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Abstract 
 
Proteins found in nature offer a vast range of exceptional materials, including high-performance 
biopolymers such as spider silks and whey protein nanofibrils. Fibrous proteins possess immense 
potential for developing novel materials suited for various applications, such as medical 
biomaterials or industrial products. This thesis uses an interdisciplinary approach based on 
experimental and computational methods to present insights into the fundamental aspects of 
protein fibers, exploring details on the molecular level and their self-assembly. 

Spider silk threads exhibit strength, elasticity, and the ability to withstand high-energy loads. 
Additionally, silk is naturally degradable, and compatible with cell growth, and non-immunogenic. 
This thesis examines the molecular assembly of spider silk, particularly the secondary structure 
level, which contributes greatly to its properties. We unveil the structural details of the 
recombinant spidroins 4RepCT and the CT domain over hydrophobic/hydrophilic surfaces, 
describing their periodic oriented macrostructure and stability. Furthermore, it is reported that the 
CT domain form β-nanocrystalline components, revealing a specific segment (helix No4) that can 
self-assemble into nanofibrils in a pH-sensitive manner. In addition, we describe the method of 
sortase-mediated transpeptidation reaction used to catalyze the covalent coupling of the spidroins 
4Rep and CT, resulting in partially isotopically labeled fibers suitable for solid-state NMR 
spectroscopy analyses. 

β-lactoglobulin is an emerging protein source used to create advanced biomaterials because of its 
high availability and ability to assemble to protein nanofibrils (PNFs). Recombinant and synthetic 
β-lactoglobulin PNFs with isotopic labelling are generated and analyzed using solid-state NMR 
spectroscopy and atomic force microscopy. The fibrils of both species present congruencies 
regarding morphology with unbranched conformation and a height of approximately 6 nm. At the 
same time, their NMR spectra demonstrate accordance with their hydrophobic residues (i.e., Ala, 
Val, Ile, and Leu) as β-sheets. In addition, distinct inter-residue cross-peaks of Ser-Thr and Leu-
Ile provide insights into the molecular structure of β-lactoglobulin PNF. 

This thesis presents new knowledge about the hierarchy of protein fibrils and the structure of 
protein-based materials at the molecular level. This knowledge can unlock the design and 
development of innovative protein-based materials for various applications. 

 

KEYWORDS: Spider Silk, Spidroin, fiber protein structure, amyloid-like fibers, Beta-
lactoglobulin 
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Sammanfattning 
 

Proteiner som finns i naturen möjliggör ett brett utbud av exceptionella material, inklusive 
högpresterande biopolymerer som spindelsilke och nanofibriller av vassleprotein. Fibrösa 
proteiner har en enorm potential för att utveckla nya material lämpliga för olika tillämpningar, 
såsom medicinska biomaterial eller industriella produkter. Denna avhandling använder en 
tvärvetenskaplig ansats baserad på experimentella och beräkningsmetoder för att presentera 
insikter om de grundläggande aspekterna av proteinfibrer, utforska detaljer på molekylär nivå och 
deras förmåga att gå samman till material. 

Spindelsilke uppvisar styrka, elasticitet och förmåga att motstå höga energibelastningar. Dessutom 
är det naturligt nedbrytbart, kompatibelt med celltillväxt, och icke-immunogent. Denna avhandling 
undersöker den molekylära sammansättningen av spindelsilke, särskilt sekundärstrukturen, vilket 
i hög grad bidrar till dess egenskaper. Vi undersöker de strukturella detaljerna för de rekombinanta 
spidroinerna 4RepCT och CT-domänen över hydrofoba/hydrofila ytor, och beskriva deras 
periodiskt orienterade makrostruktur och stabilitet. Dessutom rapporteras det att CT-domänen 
bildar β-nanokristallina komponenter, vilket avslöjar ett specifikt segment (helix No4) som kan 
bilda nanofibriller på ett pH-beroende sätt. Vi beskriver också en metod för sortas-medierad 
transpeptideringsreaktion som används för att katalysera den kovalenta kopplingen av spidroinerna 
4Rep och CT, vilket resulterar i delvis isotopmärkta fibrer som är lämpliga för anlys med fastfas 
NMR-spektroskopi.  

