mechanism is the OCP, a photoresponsive protein that senses high-light stress and 

interacts with the phycobilisome to reduce energy transfer to the photosystems [5]. 

The structure, activation mechanism, and regulatory role of OCP are explored in 

detail in the following section. 

Through their evolutionary innovations in light harvesting and photoprotec-

tion, cyanobacteria not only offer insights into fundamental biological processes 

but also serve as model organisms for the study of bioenergetics, protein dyna-

mics, and environmental adaptation. They are increasingly leveraged in bio-

technology and synthetic biology for applications such as biofuel production [42], 

carbon capture [43], and biosynthesis of valuable compounds. 

 

1.3.1. Photoprotection in Cyanobacteria: The Role of OCP 

While light is essential for photosynthesis, excessive light exposure, particularly 

under high irradiance conditions, can lead to photodamage [1, 2]. Excess energy 

absorbed by the photosystems can generate reactive oxygen species (ROS) [44], 

which can damage cellular components such as lipids, proteins, and DNA [3]. 

Cyanobacteria have developed sophisticated photoprotective mechanisms to 

mitigate this risk, including NPQ, where excess light energy is safely dissipated 

as heat [5, 45]. OCP is a key player in the NPQ mechanism of cyanobacteria. It 

is a ~35 kDa water-soluble protein composed of two well-defined domains (an 

N-terminal domain (NTD) and a C-terminal domain (CTD)) and binds a single 

carotenoid pigment, which is essential for its photoprotective function [2, 46, 47]. 

OCP functions as a dual sensor and regulator of high-light stress by undergoing 

light-induced conformational changes that activate its quenching ability [7]. In its 

resting state, OCP exists as a compact, OCPO state [9] see Fig. 1.5A,B where the 

carotenoid pigment is buried within the protein structure. Upon exposure to 

intense blue-green light, OCP absorbs photons and transitions to OCPR state [9, 

10] see Fig. 1.5C. This photoactivation process involves a dramatic structural re-

arrangement, where the carotenoid pigment shifts and becomes partially exposed 

from the protein core, revealing previously shielded regions [47, 48]. This con-

formational transition is not merely a superficial shift; it involves a disruption of 

the hydrogen bond between the carotenoid and specific amino acids, notably 
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Tryptophan 288 (Trp-288)/(W-288) and subsequently triggers large-scale rear-

rangements of the N-terminal and C-terminal domains, see below for more details 

[49, 50]. These changes expose the carotenoid, allowing it to interact with phyco-

bilisomes and dissipate excess energy. 

 

Figure 1.5: (A) The structure of OCPO (PDB: 3MG1) [51], hECN is colored orange. The 

N-terminal extension (NTE) is colored blue. (B) Detailed view of H-bounds between 

pigment and residues Tyrosine 201(TYR201) and TRP288. (C) Structural model of the 

OCPR extracted from the PBScore – OCPR complex (PDB ID: 7SC9) [52]. The structure 

was visualized and processed using ChimeraX [28]. The PBS components were removed 

to isolate the OCPR conformation. This model represents the active, red state of OCP, 

which plays a key role in photoprotection by interacting with the PBS to dissipate excess 

excitation energy. 
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This conformational change enables OCPR to interact with the phycobilisome [51] 

see Fig. 1.6, the major light-harvesting antenna complex in cyanobacteria. The 

interaction between OCPR and the phycobilisome leads to a reduction in the 

fluorescence emission from the phycobilisome, effectively dissipating the excess 

absorbed light energy as heat. This mechanism is crucial for protecting the photo-

synthetic apparatus under fluctuating light conditions, ensuring that energy flow 

is regulated in response to environmental changes. The activation of OCP is 

reversible; once the high-light stress subsides, OCP returns to its inactive state, 

restoring the energy transfer efficiency of the phycobilisome. 

Figure 1.6: (A) Front and (B) side views of the high-resolution structure of the OCPR–PBS 

core complex, based on PDB entry 7SC9 [52]. 

 

In many cyanobacterial species, the back conversion of OCPR to OCPO is facili-

tated by the Fluorescence Recovery Protein (FRP) [53] (Fig. 1.7). FRP binds 

specifically to OCPR and accelerates its thermal relaxation [46], allowing the 

organism to quickly restore its light-harvesting capacity once high-light stress is 

reduced. This interaction is essential for the rapid recovery of photosynthetic effi-

ciency and illustrates the dynamic regulation of photoprotection in cyanobacteria. 

Figure 1.7: Crystal structure of FRP homo dimer with two chains colored in different 

shades of green (PDB: 4JDX) [54]. 
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Structurally, FRP is a small, predominantly α-helical protein with a molecular 

weight of approximately 14–15 kDa per monomer [54]. It typically forms a dimer 

in solution, and its functional activity is closely tied to this dimeric state [54]. 

FRP lacks any prosthetic groups or chromophores and exerts its effect solely 

through protein-protein interactions. Its mechanism of action involves binding to 

the CTD of OCPR, inducing conformational changes that promote the re-asso-

ciation of OCP’s N- and C-terminal domains, effectively restoring the compact, 

dark-adapted OCPO conformation [46]. FRP is evolutionarily conserved among 

many cyanobacterial species [54], underscoring its fundamental role in the fine-

tuned regulatory system that balances efficient light harvesting with photoprotec-

tion. The OCP-FRP system exemplifies how cyanobacteria respond dynamically 

to fluctuating. 

 

1.3.2. OCP Photoactivation Cycle 

The photoactivation of the OCP is a multi-step process involving a cascade of 

conformational and electronic changes that occur on a broad timescale, from 

femtoseconds to seconds [44] Fig. 1.8A and Table 1.1. This dynamic sequence 

transforms OCPO into OCPR, enabling interaction with the phycobilisome and 

triggering photoprotection in cyanobacteria Fig. 1.8B. 

 

1. Initial Excitation and Ultrafast Decay (fs–ps): Upon absorption of a blue-

green photon, the carotenoid pigment (typically 3'-hydroxyechinenone, hECN) is 

promoted to the optically allowed excited S₂ state. This excited state decays 

within sub-picoseconds, leading to the population of three intermediate excited 

states (S₁ (lowest singlet excited state), ICT (Intramolecular Charge Transfer 

state), S* (an additional excited state associated with conformational distortion)) 

see Fig. 1.8A. The S* state is particularly significant. It is hypothesized that within 

this state, the carotenoid undergoes structural distortion, specifically elongation 

of hydrogen bonds in the CTD. This distorted S* conformation is believed to be 

the precursor of the first photoproduct, P1. 

 

2. Formation of Photoproduct P1 (10s of ps): The P1 state appears within tens 

of picoseconds and is characterized by an absorption maximum at 563 nm. In this 

state, it is thought that the carotenoid partially recovers a planar structure, leading 

to the disruption of key hydrogen bonds in the CTD. This bond breakage repre-

sents the earliest structural signature of protein activation. 

 

3. Transition to P2 and β1-Ring Repositioning (≤50 ns): Within ~50 nano-

seconds, approximately half of the molecules in the P1 state proceed to form P2, a 

second intermediate with an absorption maximum at 556 nm. P2 is distinguished 

by a repositioning of the β1-ring of the carotenoid in the CTD. This movement 

places the ring too far from the conserved residues Tyrosine 201(TYR201)/(Y201) 

and W288 to maintain hydrogen bonding, further destabilizing the compact OCPO 

conformation. 
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4. Reorientation of α-Helices and P2
′ Formation (0.5–1 μs): The transition 

from P2 to P2
′ involves reorganization of α-helical elements in the NTD. This 

helical rearrangement, occurring over 0.5–1 microsecond, is thought to prepare 

the protein scaffold for full carotenoid translocation. P2
′ marks a critical structural 

transition between localized pigment shifts and global protein reconfiguration. 

 

5. Full Carotenoid Migration and P3 Formation (~10 μs): The next step is the 

formation of P3, which occurs within ~10 microseconds. This state has a spectrum 

resembling the fully active OCPR state and is thought to involve the complete 

migration of the carotenoid across the NTD. Importantly, P3 formation coincides 

with the dissociation of the N-terminal extension (NTE) from the CTD, a key 

structural hallmark of OCP activation. 

 

6. Formation of the Final OCPR State (ms–s): Although P3 structurally resemb-

les OCPR, studies such as those by Konold et al [55] have shown that the fully 

functional OCPR state forms on a much slower timescale, ranging from milli-

seconds to seconds. This final stage likely involves additional large-scale struc-

tural changes that enable stable interaction with the phycobilisome. 

Two additional intermediates, PM and PX, have been proposed to exist during 

this final phase. These intermediates, forming over tens to hundreds of milli-

seconds, are suggested to be linked to further dissociation of both the NTE and 

the C-terminal tail (CTT) from the protein core [44]. 

Understanding this activation process requires studying both the structure and 

the dynamics of OCP. While the structural snapshots of OCP in its orange and red 

states provide critical information about the static states of the protein, it is the 

dynamics between these states (the transitions, flexibility, and intermediate con-

formations) that reveal how photoprotection is controlled in real time. Proteins 

like OCP are not rigid entities; their function depends heavily on their ability to 

undergo controlled motions that facilitate activation and deactivation. 
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Figure 1.8: Model of photocycle OCP transitions on the ms time scale in absence (A) and 

(B) presence of FRP and PBS. The numbers indicate the lifetime of the intermediate states. 

(B) Upon light activation, OCP transitions from its OCPO state to OCPR state, which binds 

to PBS core to initiate photoprotection. The FRP dimer subsequently associates with 

OCPR, facilitating its detachment from the PBS. A second OCP molecule then interacts 

with FRP, promoting the conformational reset of OCP back to its inactive orange state 

[44].  
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Table 1.1: OCP Photocycle Timeline [44]. 

Step State Time Scale Key Features 

1 OCPO – Compact, H-bonded carotenoid 

2 S₂ fs Photon absorption, wave packet launch 

3 S₁ / ICT / S* <1 ps Relaxed excited states; S* distorted 

4 P₁ 10s of ps Planarization; CTD H-bond breakage 

5 P₂ ≤50 ns β1-ring repositioned; loss of Y201/W280 bonds 

6 P₂′ 0.5–1 μs α-helix rearrangement in NTD 

7 P₃ ~10 μs Carotenoid migration; NTE dissociation 

8 PN ms Final domain rearrangements; late intermediate 

9 OCPR ms–s Fully active state; binds phycobilisome 

 

To gain deeper insight into the molecular mechanism of OCP activation, re-

searchers have turned to mutant variants of OCP that are anticipated to mimic 

specific functional states. One such example is the OCP-W288A mutant, in which 

the conserved tryptophan at position 288 is replaced by alanine (A) [56]. This 

substitution destabilizes the hydrogen bond that anchors the carotenoid in the 

orange state, shifting the protein equilibrium toward a pink, red-like state (OCPP) 

that closely resembles the active state. Unlike wild-type OCP, this mutant 

exhibits structural characteristics of OCPR even in the absence of light, making it 

a valuable tool for studying the structural determinants of activation [56]. More-

over, due to its metastability, OCP-W288A allows prolonged observation of 

intermediate or active-like states, further enhancing its utility in unraveling the 

molecular mechanism of activation [57]. 

Despite extensive studies, several aspects of OCP function remain incom-

pletely understood. The exact molecular details of the structural rearrangements 

during the transition from OCPO to OCPR, and the role of specific amino acid 

residues in stabilizing different conformational states are areas of active research. 

Moreover, the presence of different OCP homologs and isoforms across cyano-

bacterial species suggests a diversity in photoprotective strategies, with some 

OCP variants showing altered activation kinetics or responses to different wave-

lengths of light [57]. 

Recent research has also highlighted the importance of the NTE (Fig. 1.5A) 

in regulating OCP’s conformational dynamics [58]. The NTE appears to stabilize 

the compact structure of OCPO and may act as a molecular “lock” that restricts 

activation. When the NTE is removed, the protein can more readily transition to 

the active state [58], which has implications for understanding the functional 

differences among OCP variants. 

The study of OCP structure and dynamics not only enhances our under-

standing of cyanobacterial photoprotection but also serves as a model for light-
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induced conformational changes in proteins. Investigating how OCP transitions 

between different functional states under various environmental conditions, such 

as changes in temperature, solvent composition, or the presence of binding part-

ners like FRP, is crucial for uncovering the molecular mechanisms underlying 

protein flexibility and function. 

The findings complement studies on the OCP, which plays a protective role 

under high-light conditions. While WSCP does not participate in photoprotection, 

its simplicity enables isolation of fundamental properties of pigment–protein 

interactions that are also relevant to the more complex dynamics of OCP and 

phycobilisome systems. 

Altogether, light harvesting and energy transfer in photosynthetic organisms 

reflect a delicate balance between efficiency and regulation. Proteins like the 

phycobilisome and OCP exemplify the natural optimization of these processes, 

while simplified models like WSCP help dissect the molecular factors that govern 

energy flow. By integrating studies of both complex and minimal systems, we 

can gain a more complete picture of how photosynthetic proteins manage the 

trade-off between capturing light and avoiding photodamage. 

 

 

1.4. Challenges in Studying Protein Dynamics and 

Structural Changes 

Proteins are inherently dynamic molecules, functioning through a delicate inter-

play between structural stability and conformational flexibility. This dynamic 

nature is essential for a broad range of biological processes (including catalysis, 

allosteric regulation, signal transduction, and photoprotection) where the ability 

to adopt multiple conformational states is often central to function. However, cap-

turing and interpreting the dynamic and often transient structural states of pro-

teins remains a major experimental and conceptual challenge in structural biology. 