β-laktoglobulin är en proteinkälla av ökande intresse för att skapa avancerade biomaterial på grund 
av dess goda tillgänglighet och förmåga att bilda protein-nanofibriller (PNF). Rekombinanta och 
syntetiskta β-laktoglobulin-PNF med isotopinmärkning genereras och analyseras med hjälp av fast 
fas NMR-spektroskopi och atomkraftsmikroskopi. Fibrillerna hos båda varianterna uppvisar 
överensstämmelse med avseende på morfologi med ogrenad konformation och en höjd av cirka 6 
nm. Samtidigt visar deras NMR-spektra överensstämmelse med deras hydrofoba aminosyrarester 
(dvs. Ala, Val, Ile och Leu) som beta flak. Dessutom ger distinkta korstoppar med Ser-Thr och 
Leu-Ile insikter i den molekylära strukturen av β-laktoglobulin PNF. 

Denna avhandling presenterar ny kunskap om hierarkin av proteinfibriller och strukturen hos 
proteinbaserade material på molekylär nivå. Denna kunskap kan underlätta design och utveckling 
av innovativa proteinbaserade material för olika tillämpningar. 

 

NYCKELORD: Spindelsilke, Spidroin, fiberproteinstruktur, amyloidliknande fibrer, Beta-
laktoglobulin 
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Resumo 
 

Proteínas encontradas na natureza oferecem uma vasta gama de materiais excepcionais, incluindo 
biopolímeros de alto desempenho, como as sedas de aranha e nanofibrilas de proteína do soro do 
leite. As proteínas fibrosas possuem um imenso potencial para o desenvolvimento de novos 
materiais adequados para várias aplicações, como biomateriais médicos ou produtos industriais. 
Esta tese utiliza uma abordagem interdisciplinar com base em métodos experimentais e 
computacionais para apresentar aspectos fundamentais das fibras proteicas, explorando detalhes 
no nível molecular e seu enovelamento espontâneo. 

O fio de seda da aranha exibe resistência, elasticidade e a capacidade de suportar cargas de alta 
energia. Além disso, é naturalmente degradável e compatível com o crescimento celular, tornando-
a não imunogênica. Esta tese examinará o enovelamento molecular da seda da aranha, 
especialmente no nível da estrutura secundária, o que contribui significativamente para suas 
propriedades. Vamos revelar os detalhes estruturais das spidroins recombinantes 4RepCT e do 
domínio CT sobre superfícies hidrofóbicas/hidrofílicas, descrevendo sua macroestrutura 
periodicamente orientada e sua estabilidade. Além disso, é relatado que as fibras de CT formam 
componentes β-nanocristalinos, revelando um segmento específico (hélice No4) que pode se auto-
organizar em nanofibrilas de maneira sensível ao pH. Além disso, descrevemos o método de reação 
de transpeptidação mediada por sortase, usado para catalisar a ligação covalente das spidroins 
4Rep e CT, resultando em fibras parcialmente marcadas adequadas para análises de espectroscopia 
de Ressonância Magnética Nuclear (RMN) no estado sólido. 

As proteínas β-lactoglobulina são uma fonte emergente usada para criar biomateriais avançados 
devido à sua alta disponibilidade e fácil organização em nanofibrilas proteicas (NFPs). NFPs de 
β-lactoglobulina recombinante e sintética marcadas são geradas e analisadas usando 
espectroscopia de RMN no estado sólido e microscopia de força atômica. As fibrilas de ambas as 
espécies apresentam congruências em relação à morfologia com conformação não ramificada e 
uma altura de aproximadamente 6 nm. Ao mesmo tempo, seus espectros de RMN demonstram 
concordância com seus resíduos hidrofóbicos (ou seja, Ala, Val, Ile e Leu) como folhas β. Além 
disso, distintos cross-peaks entre resíduos Ser-Thr e Leu-Ile fornecem detalhes sobre a estrutura 
molecular de NFPs de β-lactoglobulina. 