 

Capturing Transient and Intermediate States 

A major challenge in studying protein dynamics lies in the transient and hetero-

geneous nature of the conformational states that underlie biological function. 

Proteins often switch between multiple structural configurations during processes 

such as catalysis, signaling, and regulation. These intermediate or activated states 

can be short-lived or sparsely populated, making them elusive to many experi-

mental techniques. 

Traditional high-resolution structural methods, such as X-ray crystallography 

and cryo-electron microscopy (cryo-EM), are exceptionally powerful for re-

solving the static architecture of proteins at atomic or near-atomic detail. How-

ever, they are inherently limited in capturing dynamic behavior. X-ray crystallo-

graphy requires proteins to form highly ordered crystals and yields structures that 

are averaged over time and across molecules in a fixed lattice, often masking 

flexible or intermediate states. Cryo-EM, while more tolerant of heterogeneity, 
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still involves the averaging of large molecular populations and operates at cryo-

genic temperatures, which can suppress intrinsic dynamics or lock proteins into 

specific conformations. 

As a result, while these methods are indispensable for understanding stable 

structural configurations, they may underrepresent the dynamic transitions that 

are central to protein function. Addressing this gap requires complementary ap-

proaches capable of probing structural changes across time and under physio-

logical conditions. 

 

Trade-Off Between Structural and Temporal Resolution 

Another fundamental difficulty lies in balancing structural detail with temporal 

resolution. Techniques like X-ray crystallography and cryo-EM yield detailed 

atomic maps of protein architecture but are limited in their ability to monitor real-

time conformational changes. These methods often require cryogenic tempera-

tures or non-native sample preparations, which can restrict protein motion or trap 

them in non-physiological conformations. As a result, they offer limited insight 

into the kinetics and mechanisms of conformational transitions that occur under 

functional conditions. 

On the other hand, methods that are capable of tracking protein motions over 

time (such as spectroscopic or kinetic assays) tend to lack detailed spatial reso-

lution. This trade-off presents a persistent challenge in efforts to fully characterize 

how proteins behave and function in their native environments. 

 

Sample Requirements and Experimental Complexity 

Studying protein dynamics also places stringent demands on experimental design. 

High-quality, monodisperse protein samples are often necessary to reduce back-

ground signals and ensure reproducibility. In many cases, triggering dynamic 

changes requires precise external stimuli such as light, ligands, temperature shifts, 

or pressure jumps. Integrating these triggers with structural measurements adds 

significant complexity to the experimental setup and often necessitates access to 

specialized facilities and equipment. 

 

Complexity of Data Interpretation 

Even when dynamic structural data can be captured, interpreting it is far from 

straightforward. Protein motion is inherently multi-scale and heterogeneous, in-

volving both local side-chain fluctuations and large-scale domain movements. 

These motions can be difficult to separate, especially when structural measure-

ments reflect ensemble-averaged behavior across populations of molecules in 

different states. As a result, sophisticated modeling and computational tools are 

often required to extract meaningful insights from experimental data. 
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Linking Structural Transitions to Function 

Perhaps the most profound challenge lies in connecting structural dynamics to 

biological function. A given conformational change may enhance or inhibit activity 

depending on context, making it essential to interpret structural transitions along-

side complementary functional measurements. This is particularly true for regu-

latory or sensory proteins, where function emerges from conformational swit-

ching that is often environmentally controlled. 

For example, light-responsive proteins such as OCP rely on precisely coordi-

nated structural rearrangements to modulate activity. Understanding such systems 

requires not only structural snapshots but also a dynamic view of how these con-

formations evolve in response to stimuli, how they interact with their environ-

ment, and how these interactions govern functional outcomes. 

 

 

1.5. Neutron Scattering Techniques for Studying Protein 

Structure and Dynamics 

Neutron scattering techniques provide powerful, non-destructive tools for investi-

gating the structure and dynamics of proteins across a wide range of spatial and 

temporal scales [59].  

One key benefit is the high sensitivity of neutrons to light elements, parti-

cularly hydrogen, which is abundant in biological matter [60], isotope-dependent 

contrast [61], through isotopic substitution (replacing hydrogen with deuterium) 

researchers can selectively highlight or obscure specific components of complex 

systems using contrast variation methods [62]. 

In contrast, X-ray scattering is driven by electron density and (almost) lacks 

isotopic sensitivity, making it less flexible for probing dynamics and contrast 

tuning [61, 63]. This fundamental difference grants neutrons several unique 

advantages in the study of biological macromolecules like proteins such as 

examining multi-component biological assemblies in their native or near-native 

environments [64]. 

Neutron techniques such as Small Angle Neutron Scattering (SANS) allow 

researchers to determine low-resolution shapes, sizes, and conformational chan-

ges of proteins in solution without the need for crystallization [62]. Meanwhile, 

neutron diffraction offers insights into the positions of individual atoms within a 

crystal, including the often elusive hydrogen atoms, thus complementing X-ray 

crystallography[65], (Fig. 1.9). 
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Figure 1.9: Size scale of biological and nanostructures alongside applicable characteri-

zation techniques.This schematic compares the sizes of atoms, biomolecules, viruses, 

cells, and everyday objects (e.g., salt grain, tennis ball) on a nanometer scale. It also high-

lights the size range each analytical method can access. Techniques such as NMR, X-ray 

and neutron crystallography, SAXS/SANS, and mass spectrometry are suited for atomic 

to macromolecular scales. Cryo-EM and tomography extend into the tens to hundreds of 

nanometers, while light microscopy covers structures from ~100 nm to several micro-

meters. This integrated view underscores the complementary roles of structural biology 

and microscopy methods across scales.Adapted from Deuteration for biological neutron 

scattering by T. Forsyth, 2021, LINXS/SwedNess,https://www.youtube.com/watch?v= 

MTPtm5KpJnc&t=211s&ab_channel=LINXS. CC BY license [66]. 

 

For studying dynamics, Quasielastic Neutron Scattering (QENS) and Inelastic 

Neutron Scattering (INS) are used to probe molecular motions over time scales 

ranging from picoseconds to nanoseconds Fig. 1.10 [67]. These techniques are 

capable of revealing internal protein motions, such as domain fluctuations, side 

chain rotations, and hydration dynamics, all of which are critical for 

understanding protein function, folding, and interactions. 

Overall, neutron scattering provides a unique and complementary perspective 

to other structural biology tools. Its ability to probe both static and dynamic 

aspects of protein behavior under physiologically relevant conditions makes it an 

indispensable technique in modern biophysical and biochemical research. 
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Figure 1.10: Schematic representation of dynamical structure factors, S(q,ω), illustrating 

various physical processes observable through quasielastic and inelastic neutron scat-

tering. Adapted with permission from: Inelastic and quasi-elastic neutron scattering. 

Application to soft-matter – EPJ Web of Conferences – Volume 188, 2018 – JDN 23 – 

French-Swedish Winterschool on Neutron Scattering: Applications to Soft Matter – 

https://doi.org/10.1051/epjconf/201818805001 – Quentin Berrod, Karine Lagrené, Jacques 

Ollivier and Jean-Marc Zanotti [67]. 

 

 1.5.1. Strengths and Limitations of Neutron Scattering Techniques 

Neutron scattering techniques offer several significant advantages for studying 

protein structure and dynamics: 

Sensitivity to Hydrogen: Neutrons are particularly sensitive to hydrogen [61], 

which is a critical element in biological macromolecules. This sensitivity allows 

researchers to investigate hydrogen dynamics and solvent interactions with high 

precision. Importantly, it also enables the differentiation of specific components 

within complex biological assemblies. For example, in protein–DNA complexes, 

neutron scattering can distinguish between the protein and DNA by selectively 

deuterating one of the components [68]. Within a single macromolecule like a 

protein, specific regions (such as active sites, binding pockets, or flexible loops) 

can be highlighted or contrasted by strategic hydrogen/deuterium exchange. This 

level of specificity is invaluable for studying conformational changes, intermole-

cular interactions, and even processes of structural deterioration, such as denatu-

ration or unfolding, as they often involve subtle changes in hydrogen bonding and 

hydration. As a result, neutron techniques offer unique insights into the functional 

mechanisms and stability of biological systems. 

Non-Destructive: Neutron scattering is a non-destructive method [69], 

meaning that samples can be recovered after the experiment, which is essential 

for studying biological systems that may be sensitive to radiation or other pertur-

bations.  
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Versatility: Neutron scattering techniques can be applied to a wide range of 

systems, including proteins in various states (e.g., crystals, solutions, membranes) 

and under different environmental conditions (e.g., temperature, pressure) [70]. 

 

However, there are also limitations associated with neutron scattering techniques: 

Accessibility: Access to neutron sources, such as research reactors or spal-

lation sources, can be limited [71], and experimental time may be constrained due 

to high demand. 

Data Analysis: The interpretation of neutron scattering data requires sophisti-

cated modeling [70] and analysis techniques, which can be complex and time-

consuming. 

Resolution: One of the key considerations in structural biology is the trade-

off between spatial and temporal resolution across different experimental techni-

ques [62]. X-ray crystallography and cryo-EM provide high spatial resolution, 

often down to atomic detail see Fig. 1.10, making them invaluable for deter-

mining precise structural configurations of proteins in static or equilibrium states 

[62]. However, these techniques typically offer limited temporal resolution, and 

are less suited for capturing fast, transient structural changes, especially under 

native solution conditions [62]. 

In contrast, neutron scattering (particularly QENS and INS) offers high tem-

poral resolution, capable of probing molecular motions on timescales ranging 

from picoseconds to nanoseconds Fig. 1.10. While its spatial resolution is lower 

than that of crystallography or cryo-EM, neutron scattering excels in capturing 

dynamical information and is especially sensitive to light atoms like hydrogen, 

making it uniquely suited for studying protein flexibility, hydration, and local 

diffusion in physiological environments. 

SANS and Time-Resolved X-ray Scattering (TR-SAXS) bridge the gap 

between structure and dynamics by providing low- to medium-resolution struc-

tural data in solution, and by enabling time-resolved measurements of large-scale 

conformational changes over milliseconds to seconds [72]. 

Thus, rather than being inferior in resolution, neutron-based techniques provide 

complementary insight offering a dynamic and often more physiologically rele-

vant view of biomolecular behavior when integrated with high-resolution struc-

tural methods. Neutron scattering techniques play a vital role in advancing our 

understanding of protein structure and dynamics. By probing atomic motions and 

structural changes over a range of timescales, these methods provide essential 

insights into the functional mechanisms of proteins in their native environments. 

Continued development and application of these techniques will further enhance 

our ability to study the intricacies of protein behavior and their implications for 

biological function. 
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1.6. Time-Resolved X-ray Scattering (TR-SAXS) 

TR-SAXS is a powerful technique for studying structural changes in biological 

macromolecules and complex materials with both spatial and temporal resolution 

[73]. By combining the principles of conventional SAXS with rapid data acquisi-

tion, TR-SAXS allows researchers to capture dynamic processes as they occur, 

offering a direct view of how molecular structures evolve over time [73]. 

In TR-SAXS, a highly collimated beam of X-rays is directed onto a sample, 

and the intensity of the scattered X-rays is measured at small angles [74]. The 

scattering pattern contains information about the size, shape, internal structure, 

and assembly state of particles in solution[74]. By collecting scattering data at 

successive time points after triggering a reaction or perturbation (such as tempe-

rature jump, mixing, or light activation), TR-SAXS enables the reconstruction of 

time-dependent changes in the sample’s structural properties [74]. 

Unlike crystallographic or spectroscopic methods that may capture only static 

or averaged states, TR-SAXS provides direct insights into transient intermediates, 

structural rearrangements, and folding/unfolding pathways under near-native, 

solution conditions. 

In the context of biophysics, TR-SAXS plays an essential role in elucidating 

the mechanisms of protein folding, ligand binding, conformational switching, and 

macromolecular assembly. Many biological processes involve rapid, subtle struc-

tural changes that are challenging to capture by conventional static methods. TR-

SAXS uniquely bridges this gap, offering millisecond to sub-millisecond tem-

poral resolution and nanometer spatial resolution [75], thereby providing a com-

prehensive picture of dynamic structural landscapes. 

Moreover, TR-SAXS is highly compatible with a wide variety of experimental 

setups, including temperature jumps, pressure jumps, stopped-flow mixing, or 

photoactivation [74, 75]. This flexibility allows researchers to design experiments 

tailored to specific biological questions, making TR-SAXS an indispensable 

technique for studying non-equilibrium biological phenomena. 

Overall, Time-Resolved SAXS extends the capabilities of traditional SAXS 

by adding the critical dimension of time, enabling real-time observation of dyna-

mic processes. Its ability to capture transient structures and to map structural tran-

sitions under physiological conditions makes TR-SAXS a cornerstone method for 

advancing our understanding of the dynamic behavior of proteins, nucleic acids, 

and other biological systems. 

 

 

1.7. Scope and Objectives of the Thesis 

The aim of this thesis is to elucidate the structure and dynamics of the OCP and 

related biomolecular systems, with particular focus on how light-induced con-

formational changes and environmental conditions modulate protein function. By 

combining complementary structural and dynamic techniques (including (SANS, 

QENS, INS), and (TR-SAXS)) this work aims to uncover the molecular mecha-
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nisms underlying photoprotection in cyanobacteria and solvent-mediated modu-

lation in plant light-harvesting proteins. 

 

To achieve this aim, the thesis addresses the following key objectives: 

 

1. Investigation of the solution structures of OCP and its complexes with FRP 

using SEC-SANS 

Using Size exclusion Chromatography (SEC)-SANS, this objective focuses 

on elucidating the global shape and oligomeric organization of OCP and its 

complexes with FRP in solution. Particular attention is given to a compact OCP 

variant lacking the NTE (∆NTEOCP), which facilitates the observation of transient 

intermediate states. The goal is to resolve distinct stoichiometries (2:1 and 2:2) 

of FRP-OCP complexes and to provide low-resolution and atomistic models that 

shed light on their potential roles in the OCP photocycle, especially during the 

FRP-assisted back conversion to the dark-adapted state. 

 

2. Characterization of the internal dynamics of OCP variants using QENS 

This objective aims to probe the nanosecond-scale internal motions of dif-

ferent OCP states (wild-type OCP (OCPWT), OCPW288A-orange (OCPMO), and 

OCPW288A-pink (OCPMP)) over a wide temperature range using QENS. By ana-

lyzing the quasielastic broadening and elastic incoherent structure factor (EISF), 

the study evaluates how structural differences, pigment content, and temperature 

influence protein flexibility and mobility. Special emphasis is placed on distin-

guishing the dynamic behavior of the compact, dark-adapted state (OCPwt) from 

its more flexible mutant variants. These insights are expected to reveal how con-

formational flexibility contributes to OCP’s functional switching and its inter-

action with the phycobilisome in cyanobacterial photoprotection. 

 

3. Monitor OCP deactivation kinetics using TR-SAXS 

To capture real-time conformational changes in OCP, TR-SAXS is employed. 

This technique enables millisecond-to-second resolution measurements of global 

structural transitions [75]. In this experiment, we specifically studied the back 

conversion of OCPR to OCPO. Due to the low quantum yield of photoactivation 

(~2%) in the forward direction (OCPO to OCPR), we first ensured complete acti-

vation by illuminating the sample for one hour. This allowed us to assume that 

the majority of the proteins were in the OCPR state before initiating the measure-

ment of the thermal back conversion. By integrating TR-SAXS data with QENS 

and SANS, a continuous picture is developed, from the earliest light-induced 

structural changes to the final functional states. 

 

4. Analyze the dynamic behavior of WSCPs under different solvent conditions 

using QENS and INS 

Beyond OCP, this thesis explores WSCP as a minimal pigment-protein model 

for light harvesting. Using QENS, the study investigates how the internal dyna-

mics of WSCP respond to different solvent environments (pure water (WSCPW) 
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versus a water-glycerol mixture (WSCPW+G)) across a wide temperature range. 

QENS measurements provide key parameters such as jump-diffusion constants, 

residence times, and EISF, revealing a two-phase dynamical transition. In addi-

tion, INS is employed to probe vibrational modes and Boson peaks, allowing 

comparison of low-frequency vibrational dynamics under varying solvent condi-

tions. These combined approaches provide insight into how solvent viscosity, 

hydrogen bonding, and thermal effects modulate WSCP flexibility, with impli-

cations for understanding pigment-protein interactions in light-harvesting systems. 

 

 

1.8. Significance and Broader Implications 

The findings from this research have the potential to significantly advance our 

understanding of protein structure, conformational variability, and the molecular 

mechanisms underlying photoprotection in photosynthetic organisms. By investi-

gating both the static structures and dynamic transitions of the OCP, this thesis 

contributes to the growing body of knowledge on how proteins undergo light-

induced conformational changes to regulate biological functions. 

In particular, the structural insights into the OCP photoactivation pathway 

(spanning domain rearrangements, pigment shifts, and the role of key residues 

like Trp-288) shed light on the interplay between protein flexibility and functional 

switching. These mechanisms are not only central to cyanobacterial NPQ but also 

offer a generalizable framework for understanding light-responsive protein 

behavior in other biological systems. The reversible nature of OCP activation, 

along with its interaction with the phycobilisome and regulatory partners such as 

the FRP, highlights the sophistication of cyanobacterial photoprotection strategies 

under fluctuating environmental conditions. 

In parallel, WSCP is employed in this work as a complementary model system 

to dissect fundamental aspects of pigment–protein interactions, chlorophyll co-

ordination, and energy relaxation dynamics. Its structural simplicity and excep-

tional stability make WSCP an ideal platform for controlled spectroscopic investi-

gations. By isolating and analyzing the influence of the protein environment on 

chlorophyll photophysics, this study enhances our understanding of how exci-

tation energy is modulated, transferred, or dissipated in photosynthetic systems. 

Together, the studies of OCP and WSCP bridge the gap between complex, 

native photoprotective systems and simplified model environments. This dual 

approach not only clarifies the molecular basis of light sensing and energy dissi-

pation but also provides design principles for bioinspired and synthetic appli-

cations. The insights gained may inform the development of bioengineered light-

harvesting devices, photoresponsive materials, or protective mechanisms for 

artificial photosynthetic systems, with potential applications in biotechnology, 

renewable energy, and synthetic biology. 

Ultimately, this work contributes to a deeper appreciation of how structural 

dynamics enable functional versatility in proteins, reinforcing the importance of 

time-resolved and integrative approaches in modern structural biology.  
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CHAPTER 2:  

METHODOLOGY 

This chapter outlines the physical principles, experimental configurations, and 

data processing approaches of each technique used in this thesis. These methods, 

SANS, TR-SAXS, QENS, and INS, were applied independently to distinct 

experimental systems or research questions. 

 

 

2.1. Basics of Scattering 

A key parameter in neutron scattering is the scattering length b, which describes 

the strength of the interaction between a neutron and a nucleus [60]. It governs 

the amplitude of the scattered wave and varies irregularly across elements and 

isotopes see Table 2.1. This allows contrast variation in biological systems, 

particularly through hydrogen/deuterium substitution. The differential scattering 

cross section, which quantifies the probability of scattering into a given solid 

angle, is expressed as [76]: 

 

 
dσ

dΩ
= ∣b∣2 (2.1) 

 

where: 

• σ is the scattering cross section, 

• Ω is the solid angle, 

• b is the scattering length (coherent or incoherent depending on context). 

 
Table 2.1: Neutron and X-ray scattering lengths of selected atomic isotopes [76]. 

Atom (Isotope) bNeutron (10⁻¹² cm) bX–Ray (10⁻¹² cm) 

Hydrogen (¹H) –0.37 0.28 

Deuterium (²H) 0.67 0.28 

Carbon (¹²C) 0.67 1.69 

Nitrogen (¹⁴N) 0.94 1.97 

Oxygen (¹⁶O) 0.58 2.25 

Phosphorus (³¹P) 0.52 4.23 
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For a sample containing many nuclei, we distinguish between coherent and 

incoherent scattering contributions [77] (Table 2.2): 

 

 
d2σ

dΩdE
= (

ks

ki
) [σcohScoh(q, ω) + σincSinc(q,ω)]  (2.2) 

 

where: 

• 𝑘𝑖 , 𝑘s: incident and scattered neutron wave vectors, 

• 𝜎coh , 𝜎inc: coherent and incoherent scattering cross sections, 

• 𝑆(q,𝜔): dynamic structure factor (described below), 

• q: momentum transfer, 

 

 q=∣q⃗ ∣=∣𝑘⃗ i−𝑘⃗ s∣ (2.3) 

 

• 𝜔: angular frequency associated with the energy exchange, 

 

 ħ𝜔=𝐸𝑖−𝐸s=ΔE (2.4) 

 

• where ħ is the reduced Planck constant. 

 

The dynamic structure factor S(q,ω) connects microscopic motion to measurable 

scattering signals and is defined as the space- and time-Fourier transform (FT) of 

the van Hove correlation function G(𝑟 , 𝑡) [77]: 

 

 S(q,ω)=
1

2𝜋
∫ 𝑑𝑡 ∫ 𝑑𝑟 𝑒−𝑖(𝑄⃗ .𝑟 −𝜔𝑡)+∞

−∞
G(𝑟 , 𝑡) (2.5) 

 

The total van Hove function has two components: 

 

 G(𝑟 , 𝑡)=𝐺𝑠(𝑟 , 𝑡) + 𝐺𝑑(𝑟 , 𝑡) (2.6) 

 

• 𝐺𝑠: self-part → relates to incoherent scattering, measuring motion of indi-

vidual atoms. 

• 𝐺𝑑: distinct part → relates to coherent scattering, measuring correlations 

between different atoms. 

 

Coherent scattering arises from phase correlations between scatterers. It reveals 

structural information such as interatomic distances and collective motions. For 

example, SANS uses coherent scattering to extract information about size, shape, 

and intermolecular structure. 

Incoherent scattering arises when these phase relationships are lost, often due 

to isotopic randomness (as in hydrogen-rich samples). This is ideal for probing 

self-diffusion, rotational dynamics, and conformational fluctuations, particularly 

via QENS and INS. For an overview of various scattering techniques and their 

dominant scattering contributions, see Table 2.3. 
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Table 2.2: Neutron scattering cross sections. This table presents coherent and incoherent 

scattering cross sections for key elements commonly found in biological systems (H, C, 

O, N, P, S). It also includes absorption cross sections, with particularly high values 

observed for isotopes such as ⁶Li, ¹⁰B, natural cadmium, and gadolinium, highlighting 

their effectiveness as neutron shielding materials. Unless otherwise noted, the values 

correspond to naturally occurring isotopic compositions [78]. 

Element / 

Isotope 

Coherent 

Cross Section 

(σcoh) 

Incoherent 

Cross Section 

(σincoh) 

Absorption 

Cross Section 

(σabs) 

Notes 

Hydrogen 

(¹H) 
1.76 80.26 0.332 

Very high incoherent 

scattering 

Deuterium 

(²H) 
5.59 2.05 0.000519 

Low absorption, used 

in contrast 

Carbon 

(¹²C) 
5.55 0.001 0.0035 

Low incoherent and 

absorption 

Nitrogen 

(¹⁴N) 
11.01 0.5 1.9 Moderate incoherent 

Oxygen 

(¹⁶O) 
4.23 0.0008 0.00019 

Very low incoherent 

and absorption 

Phosphorus 

(³¹P) 
5.13 0.43 0.172  

Sulfur (nat) 2.85 0.007 0.53  

Lithium-6 

(⁶Li) 
– – 940 

Used in neutron 

shielding 

Boron-10 

(¹⁰B) 
– – 3835 

Strong neutron 

absorber 

Cadmium 

(nat) 
4.6 0.4 2520 

Common shielding 

material 

Gadoliniu

m (nat) 
6.4 0.4 49,000 

Highest known 

thermal neutron 

absorber 
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Table 2.3: Overview of scattering techniques and their applications.This table sum-

marizes key scattering techniques based on their dominant scattering type (coherent or 

incoherent) and type of structural or dynamic information. 

Technique Dominant Scattering Information Provided 

SANS Coherent 
Low-resolution structure, size, shape, domain 

arrangement 

QENS Incoherent (H-rich) 
Local diffusion, side-chain motions, 

reorientation 

INS Incoherent (H-rich) Vibrational spectra, protein-ligand dynamics 

SAXS Coherent Electron density maps, atomic structures 

 

Scattering Vector q, Wavelength λ, and Scattering Angle θ 

The fundamental parameter in any scattering experiment is the scattering vector 

q, which represents the change in wave vector of the incident particle due to 

interaction with the sample (Fig. 2.1). It is defined as Eq. 2.3. 

 

 
Figure 2.1: Schematic representation of a scattering event. The incoming wave is 

characterised by its wave vector ki. Also conservation of momentum is depicted. θ is the 

scattering angle. 

 

ki and ks, each has a magnitude of [79]: 

 

 |k| = 
2π

λ
 (2.7) 

 

2.1.1. Elastic and Inelastic Scattering 

Scattering events can either conserve or exchange energy with the sample, leading 

to two fundamental classes:  
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Elastic scattering: The kinetic energy of the incident particle is conserved during 

the interaction Fig. 2.1. The scattered particle exits the sample with the same 

energy it entered with (Es = Ei), and the scattering event reveals static spatial 

correlations in the material. This form of scattering is central to SANS and SAXS 

techniques. 

Assuming elastic scattering, where the magnitude of the wave vector is 

preserved, the magnitude of q is given by [79]: 

 

 q = 
4π 

λ
* sin θ (2.8) 

 

here, θ is the scattering angle, λ is the wavelength of the incident radiation, and q 

is the modulus of the scattering vector, which directly relates to the resolution 

and size scale being probed in the sample [80]. Small 𝑞-values correspond to 

larger length scales (e.g., overall particle size or shape), while higher 𝑞-values 

reflect finer structural features such as internal organization or compactness [80]. 

This inverse relation is often approximated as: 

 

 d ≈ 
2π

q
 (2.9) 

 

In small-angle scattering (SANS and SAXS), q typically ranges from 0.01 to 

1 nm⁻¹, corresponding to features between approximately 1 nm and 100 nm in 

size [80, 81]. 

 

Inelastic scattering: The scattered particle either gains or loses energy (see 

Fig. 2.2) due to interactions with internal degrees of freedom in the sample (e.g., 

vibrations, rotations, diffusions) [82]. The energy transfer ΔE is expressed as 

Eq. 2.4. 

Inelastic scattering provides access to the dynamics of the system, including 

diffusive motions (QENS) and vibrational modes (INS) [67]. 

 

 
Figure 2.2: Schematic representation of an inelastic scattering event. The incoming wave 

is characterized by its wave vector ki and its corresponding energy Ei [83]. Also, conser-

vation of momentum q=ks –ki is depicted. 2θ is the scattering angle. 
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Energy and Momentum Transfer 

The total momentum and energy transfer during a scattering event are essential 

descriptors for dynamical experiments. q has already been defined, while the 

energy transfer ħω can be determined by [67]: 

  

 ħω= (
ħ² 

 2m
)(ki² – ks²) (2.10) 

 

where: m is the mass of the scattered particle (typically the neutron), ki and ks are 

the magnitudes of the wave vectors before and after scattering. 