Esta tese apresenta novos conhecimentos sobre a hierarquia das fibras proteicas e a estrutura de 
materiais à base de proteínas no nível molecular. Esses conhecimentos podem desbloquear o 
design e o desenvolvimento de materiais inovadores à base de proteínas para diversas aplicações. 

 

PALAVRAS-CHAVE: Seda de Aranha, Spidroin, Estrutura Proteica de Fibras, Fibrilas tipo-
Amilóide, Beta-lactoglobulina 
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Popular scientific summary 
 

Proteins found in nature are the building blocks for creating excellent materials. These materials 

have the potential to be used in various ways, like making medical devices or industrial products. 

This thesis is a detailed investigation that combines different laboratory and computer methods to 

learn more about these protein materials. We are trying to understand how they work on the atom 

level and how these atoms are organized into molecules and larger structures that may change the 

material properties. 

For example, spider silk is super strong and flexible, and it can handle a lot of stress. It is also good 

because it is biodegradable and safe for cells in our bodies. Spider silk can be used to cover 

wounded areas of skin, as a suture for fast recovery, and to support human cell growth. These 

unique properties of spider silk are only possible because of the protein structure that forms the 

silk webs. This thesis looks closely at how spider silk is assembled, especially at the smaller details 

of the structure of the proteins that make it strong. These proteins are put together, self-organize, 

and stay stable over horizontal surfaces that repel water. We also discovered that one part of the 

protein can form tiny crystals and fibers under certain conditions. We show a method to join 

different parts of the proteins by using a special chemical reaction and prepare samples to 

investigate the atoms of the proteins. By studying the protein structure, we are figuring out how it 

works and how to make artificial spider silk better. 

Another protein, called β-lactoglobulin, is also helpful for making materials. This protein is found 

in cow milk and can, for example, be used to develop bioplastics and filters for water purification. 

It is easy to get, and we can use it to create nanoscale fiber structures. So far, it is unknown how 

the β-lactoglobulin molecules come together to form these fibers. Here, we look at these fibrils 

and try to understand the details of their structures. We found that small fibrils have special parts 

that make the fibril rods self-organize. We studied their size and suggested the position of 

important atoms of the protein structure. 

This research gives us a better understanding of these protein materials and how they are built on 

a small (nano) level. This knowledge can help us create new and innovative materials to assist in 

meeting the challenges of our modern society. 
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Chapter 1. Proteins and their structure-function relationship 
 

Proteins are essential biopolymers of living organisms; being one of the building blocks of cells, 

they actively participate in vast biological processes to maintain cellular homeostasis. Cells 

produce proteins via the process known as protein synthesis, which consists of two fundamental 

steps, namely transcription and translation. Accordingly, the DNA genetic information section that 

encodes a protein guide the formation of the mRNA molecule in the cell nucleus during 

transcription by RNA polymerases. The mRNA is then exported to the cytoplasm to be processed 

and used as a template by the cell ribosomes to define the sequence of the nascent polypeptide 

chain1. Proteins comprise building blocks with unique chemical properties categorized into 20 

different amino acid types based on their sidechains. During translation, the polypeptide chain is 

formed through the sequential covalent linkage of the amino acids, the peptide bonds (Figure 1). 

The amino acids form a linear polypeptide chain with a carboxyl and amino termini, with the 

complete protein assuming varying lengths. Concomitant with translation occurs the initial steps 

of protein folding; the molecular structure of each protein is instrumental in defining their specific 

functions within the organisms. The protein folding development is essential in comprehending 

the complex biological systems and their structure-function relationship. 