Together, q and ω define the dynamic structure factor S(q, ω), which charac-

terizes both spatial and temporal correlations within the system. The measured 

scattering intensity I(q, ω) is related to S(q, ω) by [83]: 

 

 I(q, ω) ∝ S(q, ω) * F(q)² (2.11) 

 

where F(q) is the form factor of the scattering species. 

 

Time and Spatial Resolution Limits 

Each scattering technique is constrained by the instrument’s ability to resolve 

events in time and space. The spatial resolution is determined by the accessible 

q-range based on Eq 2.8 and Eq. 2.9: 

i. Low-q values (e.g., 0.01–0.1 nm⁻¹) probe large-scale structures such as pro-

tein complexes or colloidal assemblies (10–100 nm) [80, 81]. 

ii. High-q values (e.g., >1 nm⁻¹) access fine structural features such as inter-

atomic distances or local order (~1 Å) [80, 81]. 

 

The temporal resolution of a scattering experiment depends on the precision in 

energy measurement. By the uncertainty principle: 

 

 Δt ≈ 
ħ

 ΔE
 , (2.12) 

 

this relationship implies that instruments capable of measuring very small energy 

transfers (high ΔE resolution) are able to access slower dynamics (longer time-

scales) [84]. For instance: QENS instruments with μeV energy resolution can 

access motions on the nanosecond to picosecond timescale [84]. INS experi-

ments, using meV energy transfers, probe faster motions in the picosecond or 

sub-picosecond range [85]. TR-SAXS setups can achieve time resolutions from 

milliseconds down to microseconds [75], depending on the triggering mechanism 

and detector speed. 

In practice, the choice of technique and instrument parameters depends on the 

characteristic timescales and length scales of the phenomena under investigation. 
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Overall, neutron scattering provides a non-invasive, highly sensitive approach 

for studying proteins at both structural and dynamic levels [59]. It is particularly 

well-suited for complex, hydrated, and disordered systems where traditional 

techniques like crystallography may be limited [83]. A solid understanding of 

neutron scattering principles thus provides a foundational tool for investigating 

how proteins move, assemble, and function within biological environments. 

 

 

 2.2. Small Angle Neutron Scattering (SANS) 

SANS is a powerful technique for characterizing structures in soft matter and 

biological systems at length scales ranging from approximately 1 to 100 nano-

meters [86]. SANS provides information about size, shape, internal structure, and 

interactions of macromolecular assemblies [62], making it particularly suitable 

for the study of proteins, nucleic acids, micelles, vesicles, and polymer systems 

in solution. 

 

2.2.1. Sample Preparation for SANS 

The expression and purification protocols for OCP variant (∆NTEOCPO) and FRP 

were adapted from previous work by Golub et al. [87]. The purified proteins were 

kindly provided by Marcus Moldenhauer. In brief, the genes encoding OCP 

(slr1963) and FRP (slr1964) from Synechocystis sp. PCC 6803 were codon-

optimized for E. coli expression and cloned into the pRSFDuet-1 expression 

vector (Merck Millipore). The ∆NTEOCPO construct was engineered by inserting a 

human rhinovirus 3C protease cleavage site (LEVLFQ/GP) at position Pro13, 

enabling post-translational removal of the NTE. Following protease cleavage, the 

resulting ∆NTEOCPO protein began with the residues GP-13-NTLAA and lacked 

the NTE segment entirely. 

Both ∆NTEOCPO and wild-type FRP were expressed in E. coli, purified through 

standard chromatographic techniques, and concentrated to a final volume of 

500 µL. SEC was performed on a Superdex™ 200 Increase 10/300 column (Cytiva) 

equilibrated with phosphate-buffered saline. For subsequent SANS analysis, pro-

tein samples were injected at a concentration of approximately 5 mg/mL. All sam-

ples were stored at −80 °C prior to use to ensure structural stability and reprodu-

cibility. 

 

2.2.2. SANS Instrumentation and Experimental Setup 

SANS measurements were carried out to investigate the structural characteristics 

of protein complexes in solution under near-physiological conditions [88]. The 

experiments were conducted at the D22 SANS instrument at the Institut Laue 

Langevin (ILL) in Grenoble, France, Fig. 2.3. The D22 beamline is specifically 

designed for low-resolution and high-throughput SANS experiments, providing 

a flexible setup to accommodate various sample environments and detector con-
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figurations. For this study, measurements were performed across a q-range of 

0.03 to 0.25 Å⁻¹, which is particularly suited for probing structural features in the 

nanometer range, typically from 2 to 100 nm. This range allows for detailed 

analysis of macromolecular shapes, conformations, and assemblies. 

To capture scattering data, a two-dimensional position-sensitive detector with 

dimensions of 96 cm × 96 cm was used. The detector was placed 8 meters away 

from the sample, a configuration chosen to optimize angular resolution and access 

lower q-values. The neutron beam was collimated to match the geometry and 

sensitivity of the detector, ensuring that the data collected would cover the re-

quired range of structural sizes with high precision. 

All samples, including protein complexes, buffers, and deuterated water con-

trols, were contained in quartz cuvettes with a 1 mm optical path length. These 

cuvettes were selected for their chemical resistance and negligible scattering con-

tribution, thus ensuring accurate measurements. Prior to data acquisition, samples 

were equilibrated to eliminate temperature gradients or phase separation effects. 

The measurements were performed in conjunction with SEC, where 30-se-

cond SANS exposures were continuously recorded during the elution process.  

Data reduction followed standard SANS protocols using the GRASP (Graphical 

Reduction and Analysis SANS Program) software [89]. This involved detector 

calibration, correction for detector sensitivity, normalization to incident beam 

intensity, and absolute scaling. Additionally, solvent background scattering was 

subtracted from the sample measurements to isolate the signal originating from 

the macromolecular species. All reduced data sets were verified for quality and 

consistency before proceeding to modeling and interpretation. 

 
Figure 2.3. Schematic representation of the D22 SANS instrument at ILL. Neutrons are 

first velocity-selected and guided through a collimation system composed of diaphragms 

and absorbing tubes. After passing through an aperture and the sample, the scattered 

neutrons are detected by front and back detectors housed within a 20-meter evacuated 

tube. This configuration allows for flexible q-range measurements and optimized data 

collection across varying sample environments. Original illustration from the Institut 

Laue-Langevin (ILL). Adapted with permission from: https://www.ill.eu, accessed on 

25.05.2025. 
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Principle of Measurement 

SANS measures the elastic scattering of neutrons as they pass through a sample 

containing structures on the nanometer scale. The basic principle relies on 

detecting the intensity and angular distribution of neutrons scattered at small 

angles, which correspond to large real-space dimensions [71].  

When a collimated beam of monochromatic neutrons strikes a sample, neut-

rons are scattered by the atomic nuclei of the sample constituents. The scattered 

intensity I(q) is recorded as a function of the scattering vector q, defined by the 

Eq. 2.8. The scattering vector q determines the spatial resolution of the measure-

ment. The measured scattering intensity I(q) carries information about the size 

and shape of individual particles (from the low-q region), surface or internal 

structure (from intermediate q-range), and interparticle interactions or corre-

lations (if present). The data collected in a SANS experiment are typically aver-

aged azimuthally to yield 1D scattering profiles, which are then analyzed using 

models, form factors, and computational reconstruction techniques to extract 

structural parameters. This non-destructive [59], label-free method enables struc-

tural studies under near-native, physiological conditions, making it especially 

valuable for soft matter and biological systems [88]. 

 

2.2.3. SANS Data Reduction and Analysis  

The primary quantity derived from SANS measurements is the differential scat-

tering cross-section per unit volume, denoted as 
dσ

dΩ
 . This value represents the 

number of neutrons scattered per unit solid angle and per unit sample volume. 

For dilute, monodisperse protein solutions, the absolute scattering intensity 𝐼(q) 

can be modeled by the following equation [81]: 

 

 I(q) =
dσ

dΩ
= nΔρ2V2P(q)S(q) , (2.13) 

 

here: 

• 𝑞 is given by Eq. 2.8, 

• n is the number density of protein molecules,  

• V is the molecular volume, 

• Δρ is the contrast, i.e., the difference in scattering length density between the 

protein and the solvent, 

• P(q) is the form factor, which captures the shape and internal structure of the 

protein, 

• S(q) is the structure factor, which approaches unity in dilute systems where 

intermolecular interactions are negligible. 
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To model and interpret the scattering data, theoretical scattering profiles were 

generated from different geometrical models and fitted to the experimental data 

using the SasView software package [90]. 

Guinier Analysis: In the low-q region, the Guinier approximation allows esti-

mation of Rg, which describes the size of the scattering particle [91, 92]. The 

linear relationship [91]: 

 

 ln I(q) ≈ ln I (0) – (Rg² q²)/3 (2.14) 

 

holds for qRg < 1.3 and provides a quick measure of overall size. 

 

Pair Distance Distribution Function (p(r)): Using indirect Fourier transfor-

mation (IFT), the real-space distance distribution function p(r) was computed to 

obtain information about the shape and maximum dimension (Dmax) of the particle. 

The real-space counterpart of the scattering intensity is P(r), which gives the 

probability of finding a pair of scattering centers separated by a distance r within 

the molecule. It relates to 𝐼(q) through the following integral equation, derived 

from the Debye formula [93]: 

 

 I (q) =  4π ∫ P(r)
sin(qr)

qr

Dmax

0
 dr . (2.15) 

 

The reverse transformation is given by: 

 

 P(r) =  
r2

2π2  ∫
q2I(q) sinqr

qr

∞

0
dq . (2.16) 

 

These calculations were performed using the GNOM software package [94], 

which also provides estimates of key parameters such as Rg and the forward 

scattering intensity 𝐼(0). The radius of gyration is calculated as the second 

moment of P(𝑟): 

 

 Rg
2 = 

∫ r2P(r)dr
Dmax
0

2∫ P(r)
Dmax
0

dr
 . (2.17) 

 

Form Factor Modeling: For additional structural insight, scattering data were 

modeled using an elliptical cylinder geometry [90]. The form factor for this shape, 

averaged over all orientations, is given by:  

 

 Pcylinder(q) =
Scylinder

Vcyl
∫ Ψec(q, a√1 − x2)j0

2(
qLx

2
)dx

1

0
 , (2.18) 

 

here: 

• 𝑉cyl is the volume of the elliptical cylinder, 

• 𝑎 is the minor radius of the elliptical cross-section, 
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• 𝐿 is the length of the cylinder, 

• 𝑗0 is the zero-order spherical Bessel function: 𝑗
0=

sin(𝑡)

𝑡

 , 

• Ψec (q, a) is a function that accounts for ellipticity: 

 

 ψec(q, a) =
1

π
∫ Λ1 

2π

0
[qa (

1+v2

2
 +  

1−v2

2
cos(y))

1

2
] dy (2.19) 

 

where v is the ratio of major to minor axis, and  

 

 Λ1(𝑡)=
2j1(t)

t
 (2.20) 

 

With 

 

  j1 =
sin(t)−t cos(t)

t2
 . (2.21) 

 

Structure Factor Consideration:  

To gain insight into the three-dimensional structural arrangement of protein com-

plexes in solution, we employed a combination of low-resolution and high-reso-

lution modeling techniques based on SANS data. 

The initial phase of the modeling involved the reconstruction of low-reso-

lution, ab initio structural models using the DAMMIF (Dummy Atom Modeling 

by Maximizing the Interparticle Fit) program [95]. DAMMIF uses a Monte Carlo-

based simulated annealing algorithm to generate a three-dimensional model that 

best fits the experimental scattering curve. Importantly, the method operates with-

out requiring any a priori structural information about the molecule, making it 

particularly powerful for studying novel protein assemblies or conformationally 

heterogeneous systems. 

The input for DAMMIF is P(r), which encapsulates the real-space distances 

between scattering centers derived from the SANS data. Using this input, 

DAMMIF builds models as assemblies of dummy atoms confined within a pre-

defined search volume. The algorithm repeatedly optimizes the spatial arrange-

ment of these dummy atoms to minimize the inconsistency between the calcu-

lated and experimental scattering profiles. 

For each elution fraction, approximately 20 individual three-dimensional 

models were generated. These models were then aligned and averaged to obtain 

a consensus model that represents the dominant solution structure. This ensemble 

averaging improves the robustness and reliability of the final model. Symmetry 

constraints were imposed during modeling to reflect potential oligomeric states 

or symmetry in the structure. Specifically, P2 symmetry (two-fold rotational sym-

metry) was used for the first elution fraction, while P1 (no symmetry) was applied 

for the second, to accommodate the structural characteristics specific to each state. 
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The theoretical scattering intensity of the final dummy-atom model is com-

puted using the spherical harmonics formalism [95]: 

 

 I(q) = 2π2 ∑ ∑ |Alm(q)|2l
m=−l

∞
i=0  , (2.22) 

 

where the amplitude Aₗₘ(q) is given by: 

 

 Alm(q) =  il√
2

𝜋

2
 va  ∑ jl 

M
j=1

X(j)=1

(qrj) Ylm
∗ (ωj) , (2.23) 

 

here, rj and ωj are the radial and angular coordinates of the j-th dummy atom, 

respectively, jₗ denotes the spherical Bessel function of order l, and Yₗₘ are the 

complex conjugates of spherical harmonics. 

To achieve higher resolution and atomic-level detail, we proceeded with ato-

mistic modeling using the Pepsi-SANS software [96], a tool designed for rapid 

calculation of scattering curves from atomic structures. This method is based on 

a multipole expansion scheme first introduced by Stuhrmann [97] and is capable 

of handling both explicit and implicit hydrogen atoms. Pepsi-SANS accom-

modates user-defined sample conditions, including solvent composition, deute-

ration level, and hydrogen-deuterium exchange rates. 

The atomistic models were derived from known crystal structures of the OCPO 

(PDB: 3MG1 [51] and 4XB5 [98], with the NTE removed) and FRP (PDB: 4JDQ 

[54], chains B and D). The software applies to the Nyquist-Shannon-Kotelnikov 

sampling theorem to ensure the expansion order of the multipole series aligns 

with the size and resolution of the input model. To accelerate computation, Pepsi 

implements cubic spline interpolation to calculate scattering amplitudes effi-

ciently. 

Pepsi’s FlexFit mode was used to allow for flexible fitting of domain-level 

structures. In this mode, selected domains of the protein are treated as rigid bodies 

that can move independently to optimize the fit between the calculated and ex-

perimental scattering curves. Unlike rigid-body modeling with dummy residues, 

FlexFit does not replace flexible regions but adjusts their relative positions to 

preserve structural integrity. 

To validate the refined structural models obtained through Pepsi-SANS, we 

used the Cryson software [99]. Cryson computes theoretical SANS profiles based 

on all-atom models and explicitly accounts for the hydration layer, contrast varia-

tion due to solvent composition, and experimental resolution, thereby ensuring 

that the solution model accurately reflects the scattering behavior observed in the 

experiments. 
 

2.2.4. SANS Calibration and Validation 

The SEC-SANS setup was validated using a vanadium sample to confirm instru-

mental stability and ensure consistency in detector response across the measured 

q-range. Buffer subtraction was validated through repeated injections using the 
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same flow cell as the sample, ensuring matched transmission and minimizing 

systematic offsets. 

Structural resolution and quality of the scattering data were assessed via 

Guinier analysis and inspection of Kratky plots, with all samples displaying 

folded profiles indicative of compact macromolecular assemblies. The absence 

of aggregation was confirmed by the lack of low-q upturns and the reproducibility 

of elution profiles across runs. Consistency between the radius of gyration values 

obtained from Guinier fits and pair-distance distribution functions supported data 

reliability. 

The validity of model fitting was confirmed by the agreement between experi-

mental scattering profiles and theoretical curves derived from both DAMMIF 

reconstructions and Pepsi-SANS-based atomistic models. Fitted curves yielded 

reduced χ² values below 1 and flattened residuals, confirming appropriate back-

ground subtraction and model adequacy. Furthermore, the extracted molecular 

dimensions and stoichiometries (2:1 and 2:2 FRP-∆NTEOCPO) were consistent 

with prior SAXS/SANS studies, reinforcing the robustness of the structural inter-

pretations. 

 

 

2.3. Quasielastic neutron scattering 

QENS is a powerful technique for probing the diffusive and reorientational mo-

tions of atoms and molecules on timescales ranging from a few picoseconds to 

hundreds of nanoseconds [84]. The method is based on the inelastic scattering of 

neutrons that exchange small amounts of energy with moving atoms, resulting in 

a broadening of the elastic peak in the energy spectrum. 

 

Neutron Scattering and Energy Transfer 

In a neutron scattering experiment, the incident neutron with wave vector ki and 

energy Ei scatters off a nucleus in the sample, emerging with a wave vector ks and 

energy Es. The q and energy transfer ħω are defined in Eq. 2.3 and Eq. 2.4 respec-

tively. 

For QENS, the energy transfer ħω is on the order of microelectron volts (μeV) 

[82], reflecting slow stochastic motions such as translational diffusion, rotational 

jumps, and segmental fluctuations [82]. 

The dynamic structure factor S(q, ω) describes the probability of neutron 

scattering with a given momentum and energy transfer, and is directly related to 

the intermediate scattering function I(q, t) via Fourier transform [67]: 

 

 S (q, ω) =
1

2𝜋
 ∫ I (q, t) exp(iωt) dt. (2.24) 

 

QENS measures S(q, ω) in the vicinity of ω ≈ 0, with the central elastic peak 

flanked by broadened Lorentzian wings due to quasielastic scattering [82]. 
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QENS signals are dominated by incoherent scattering, especially from hydro-

gen atoms, which are abundant in biological and soft matter systems [82]. Inco-

herent scattering provides information about self-correlations and thus single-

particle dynamics[70]. In contrast, coherent scattering captures collective 

motions and spatial correlations but is generally less dominant in QENS due to 

hydrogen’s large incoherent cross-section[70, 82] see Table 2.2. 

 

Models for Quasielastic Broadening 

The measured QENS spectrum is typically modeled as a combination of 

 a delta function (δ(ω)) representing the elastic component from immobile atoms 

and one or more Lorentzian functions representing mobile atoms undergoing 

diffusive or reorientational motion [82]. 

 

The general expression is [82]: 

 

 S(q, ω) = A₀(q) δ(ω) + Σ Aₙ(q)·L(Γₙ(q), ω) (2.25) 

 

Where Γ(q) is the half-width at half-maximum (HWHM) of the Lorentzian and 

characterizes the rate of motion. The q-dependence of Γ(q) reveals the underlying 

dynamics [82], were diffusion coefficient is denoted as D and a residence time is 

denoted as τ, Fig. 2.4: 

 

i. Free diffusion: Γ(q) ∝ Dq² (2.26) 

 

ii. Jump diffusion: Γ(q) = Djum q² / (1 + Djump q²τjump) (2.27) 

 

iii. Localized motion: Γ(q) ≈ constant or plateaus at large q (2.28) 

 

The jump diffusion model is widely used to describe stochastic reorientations or 

confined diffusion and is characterized by a Djump and a residence time τjump [100] 

Fig. 2.4. 
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Figure 2.4: Atomic dynamics revealed by incoherent neutron scattering for proteins and 

surrounding water molecules: (A) and (B) illustrate the internal atomic fluctuations 

occurring within protein structures, highlighting hydrogen atoms in bright pink and a 

sulfur atom in blue. (C) displays the overall translational movement of entire protein 

molecules, reflecting their center-of-mass diffusion. (D) focuses on water molecules in 

the system (shown as spheres) with oxygen atoms in white and hydrogen atoms in red. 

The protein’s outer structure is rendered as a surface model for clarity. Reproduced under 

license number 6027040485805 for academic use with permission from Hironobu Hojo, 

Isao Suetake, and Rohit K. Sharma, Analytical Techniques for the Elucidation of Protein 

Function, © 2023 John Wiley & Sons [100].  

 

2.3.1. Sample preparation for QENS 

The preparation of OCP samples, including DNA cloning, protein expression and 

purification, and pigment characterization, was performed as previously descri-

bed in [87]. The purified proteins were kindly provided by Marcus Moldenhauer. 

Briefly, expression plasmids pRSFDuetM-OCP and pRSFDuetM-OCP W288A, 

each containing the full set of genes necessary for β-carotene biosynthesis 

(including echinenone (ECN) and canthaxanthin (CAN)), were used to produce 

the wild-type and mutant states of OCP in E. coli. 

Following expression, OCP variants were purified using hydrophobic inter-

action chromatography (HIC) to separate the orange (compact) and pink (exten-

ded) conformations of the W288A mutant. Post-purification, the buffer was ex-

changed from H₂O to D₂O via multiple cycles of ultrafiltration to minimize back-

ground scattering in QENS experiments. The final D₂O content in the samples 

exceeded 99.9%. 

Each OCP variant was concentrated to approximately 50 mg/mL. Pigment 

analysis confirmed that OCPwt was predominantly ECN-bound (~99%), while 
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OCPMO contained ~85% ECN, and OCPMP primarily bound CAN (~92%). Ab-

sorption spectra of the purified samples were measured using a Maya2000pro 

spectrometer (Ocean Insight, USA), coupled via optical fiber to a deuterium-

tungsten light source (Sarspec, Portugal) and a CVH100 cuvette holder (Thorlabs, 

Germany). 

 

2.3.2. QENS Instrumentation and Experimental Setup 

QENS measurements were performed at the time-of-flight spectrometer Tof-Tof, 

located at the Heinz Maier-Leibnitz Zentrum (MLZ), Garching, Germany [101] 

Fig. 2.5. The experiments utilized an incident neutron wavelength of 5 Å, cor-

responding to an energy resolution (ΔE) of 75 μeV, enabling the observation of 

dynamics within the time range of 0.1 to 26 ps. The accessible q-range spanned 

from 0.25 to 2.3 Å⁻¹. The chopper speed was maintained at 14,000 rpm with a 

frame-overlap ratio of 4. Protein samples (~1 mL volume at ~65 mg/mL concent-

ration) were loaded into standard flat aluminum sample holders. Measurements 

were conducted over a wide temperature range (100–300 K) using a closed-cycle 

refrigerator. 

Figure 2.5: Schematic diagram of TOFTOF, located at the Heinz Maier-Leibnitz Zentrum 

(MLZ) in Garching, Germany. TOFTOF is a cold neutron time-of-flight spectrometer 

designed for high-resolution measurements of atomic and molecular dynamics in con-

densed matter. The instrument layout includes a pulsed neutron source, a long flight path, 

chopper systems for energy selection, and an array of detectors arranged to capture scat-

tered neutrons over a broad angular range[101].adapted with permission from: 

https://mlz-garching.de/toftof. 

 

Principle of Measurement 

QENS exploits the large incoherent scattering cross-section of hydrogen to probe 

sub-nanosecond motions of proteins in solution. The quasielastic broadening ob-

served in neutron energy spectra arises from dynamic processes such as diffusive 



 

48 

or rotational motion of hydrogen atoms within the protein. Elastic scattering indi-

cates static or immobile components on the experimental timescale, while broa-

dening around the elastic line reveals molecular motions. The width and shape of 

the Lorentzian components fitted to the spectra provide quantitative insights into 

these motions, such as diffusion coefficients and relaxation times. 

 

2.3.3. QENS Data Reduction and Analysis  

To isolate the protein-specific dynamic signal, buffer subtraction was essential. 

Independent QENS measurements were performed on D₂O-based buffer alone 

(99.9% D₂O) to suppress incoherent solvent scattering. The protein signal was 

obtained by subtracting the scaled buffer signal from the raw sample data: 

 

 𝐼Protein=𝐼Sample−𝑘⋅𝐼Buffer (2.29) 

 

where scaling factors (k = 0.8, 0.37, and 0.75 for OCPwt, OCPMO, and OCPMP, 

respectively) were chosen to eliminate D₂O coherent peaks, especially the corre-

lation peak at 2θ ≈ 100°. Corrections for detector efficiency and empty cell contri-

butions were applied using the Mantid software suite. 

 

Data Analysis Procedure 

The data analysis follows the procedure described in [102] and involves determi-

nation of an experimental scattering function Sexp (q,ω) (see Eq. 2.30) by con-

volving the theoretical scattering function for a protonated scatterer Stheo (q,ω) 

with the instrument resolution function and fitting it to the data by varying the 

parameters of its elastic and quasielastic components. The analysis allows us to 

distinguish between different types of dynamics characterizing the investigated 

protein. 

The function Sexp (q, ω) consists of a normalization factor FN, the detailed 

balance factor exp (–ℏω/2kT), and the convolution of the resolution function R (q, 

ω) with the theoretical scattering function Stheo (q, ω) both of which depend on 

the energy transfer ℏω and momentum transfer q [82]: 

 

 Sexp(q,ω)= FN exp (−
ℏω

2kT
)R (q,ω) ⊗ Stheo(q,ω) (2.30) 

 

The theoretical model for protein dynamics can be expressed as: 

 

  Stheo(q,ω) =  e−〈u2〉q2
{A0(q)δ(ω) + ∑ An(q)Ln(Hn, ω)n + Sin(q,ω)} (2.31) 

 

This equation includes a Debye-Waller factor, e−〈u2〉q2
where 〈u2〉 is the mean 

square displacement (MSD) of vibrational motions, an elastic term A0(q)δ(ω), 

a quasielastic contribution ∑ An(q)Ln(Hn, ω)n , and an inelastic component 

Sin(q, ω).  



 

49 

Spectra were analyzed using OriginPro 8 [103]. Each QENS spectrum was 

modeled as a sum of one elastic (delta function) and one or two Lorentzian 

components convoluted with the instrumental resolution 

𝐿𝑛(𝜔) are Lorentzian functions with HWHM related to molecular relaxation 

times. At higher temperatures, fits required two Lorentzian components, inter-

preted as fast and slow dynamic processes. The narrow component’s HWHM was 

analyzed as a function of q² using the Singwi–Sjolander jump-diffusion model 

[104] to extract 𝐷 and 𝜏.  

The elastic incoherent structure factor (EISF) provides insights into the geo-

metry of proton motions and the fraction of hydrogen atoms involved. The EISF, 

which measures the ratio of elastic to total intensities, can be calculated as: 
 

 EISF =
A0(q)

A0(q)+A1(q)
 (2.32) 

 

Additionally, EISF were fitted using a four-site jump rotational model [105] to 

extract the radius of motion (r) and fraction of mobile hydrogen atoms (f). 
 

 EISF = f
1

4
[1 + 2j0(qr√2) + j0(2qr)] + (1 − f) (2.33) 

 

2.3.4. QENS Calibration and Validation 

Energy resolution calibration was performed using a vanadium standard, which 

provided a flat and purely elastic reference. The resolution function derived from 

vanadium was used throughout the data fitting. The validity of background sub-

traction and model fitting was confirmed by the flattening of residual diffractog-

rams and consistency with theoretical EISF curves. Furthermore, extracted dif-

fusion parameters and residence times were in agreement with previous literature 

on OCP dynamics, reinforcing the robustness of the analytical approach. 
 

 

2.4. Inelastic neutron scattering 

INS is a powerful technique for investigating the vibrational dynamics of proteins 

and other soft matter systems [85]. Unlike QENS, which probes slow stochastic 

motions near the elastic line (ω ≈ 0), INS accesses higher energy transfers 

(typically in the meV range) [85], corresponding to faster, quantized vibrational 

modes of atoms within a molecular structure. These vibrational modes include 

collective backbone fluctuations, side-chain torsions, and low-frequency oscil-

lations of protein domains [67]. 

Neutron Scattering and Vibrational Spectra: In an INS experiment, the 

neutron exchanges a discrete amount of energy (ħω) with the sample, either gaining 

or losing energy depending on the direction of the vibrational excitation. The 

scattered intensity as a function of energy transfer yields the vibrational density of 

states (VDOS), which reflects the distribution of accessible vibrational modes [67]. 
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The vibrational component of the dynamic structure factor, 𝑆(𝑞,𝜔), is ana-

lyzed to reveal these modes. At low temperatures, only energy-gain side measure-

ments (neutron energy loss) are typically considered, where the system absorbs 

energy from the neutron, exciting vibrational transitions [67]. 

Features of INS in Biomolecules: In proteins, low-frequency vibrational 

modes (< 10 meV) are of particular interest, as they often involve delocalized 

collective motions [106] that are biologically relevant, for example, breathing 

modes of secondary structures or domain fluctuations. These modes are often 

referred to as Boson peaks, representing an excess in the low-energy VDOS com-

pared to what is expected for a Debye solid. 

Key features of the INS spectrum: Broad, asymmetric peaks due to over-

lapping vibrational bands. Sensitivity to the local environment and hydration 

level [107]. Dependence of peak position and width on temperature and solvent 

composition [107]. 

Biological Relevance: INS is especially suited to study low-frequency vibra-

tions that are coupled to functional motions in proteins [108], including: Pigment–

protein interactions [109] in photosynthetic complexes. Conformational transi-

tions linked to ligand binding. Global motions affecting enzymatic activity. More-

over, as INS is sensitive to hydrogen atoms and does not require crystallinity, it 

enables measurements on hydrated, non-crystalline proteins under physiologi-

cally relevant conditions, complementing optical and computational studies of 

biomolecular flexibility. 

 

2.4.1. Sample preparation for INS 

WSCP samples were prepared for QENS and INS experiments following previ-

ously described protocols [33], with slight modifications. Recombinant WSCP 

from Brassica oleracea var. botrytis (cauliflower) was expressed in E. coli and 

subsequently reconstituted with purified pigments to achieve a chlorophyll a/b 

ratio of 2.7:1. 

For neutron scattering measurements, the protein was dissolved in a deute-

rated buffer composed of 300 mM imidazole and 20 mM sodium phosphate in 

D₂O, adjusted to pD 7.5. Two solvent conditions were investigated: (1) WSCP in 

aqueous buffer (denoted WSCPW), and (2) WSCP in the same buffer supple-

mented with 50% (w/v) glycerol (denoted WSCPW+G). The final protein concent-

ration for both sample types was approximately 80 mg/mL in a total volume of 

2 mL. Matching buffer-only solutions (with and without glycerol) were prepared 

in parallel for background subtraction during neutron scattering data analysis. 

To minimize incoherent background and ensure consistency across experi-

ments, all solutions were prepared using high-purity deuterium oxide (≥99.9% D 

content). The samples were thoroughly equilibrated and stored at low temperature 

prior to measurement to preserve protein integrity. 
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2.4.2. INS Instrumentation and Experimental Setup 

INS experiments were conducted to investigate the vibrational dynamics of 

WSCP in different solvent environments: water and glycerol. Vibrational dyna-

mics are critical for understanding how environmental factors modulate protein 

flexibility, rigidity, and stability at the atomic level. INS provides direct access to 

these dynamics by measuring the energy and momentum exchanged between 

incident neutrons and atomic motions within the sample. 

The experiments were performed using the time-of-flight spectrometer FOCUS 

at the Paul Scherrer Institute (PSI) in Villigen, Switzerland, Fig. 2.6. The FOCUS 

instrument is optimized for studying low-energy excitations in soft matter systems 

and biological materials. For the measurements, neutrons with an incident wave-

length of 5 Å were used, resulting in an elastic energy resolution (ΔE) of 

0.123 meV. The accessible q-ranged from 0.35 to 2.25 Å⁻¹. 

Figure 2.6. Schematic of the FOCUS Time-of-Flight Neutron Spectrometer. The diagram 

illustrates the main components of the FOCUS spectrometer at the Paul Scherrer Institute 

(PSI), including the neutron guide, disc and Fermi choppers, monochromator, sample 

environment, and detector systems. Image source: Paul Scherrer Institute (PSI), Villigen, 

Switzerland. Reproduced with permission for academic use from https://www.psi.ch, 

accessed on 25.05.2025. 
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WSCP samples were prepared at a concentration of approximately 80 mg/mL. 

Solutions were carefully sealed inside standard cylindrical aluminum sample hol-

ders to prevent evaporation or contamination during measurements. The tempera-

ture of the samples was precisely controlled during the measurements, covering 

a range from 100 K to 300 K, to systematically investigate thermal effects on 

protein vibrational behavior. 

 

Principle of Measurement 

In INS, a beam of neutrons with well-defined energy and momentum hits the 

sample. When neutrons interact with atoms in the sample, they can either lose or 

gain energy by exciting or de-exciting vibrational modes, respectively. The energy 

transfer (ΔE) between the incident and scattered neutrons is calculated as Eq. 2.4. 

 

the associated q is determined by [108]: 

 

 𝑞 = √𝑘𝑖
2 + 𝑘𝑠

2 − 2𝑘𝑖𝑘𝑠 𝑐𝑜𝑠 𝜃 (2.34) 

 

where 𝑘𝑖 and 𝑘s are the incident and scattered neutron wave vectors, and 𝜃 is the 

scattering angle. By measuring both ΔE and q, it is possible to map the vibrational 

density of states and analyze atomic and molecular motions in the sample. 

 

2.4.3. INS Data Reduction and Analysis  

Since both the protein and the solvent contribute to the total scattering signal, it 

was necessary to perform background subtraction to isolate the vibrational modes 

intrinsic to WSCP. Independent measurements of the pure solvent systems (water 

and water-glycerol mixtures) were recorded under identical experimental condi-

tions to the sample measurements. 

A scaling factor was applied to the solvent signals to match the intensity of 

solvent-specific scattering features, particularly the prominent water coherence 

peak around a 2θ angle of 100°. Scaling factors of 0.83 for WSCPW and 0.75 for 

WSCPW+G were determined by trial and error to ensure optimal subtraction. After 

applying the buffer subtraction, the resulting scattering spectra reflected primarily 

the vibrational contributions from the protein. 

The corrected protein scattering intensity, 𝐼protein (q, 𝜔), was calculated using 

Eq. 2.29. Additionally, measurements from an empty aluminum sample holder 

were recorded and subtracted to remove background contributions from the 

holder itself. Data was corrected for detector efficiency and normalized to the 

incident neutron flux using the DAVE software [110], ensuring consistency 

across different experimental runs. 
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Data Analysis Procedure 

The buffer-subtracted INS spectra, representing the vibrational response of WSCP, 

were systematically analyzed to identify characteristic vibrational modes and 

assess how they changed with temperature and solvent environment. 
 

The vibrational spectrum was modeled as a superposition of two primary features: 

• A low-energy vibrational mode (Peak 1), corresponding to the Boson peak 

typically associated with collective motions in proteins and soft matter 

systems. 

• A higher-energy vibrational mode (Peak 2), attributed to localized molecular 

vibrations, possibly related to chlorophyll-specific vibrational states within 

WSCP. 
 

Each observed peak was fitted using a hybrid profile combining Gaussian and 

Lorentzian line shapes, allowing accurate characterization of both sharp and broad 

spectral features. To improve fitting stability and reproducibility across datasets: 

The Gaussian widths (𝑊𝑔) for both peaks were fixed at 4 meV and 3 meV for 

WSCPW and 3 meV for WSCPW+G. 

The position of Peak 2 (𝑋𝑐2) was fixed at 6.5 meV for WSCPW and at 6 meV 

for WSCPW+G, based on prior spectral observations and literature values for 

chlorophyll-related vibrations. 

The Lorentzian width of Peak 2 was held constant during fitting, while that of 

Peak 1 was allowed to vary to reflect temperature-dependent broadening effects. 

Extracted fitting parameters included the peak centers (Xc₁, Xc₂), Lorentzian 

widths (Wl₁, Wl₂), and integrated areas under each peak (A₁), providing quanti-

tative descriptions of vibrational dynamics. 

Temperature evolution of these parameters was systematically tracked to reveal 

how glycerol affects protein flexibility, rigidity, and vibrational coupling, espe-

cially in comparison with water alone. 
 

2.4.4. INS Calibration and Validation 

Instrument calibration was performed using a vanadium standard, known for its 

purely incoherent and isotropic neutron scattering, to ensure the accuracy of energy 

transfer determinations and to correct for detector non-uniformity. Data reduction 

protocols, including background subtraction, detector efficiency correction, and 

normalization, were systematically applied to all datasets. 

To validate the reproducibility of the measurements, multiple independent scans 

were conducted at selected temperatures. The consistency of fitting parameters 

across repeated datasets was verified, and error estimates were derived from fitting 

uncertainties. 

Special attention was paid to confirming the absence of artifacts after buffer 

subtraction, particularly ensuring that any residual solvent-specific coherent 

scattering peaks were removed, guaranteeing that the extracted vibrational features 

genuinely originated from the protein. 
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 2.5. Time Resolved Small Angle X-ray Scattering (TR-SAXS) 

TR-SAXS is a technique that enables the investigation of structural dynamics in 

solution-phase biomolecules with temporal resolution. It provides insight into 

conformational transitions, folding pathways, ligand binding, and assembly pro-

cesses by capturing the evolution of scattering profiles over time following a trig-

gering event. 

TR-SAXS complements static SAXS and other time-resolved biophysical 

techniques by offering the ability to monitor large-scale structural changes in 

near-native environments without the need for crystallization [111]. This method 

is particularly effective for studying kinetic processes that occur on millisecond 

to second timescales [111]. 

 

2.5.1. Sample preparation for TR-SAXS 

OCP samples, including DNA cloning, protein expression and purification, and 

pigment characterization, were performed as previously described in [112]. The 

gene encoding the orange carotenoid protein (OCP) wild type (slr1963 from 

Synechocystis sp. PCC 6803) was synthesized via artificial gene synthesis 

(GeneArt, Carlsbad, CA, USA) and codon-optimized for E. coli expression using 

the GeneOptimizer® algorithm. The gene was cloned into a modified  

pRSFDuet-1 vector (termed “pRSFDuetM-OCP”), which includes a human rhino-

virus 3C protease cleavage site (LEVLFQ/GP) for removal of the N-terminal 

poly-histidine tag. After cleavage, the resulting OCP protein begins with the 

sequence GPDPATM [112]. 

The expression plasmid pRSFDuetM-OCP was co-transformed into E. coli 

BL21(DE3) cells (NEB, Ipswich, MA, USA) already harboring the carotenoid-

producing plasmid p25crtO. This plasmid carries crtY, crtI, crtB, crtE from 

Pantoea ananatis for β-carotene biosynthesis, and crtO from Synechocystis, 

encoding a β-carotene ketolase that generates echinenone and minor amounts of 

canthaxanthin. 

A single colony of the co-transformed cells was used to inoculate 50 mL LB 

medium with kanamycin (50 μg/mL) and chloramphenicol (34 μg/mL) and grown 

overnight at 37 °C. The preculture was then diluted 1:100 into 2 L LB medium 

(with the same antibiotics) and incubated at 37 °C until OD₆₀₀ reached 0.6–0.8. 

Protein expression was induced with 0.5 mM IPTG, followed by incubation at 

25 °C for 72 hours. Cells from five 2 L cultures were harvested and stored at  

–20 °C. 

For purification, cell pellets were resuspended in 1× PBS (137 mM NaCl, 

2.7 mM KCl, 12 mM phosphate, pH 7.4) with lysozyme (100 mg), DNase 

(10 μg), and protease inhibitors. Cells were lysed using a French press at 20,000 

psi (3 cycles). The lysate was clarified by centrifugation at 18,000×g for 15 mi-

nutes and loaded onto a 5 mL Co²⁺-HiTrap Talon column (Cytiva) for affinity 

purification. Elution was performed with 350 mM imidazole in PBS. 
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The His-tag was removed by overnight dialysis at 4 °C in 3C protease buffer 

(20 mM Tris, 100 mM NaCl, 2 mM DTT, pH 7.5) with 3C protease (500:1 

protein:protease mass ratio). The sample was re-applied to the Talon column to 

collect the flowthrough containing tag-free protein. 

To separate apoprotein from carotenoid-bound forms, hydrophobic interaction 

chromatography (HIC) was used. The sample was dialyzed overnight at 4 °C in 

HIC buffer (0.5 M (NH₄)₂SO₄, 0.1 M urea, 5 mM phosphate, pH 7.5), then loaded 

onto a HiPrep™ 16/10 Phenyl HP column (Cytiva) and eluted with hydrophilic 

buffer (0.1 M urea, 5 mM phosphate, pH 7.5). Carotenoid-rich fractions were 

pooled and concentrated using 10 kDa MWCO centrifugal filters (Pall Corpo-

ration). 

Final purification was done on a Superdex™ 200 Increase 10/300 column 

(Cytiva) in phosphate-buffered saline. The buffer was gradually exchanged to 

D₂O-based PBS (prepared by dissolving PBS tablets in 99.9% D₂O, Sigma 

Aldrich) by successive concentration and dilution steps (3–4 times). Final protein 

samples were concentrated to 200–300 μL, sealed, and frozen at –80 °C. The final 

protein concentration was ~65 mg/mL in 99.9% D₂O. 

 

2.5.2. TR-SAXS Instrumentation and Experimental Setup  

In TR-SAXS, a high-intensity X-ray beam (typically from a synchrotron source) 

is used to probe the sample at different time points after the initiation of a struc-

tural change. The scattering vector q is defined in Eq. 2.3 and Eq. 2.8. The inten-

sity I(q) provides structural information about the macromolecule at each time 

point. 

TR-SAXS experiments typically utilize specialized sample delivery systems 

such as stopped-flow, continuous-flow mixers, or temperature/pressure jump 

setups to initiate the structural transition. In this work, TR-SAXS data were col-

lected at the GANESHA SAXS setup, in the Jülich Centre for Neutron Science 

(JCNS) Fig. 2.7. 
 

The experimental setup included: 

– X-ray wavelength: 1.35 Å 

– Sample-to-detector distance: 1164.7078 mm 

– Time resolution: 1 minute/frame 

– Exposure time per frame: 60 s 

– Total duration: 480 minutes per kinetic run 

– Sample volume per shot: 100 μL 
 

Triggering of the reaction was achieved by using the same 480 nm blue diode 

laser and beam geometry described by Golub et al. (2023) [112], where the light 

was delivered to the sample via an optical fiber positioned perpendicular to the 

beam path. In our experiment, we continuously illuminated the OCP sample for 

one hour to ensure complete conversion to the photoactivated OCPR state. This 
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step was critical because the forward photoactivation quantum yield is notably 

low (∼2%), making it difficult to achieve full activation through illumination 

alone. To circumvent this, we chose to study the back conversion from OCPR to 

OCPO. After the one-hour illumination, the laser was turned off, and SAXS 

measurements were collected every minute over an 8-hour period to monitor the 

relaxation dynamics of the protein returning to its ground state. 

Figure 2.7:Experimental Setup on the GANESHA SAXS Instrument. (A) General 

schematic and labeled components of the GANESHA SAXS setup, reproduced with 

permission from the Jülich Centre for Neutron Science (JCNS) website [https://www.fz-

juelich.de/en/jcns], accessed on 25.05.2025. (B) and (C) Photographs of the laser mounting 

configuration used to activate the sample during TR-SAXS measurements. Images taken 

by the author at JCNS, Forschungszentrum Jülich. 
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2.5.3. TR-SAXS Data Reduction and Analysis 

Scattering data were collected as a function of time, resulting in a series of I(q,t) 

curves representing structural snapshots at each time delay after the trigger. Raw 

data were subjected to: 

i. Background subtraction (buffer scattering) 

ii. Normalization to incident beam intensity 

iii. Correction for detector sensitivity and sample transmission 

 

Time-resolved scattering curves were extracted and aligned with the kinetic 

trigger to ensure consistency across replicates. 

 

Data Analysis 

The TR-SAXS data were analyzed through several complementary approaches. 

TR-SAXS data were collected over a 480-minute kinetic run following a one-

hour pre-illumination period. One SAXS frame was recorded per minute, re-

sulting in a total of 480 frames. Each frame corresponds to a one-minute time 

point and captures the structural evolution of the sample in the dark state after 

light exposure was terminated. 

 

Data Processing Workflow 

All raw SAXS images were stored as TIFF files in a zip archive. The analysis 

was performed using a custom Python script developed with the Jscatter library, 

along with additional scientific computing packages (NumPy, h5py, PIL, etc.). 

The key steps in the processing workflow were: 

 

Radial Averaging: 

Each 2D SAXS frame was converted into a 1D scattering profile I(q) by radial 

averaging. Poisson statistics were used to estimate intensity errors. 

 

Normalization: 

Intensities were normalized to absolute units (cm⁻¹) using transmission and 

acquisition time. 

Each curve was labeled with its corresponding time point based on the frame 

acquisition interval (1 minute per frame). 

 

Background Subtraction: 

A background curve was computed from a selected subset of early time frames 

and subtracted from all other frames to isolate the structural changes of interest. 
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All processed data were then compiled into a single HDF5 file containing: the 

scattering vector q, time-resolved intensity matrix I(q,t), and associated errors for 

each intensity value. 

This procedure resulted in a time series of SAXS curves that were further used 

for modeling structural transitions in the protein complex under investigation. 

 

 Model-Based Curve Fitting:  

To gain structural insight into the conformational changes of the OCP during 

recovery, SAXS curves at selected time points were modeled using theoretical 

scattering calculations. 

At the initial time point (5 minutes) (after terminating illumination) the SAXS 

profile reflects the light-activated OCPR state. Since no high-resolution atomic 

structure exists for OCPR in solution, we used Pepsi-SAXS to fit the experimental 

scattering curve. This tool enables flexible modeling of inter-domain arrange-

ments, allowing us to derive a structural model consistent with the extended 

conformation expected for OCPR in D₂O. 

At the time point (280 minutes), the SAXS curve was analyzed using 

CRYSOL, employing the known atomic structure of the inactive OCPO state. The 

theoretical curve was computed under D₂O solvent conditions to match the 

experimental contrast. The excellent fit confirmed that the protein had reverted 

to its compact, resting conformation after 280 minutes. 

 

2.5.4. TR-SAXS Calibration and Validation 

Before initiating time-resolved measurements, thorough calibration and vali-

dation of the experimental setup were essential to ensure data accuracy and repro-

ducibility. Calibration procedures addressed geometric parameters, detector per-

formance, beamline stability, and sample environment alignment. These steps 

provided a reliable baseline against which dynamic structural changes could be 

interpreted. 

 

Instrument Calibration 

q-Range Calibration: The scattering vector q was calibrated using a standard 

sample with known scattering features, such as silver behenate or collagen [113]. 

The peak positions in the 1D scattering profiles were matched to tabulated  

d-spacings to derive precise q-spacing for the entire detector field. 

 

Detector Geometry: The sample-to-detector distance and detector center were 

calibrated using beamstop shadow positioning and known calibration standards. 

Small positional misalignments were corrected through iterative geometric fitting 

using calibration software (e.g., SAXSutilities, pyFAI). 
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Validation Using Reference Systems: Static SAXS Comparison: initial scat-

tering profiles at t=0 was compared with previously recorded static SAXS data 

for OCP in its dark-adapted state. Agreement in the scattering patterns validated 

correct sample preparation, concentration, and alignment. 

 

Background Scattering Assessment: Scattering from buffer-only and empty 

capillaries were collected regularly to monitor beamline background. Stable and 

low background confirmed minimal artifacts from flow cell windows or align-

ment issues. 

 

Data Consistency Checks: Radiation Damage Monitoring: scattering profiles 

were compared across multiple replicates to assess potential radiation damage. 

Minimal variation and absence of progressive aggregation features (e.g., upturn 

at low q) confirmed sample integrity under repeated exposure. 

 

Normalization Verification: Incident beam normalization was validated by 

comparing overlapping frames under identical conditions. Consistent normalized 

intensities indicated reliable beam monitor performance and data scaling. 

Together, these calibration and validation steps established a robust experi-

mental framework, ensuring that the time-resolved SAXS data accurately ref-

lected biologically meaningful structural transitions in OCP. These efforts were 

critical for downstream kinetic modeling and structural interpretation of photo-

activation dynamics.  
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CHAPTER 3:  

MAIN RESULTS 

This dissertation explored the structural and dynamical properties of OCP and 

related systems through a series of experimental studies, each addressing comple-

mentary aspects of OCP function, interaction, and environmental sensitivity. The 

work comprises three published studies (Papers I–III) and one ongoing investi-

gation involving TR-SAXS. Collectively, these results provide a comprehensive 

picture of how OCP structure and dynamics are modulated by interactions with 

partner proteins, environmental conditions, and solvent composition. 

 

Paper I – Structural Characterization of OCP–FRP Interactions 

In Paper I, we confirmed that the ∆NTEOCPO mutant binds FRP in a 

2FRP:1∆NTEOCPO stoichiometry, in agreement with prior SAXS studies [46, 53, 

87, 114]. This binding mode underscores the functional significance of NTE 

unfolding during the OCP photocycle, which exposes the FRP binding interface. 

Our SEC-SANS experiments further revealed a ∆NTEOCPO–2FRP–∆NTEOCPO as-

sembly, enabling us to propose a solution structure for the 2:2 complex. 

This structural intermediate appears to play a key role in the backconversion 

of photoactivated OCPR to its inactive OCPO form. The data support a mechanism 

whereby OCP transitions through 2:2 and 2:1 complexes, with FRP assisting in 

the rearrangement and monomerization processes. The ∆NTEOCPO mutant, by 

stabilizing transient intermediates, allowed us to capture and structurally charac-

terize species that are otherwise fleeting in wild-type systems. These insights 

contribute to a deeper mechanistic understanding of the photoprotection cycle in 

cyanobacteria and highlight the functional importance of oligomeric states in 

modulating OCP activity under varying light conditions. 

 

Paper II – Temperature-Dependent Protein Dynamics of OCP Variants 

In Paper II, we investigated the temperature-dependent dynamics of three OCP 

variants, OCPwt, OCPMO, and OCPMP, using QENS. The wild-type dark-adapted 

OCP displayed lower flexibility than the two mutant forms, specially OCPMP 

which adopt more extended, OCPR-like conformation. Above 200 K, all variants 

exhibited increased dynamics, with particularly enhanced mobility beyond the 

solvent melting point. 

Distinct differences in dynamics between OCPMP and OCPMO were observed, 

likely arising from differences in their carotenoid ligands: canthaxanthin (CAN) 

in OCPMP allows for more extensive hydrogen bonding than echinenone (ECN) 

in OCPMO. This leads to increased hydration dynamics and higher flexibility in 

OCPMP. Furthermore, below the freezing point of the solvent, a marked reduction 

in mobility was observed, attributed to ice-induced crowding and aggregation 

effects that restrict both side-chain and backbone motion. 
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These findings demonstrate how subtle structural and chemical differences 

between OCP variants influence their thermal responses and conformational 

plasticity, properties that may be essential for tuning their photoactivation 

behavior in vivo. 

 

Paper III – Solvent-Dependent Protein Dynamics in WSCP 

Paper III examined the effects of glycerol on the conformational and vibrational 

dynamics of WSCP. QENS and INS analyses showed that glycerol restricts large-

amplitude diffusive motions while allowing localized internal motions to persist. 

This decoupling arises from glycerol’s high viscosity and extensive hydrogen-

bonding capacity, which create a viscous microenvironment that acts as a mole-

cular “cage.” 

As temperature increases, the diffusion constant (D) increases, but the resi-

dence time (τ) stabilizes between 280 K and 300 K, indicating that glycerol im-

poses an upper limit on molecular mobility. Despite this, side-chain and backbone 

fluctuations continue to grow with temperature, suggesting that internal flexi-

bility is preserved through preferential hydration and transient hydrogen bonding 

with water. 

INS spectra further confirmed that the vibrational landscape of WSCP is 

solvent-sensitive: low-frequency vibrational modes are suppressed in glycerol 

relative to water, supporting the interpretation that solvent viscosity modulates 

protein flexibility. These findings highlight the importance of solvent properties 

in shaping biomolecular dynamics and stability. 

 

Ongoing Work – Time-Resolved SAXS Analysis of OCPR–OCPO Recovery 

The time-resolved SAXS dataset captured the structural dynamics of OCP as it 

relaxed from the light-activated OCPR state back to its compact OCPO form. 

Scattering intensity was monitored as a function of both momentum transfer 𝑞 

and time Fig. 3.1, allowing us to track changes in the overall SAXS profile 

throughout the 8-hour recovery period. 

By plotting intensity curves across time and examining the dataset in Origin-

Pro 8 [103], we observed significant temporal changes in the SAXS profiles 

during the early phase of recovery. In particular, a clear transition in the shape 

and intensity distribution of the scattering curves was visible between 90 and 

120 minutes after the end of illumination. This indicates that the main confor-

mational changes associated with the OCPR-to-OCPO back conversion occurred 

within this time window. 

Beyond 120 minutes, the SAXS profiles stabilized and showed no further 

detectable changes over the remaining duration of the measurement (up to 

480 minutes). This suggests that the structural transition had reached completion 

and that the protein had returned to a stable resting state. 

To better understand the conformational states at the beginning and end of the 

transition, we selected two representative time points for structural modeling. At 
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time 0 minutes, immediately after cessation of illumination, the SAXS profile 

was analyzed using Pepsi-SAXS. The resulting fit was consistent with an open, 

extended conformation, as expected for the light-activated OCPR state Fig. 3.2. 

At time 280 minutes, well beyond the observed transition window, we used 

CRYSOL to fit the experimental SAXS curve using the known atomic structure 

of OCPO Fig. 3.3. The theoretical profile matched the data closely, supporting the 

conclusion that the protein had reverted to its compact, inactive conformation by 

this time. 

These results demonstrate that OCP undergoes a distinct structural transition 

from an open to a compact conformation during dark-state recovery, with the pri-

mary changes occurring within the first two hours. The SAXS profiles beyond 

this point remain constant, indicating the formation of a stable OCPO state. The 

data analysis of TR-SAXS measurements is still in progress. The current results 

represent preliminary observations, and further analysis is ongoing to refine the 

structural interpretation and extract additional insights from the dataset. 

 

 

Figure 3.1: Time-resolved SAXS analysis of OCP in D₂O during dark-state recovery from 

the light-activated OCPR state to the compact OCPO state. Bottom panel: Heatmap of 

scattering intensity as a function of momentum transfer q (horizontal axis) and time 

(vertical axis, in minutes 0–480). The horizontal lines at 5 min and 280 min mark two 

representative time points. Top panel: Scattering profiles at t = 5 min (green) and 

t = 280 min (blue), highlighting the structural differences between the early OCPR 

conformation and the final OCPO state. Right panel: Time evolution of scattering intensity 

at 𝑞=0.044 Å−1 (red curve), showing a clear transition over the first 100–120 minutes and 

stabilization thereafter. The arrow indicates the approximate turning point around 200 mi-

nutes, suggesting completion of the conformational transition. 
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Figure 3.2: Experimental SAXS profile of light-activated OCPR in D₂O at time 5 (red 

circles with error bars), overlaid with the theoretical scattering curve computed using 

Pepsi-SAXS based on a high-resolution model of the OCPR state (black line). The 

agreement between the experimental data and the fitted curve supports an extended, open 

conformation of OCPR at time = 0. 

 

 

Figure 3.3: Experimental SAXS profile of wild-type OCP in D₂O at 280 minutes (orange 

circles with error bars), overlaid with the theoretical scattering curve computed using 

CRYSOL (black line) based on the known dimeric structure of OCPO from PDB: 3MG1. 

The close agreement between the experimental data and the CRYSOL fit confirms the 

compact, dimeric conformation of the OCPO state at this late time point. 
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CHAPTER 4:  

CONCLUSION AND PERSPECTIVES 

4.1. Conclusion 

This dissertation presents an integrated investigation into the structure and 

dynamics of photoactive proteins using neutron and X-ray scattering techniques. 

By focusing primarily on OCP, its interactions with the FRP, and WSCP as a 

minimal model system, the work provides novel insights into the molecular 

mechanisms of photoprotection and pigment–protein interactions in photo-

synthetic organisms. 

The first part of this work employed SEC-SANS to resolve the solution struc-

tures of FRP-OCP complexes. Distinct oligomeric assemblies, including 2:1 and 

2:2 FRP:OCP stoichiometries, were identified and modeled in solution, contri-

buting to our understanding of the structural diversity and potential regulatory 

modes in OCP recovery dynamics. This work clarified how the absence of the  

N-terminal extension in ΔNTEOCP stabilizes intermediate conformations, thereby 

facilitating FRP binding and promoting the back conversion to the OCPO state. It 

confirmed the existence of both 2:1 and 2:2 FRP:OCP complexes in solution. 

Notably, for the first time, it proposed a high-resolution structural model for the 

2:2 complex. The fact that this complex is stable enough to be characterized by 

small-angle neutron scattering suggests it plays a significant functional role in the 

OCPR–OCPO conversion process. These findings provide critical insight into the 

stoichiometry, structural organization, and functional relevance of FRP-mediated 

regulation in cyanobacterial photoprotection. 

The second part used QENS to examine internal dynamics across three variants 

of OCP: OCPwt, OCPMO, and OCPMP. The dynamic profiles revealed that the more 

“open” OCPMP variant exhibited enhanced flexibility relative to OCPwt, sup-

porting the hypothesis that increased protein mobility correlates with the photo-

activated OCPR-like state. Interestingly, although OCPwt and OCPMO share a com-

pact structural conformation, OCPMO lacks a single hydrogen bond due to the 

absence of one carbonyl group at one end of the carotenoid. This seemingly minor 

modification led to a measurable increase in molecular dynamics compared to 

OCPwt (a surprising result that highlights the sensitivity of protein flexibility to 

subtle changes in pigment) protein interactions. These findings emphasize the 

critical role of even single hydrogen bonds in tuning the dynamic behavior of 

OCP and reinforcing the link between conformational flexibility and functional 

switching in photoprotective proteins. 

The third experimental section focused on TR-SAXS to capture the real-time 

structural reversion of OCP from its red photoactivated form (OCPR) to the dark-

adapted orange state (OCPO). The millisecond-resolution. TR-SAXS data pro-

vided a continuous picture of the large-scale conformational changes that underpin 

functional recovery, complementing both static structural and dynamic neutron 

data. 
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Finally, QENS and INS applied to WSCP to examine how solvent composition 

affects protein flexibility and vibrational dynamics. A two-phase dynamical 

behavior was observed in the presence of glycerol, with significant effects on both 

jump-diffusion and vibrational dynamics. These results underscore the influence 

of the solvent environment on the functional dynamics of pigment–protein com-

plexes and provide a benchmark for interpreting similar effects in more complex 

systems such as OCP. 

Taken together, the four experimental approaches presented in this thesis 

reveal a comprehensive picture of structure–dynamics–function relationships in 

light-sensitive proteins. The complementary use of SANS, QENS, INS, and TR-

SAXS across different temporal and spatial scales has proven critical to under-

standing how protein flexibility, solvent effects, and oligomeric state modulate 

photoactivation and deactivation. These insights not only advance our under-

standing of cyanobacterial photoprotection but also establish a methodological 

framework for investigating dynamic biomolecular systems more broadly. 

This multidisciplinary approach lays the groundwork for future studies integ-

rating high-resolution structural data, mutagenesis, and computational modeling 

to further decipher the molecular underpinnings of photosensory protein function 

and regulation. 

 

 

4.2. Perspectives 

While the present work has significantly advanced our understanding of OCP and 

the application of advanced biophysical methods to study protein dynamics, 

several future directions arise that can further build upon this foundation: 

 

Real-Time Neutron Scattering Experiments 

Advancements in neutron source technology and detector speed now make it 

feasible to perform time-resolved neutron scattering, a next logical step in dynamic 

protein studies. Future experiments could synchronize light activation with neutron 

measurements to capture real-time dynamics of photoactivation and relaxation 

processes. Such studies would provide time-resolved maps of atomic motions 

during functional transitions, expanding our understanding of protein energetics 

and motion on the nanosecond to millisecond scale. 

 

Comparative Studies Across OCP Variants and Homologs 

Cyanobacteria possess a diverse array of OCP homologs with different photo-

physical and structural properties. A comparative analysis of these variants (both 

naturally occurring and engineered) could uncover evolutionary adaptations in 

photoprotection strategies. Insights from such comparisons may allow for the 

rational design of artificial photoprotective systems or light-responsive proteins 

for synthetic biology applications. 
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Integration of High-Resolution Cryo-EM and Single-Molecule Methods 

Future work could involve combining neutron scattering and SAXS with 

emerging techniques like cryo-EM and single-molecule Förster resonance energy 

transfer (smFRET). These methods can resolve protein complexes at near-atomic 

resolution and track conformational changes at the single-protein level, respec-

tively. Their integration would enable the study of full OCP-FRP-phycobilisome 

assemblies and resolve transient interaction interfaces during photoprotection. 

 

Advanced Simulation Techniques and AI-Driven Modeling 

Recent developments in machine learning and enhanced sampling algorithms 

provide powerful tools to extend molecular simulations. Incorporating AI-driven 

approaches to analyze scattering data or predict dynamic behaviors can improve 

model accuracy and reduce computational costs. These models can be trained 

using existing datasets to predict the effects of mutations, solvent changes, or 

temperature on protein behavior, enabling faster hypothesis testing and design of 

experiments. 

 

Applications in Optogenetics, Renewable Energy, and Biosensors 

Understanding OCP’s light-responsive behavior paves the way for its use in bio-

engineering applications. Engineered OCPs or synthetic analogues could serve as 

components in optogenetic circuits, light-controlled switches in molecular devices, 

or photoprotective agents in artificial photosynthetic systems. Moreover, OCP’s 

light-induced conformational changes could be harnessed in biosensor techno-

logies for detecting light, temperature, or redox changes. 

 

Deeper Investigation of Solvent Effects and Crowded Environments 

Proteins operate in complex, crowded intracellular environments that are not fully 

captured in current in vitro experiments. Future studies could examine OCP dyna-

mics in more physiologically relevant settings, including in-cell neutron scat-

tering or in vitro crowding assays. These experiments would provide insights into 

how macromolecular crowding, compartmentalization, or membrane interactions 

influence protein structure and function. 
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SUMMARY 

This doctoral thesis investigates the structure and dynamics of photoactive 

proteins using state-of-the-art neutron and X-ray scattering techniques. The pri-

mary focus is on the Orange Carotenoid Protein (OCP), a key photoprotective 

component in cyanobacteria, and the Water-Soluble Chlorophyll-binding Protein 

(WSCP), a simplified model for studying pigment–protein interactions. These 

systems serve as models for understanding how light-induced conformational 

changes and protein flexibility regulate biological function, particularly in light-

harvesting and energy dissipation processes. 

A combination of complementary experimental methods, including Small-

Angle Neutron Scattering (SANS), Quasielastic and Inelastic Neutron Scattering 

(QENS and INS), and Time-Resolved Small-Angle X-ray Scattering (TR-SAXS), 

is used to characterize both static structures and dynamic transitions in protein 

systems under near-physiological conditions. In paper I, SEC-SANS is employed 

to resolve the solution structures and oligomeric states of OCP–FRP complexes, 

providing insights into their role in the photoactivation and thermal relaxation 

cycles of OCP. In paper II, QENS is used to assess the internal mobility of various 

OCP variants and in Paper III INS with QENS has been used to study WSCP 

systems, revealing how pigment content, solvent environment, and temperature 

influence protein flexibility and function. TR-SAXS captures the real-time 

conformational dynamics of the OCP during deactivation from its light-activated 

red form (OCPR) back to its resting orange form (OCPO). 

The findings of this work offer a comprehensive picture of how protein struc-

tural plasticity and dynamic behavior underlie the functional switching mecha-

nisms in photoactive proteins. Beyond advancing the fundamental understanding 

of protein photophysics and photoprotection in cyanobacteria, the results also 

inform the design of artificial light-harvesting systems, synthetic photoprotective 

materials, and optogenetic tools. By bridging studies of complex biological 

systems with minimal model proteins, this thesis contributes to the broader field 

of structural biology, shedding light on the interplay between structure, dynamics, 

and function in biological macromolecules. 

 

Keywords: Orange Carotenoid Protein, photoprotection, neutron scattering, 

protein dynamics, TR-SAXS, WSCP, cyanobacteria, pigment–protein inter-

actions 
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SUMMARY IN ESTONIAN 

Fotoaktiivsete proteiinide struktuuri ja dünaamika uurimine (in situ) 

neutronhajumise meetoditega 

 

Käesolevas doktoritöös uuritakse valgusaktiveeritavate valkude struktuuri ja 

dünaamikat, kasutades kaasaegseid neutron- ja röntgenhajumise meetodeid. Töö 

keskmes on Orange Carotenoid Protein (OCP), mis on tsüanobakterites oluline 

fotokaitsevahend, ning Water-Soluble Chlorophyll Protein (WSCP), mis toimib 

lihtsustatud mudelina pigment–valgu interaktsioonide uurimiseks. Nende val-

kude kaudu käsitletakse, kuidas valguse poolt esilekutsutud struktuurimuutused 

ja valgu paindlikkus määravad nende bioloogilise funktsiooni, eriti valguse kogu-

mise ja energia hajutamise mehhanismide kaudu. 

Töö tugineb mitmete täiendavate eksperimentaalsete tehnikate integreeri-

misele, sealhulgas Small-Angle Neutron Scattering (SANS), Quasielastic ja 

Inelastic Neutron Scattering (QENS ja INS) ning Time-Resolved Small-Angle 

X-ray Scattering (TR-SAXS), et iseloomustada valgusaktiveeritavate valkude 

staatilisi struktuure ja dünaamilisi muutusi füsioloogilistele tingimustele sar-

nastes keskkondades. SANS-analüüs koos Size-Exclusion Chromatography (SEC) 

meetodiga võimaldab määrata OCP–FRP komplekside lahusstruktuurid ja oligo-

meersed olekud, heites valgust nende rollile OCP valgusaktiveerimise ja taastu-

misprotsessides. QENS-mõõtmised toovad esile erinevate OCP variantide ja 

WSCP sisemise liikumise ning selle, kuidas pigmentide sisaldus, lahusti viskoos-

sus ja temperatuur mõjutavad valgu paindlikkust ja funktsiooni. TR-SAXS 

võimaldab reaalajas jälgida valguse poolt aktiveeritud OCPR olekust taastumist 

tagasi algsesse OCPO olekusse. 

Töö tulemused annavad tervikliku ülevaate sellest, kuidas valgusindutseeritud 

valkude struktuurne paindlikkus ja dünaamiline käitumine toetavad nende funkt-

sionaalset ümberlülitust. Lisaks fotoprotektsiooni mehhanismide paremale mõist-

misele tsüanobakterites annavad saadud teadmised olulise panuse bioinspireeritud 

valguskogumissüsteemide, sünteetiliste fotokaitsematerjalide ja optogeneetiliste 

rakenduste arendamiseks. Uurides nii keerukaid looduslikke süsteeme kui ka liht-

sustatud mudeleid, aitab see doktoritöö paremini mõista struktuuri ja dünaamika 

seoseid valkude funktsiooni määramisel. 

 

Võtmesõnad: Orange Carotenoid Protein, fotokaitse, neutron scattering, valgu 

dünaamika, TR-SAXS, WSCP, cyanobacteria, pigmendi-valgu interaktsioonid  
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