 

Figure 1. Peptide covalent bond formation. Proteins are polymers with amino acids as 
monomers, linked by peptide bonds. Carbon in gray, nitrogen in blue, oxygen in red, hydrogen in 
white and peptide side chain in yellow. 
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1.1 Protein folding, refolding and misfolding 
 

Proteins serve as fundamental molecules that execute essential functions in biological processes, 

and to effectively execute their tasks, they must adopt specific native structures. Christian 

Anfinsen, who established the thermodynamic hypothesis, postulated that the protein's sequence 

and environment were critical factors for proper protein folding. Anfinsen conducted experiments 

involving unfolding and refolding bovine ribonuclease A, observing the denaturation dynamics in 

high-concentration urea and mercaptoethanol. He reported that removing the reduction agent 

(while urea was still present) led to incorrect protein folding patterns, highlighting the importance 

of the correct disulfide bond formation. Moreover, the reconstitution of the protein's native 

structure occurred after his re-addition of trace mercaptoethanol and simultaneously removing both 

the denaturation and reduction agents, indicating that the protein had spontaneously restored its 

folding and activity2. Anfinsen concluded that the information required for the correct cysteine 

oxidative pairing, and formation of the native secondary and tertiary structures, is contained within 

the sequence of amino acids. This finding earned him the Nobel Prize in Chemistry in 1972. 

On the other hand, puzzling instances may challenge Anfinsen's dogmas, such as the fact that 

despite keeping their sequence, proteins can assume two (or more) alternative folding 

conformations or even be unordered but completely functional, e.g., metamorphic proteins3,4, 

amyloids5, and intrinsically disordered proteins (IDPs)6. Furthermore, the folding of proteins may 

be modulated through post-translation modifications (PTMs) and their interactions with a range of 

small molecule ligands, nucleic acids, and other biomolecules. 

The folding dynamics have been an intriguing event, by the fact that it occurs very rapidly. In 1968 

Cyrus Levinthal proposed that it is unlikely that the protein explores all possible structure 

configurations to reach the functional native structure due to the massive number of conformations, 

suggesting that such an event does not occur entirely randomly7,8. It is a consensus that the folding 

pathway follows a hierarchy, it is a stepwise process in which intermediate and transition states 

guide the short range folding, such assumption largely adopted by the funnel landscape proposition 

(Figure 2).  

The process of protein folding in order to archive the native structure is driven by 

thermodynamics9. The energy landscape of protein folding and misfolding, is a theory that has 
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contributed to our understanding about protein conformations10, in which native protein structure 

is likely the lowest free energy states of each protein sequence, in monomeric form. 

The funnel landscape of protein folding is a visual illustration with the y-axis representing the 

system's energy, along with the narrowing at bottom reducing the conformational space (Figure 

2). At the top of the scheme, there is a large quantity of free energy, in which the protein assumes 

the unfolded state. The rugged aspect of the funnel represents the local minima in which the protein 

exhibits intermediary stable states. The protein may experience kinetic traps, in which it should 

overcome energetic barriers to reach a more stable state. In the intra-folding pathway (Figure 2 

blue segment) weak intramolecular interactions occur, stabilizing the structure and decreasing the 

Gibbs free energy, and proteins search and try to find the most stable state. Molecular chaperones 

may cooperate for the folding, reducing energy barriers and inhibiting abnormal intermolecular 

interactions, while irreversible unfolded proteins are marked and processed for degradation. The 

inter-folding pathway (red segment) is an alternative, in which intermolecular interactions 

predominate, representing the folding of proteins as structured organized supramolecules that may 

form fibrils like amyloids and other fibril-like proteins11. 

 

Figure 2. The funnel landscape of protein folding. In thermodynamics, the native state, the 
folded state of the protein that allows it to perform its activity role, and the formation of fibrils 
such as amyloids, should represent the lowest minimum free energy. 



4 
 

1.1.2 Torsional angles and weak contacts sustain protein stability 
The search on a free energy surface is guided by large number of weak intrachain interactions, 

allowing proteins to fold in three dimensions based in a well-defined hierarchy (Figure 3). 

 

Figure 3. Protein structural levels and hierarchies. The illustrations are based on PDB: 1BEB. 

 

The primary structure level refers to the linear protein sequence, containing covalent interactions 

that link the amino acids as peptide bonds, following the residue composition order that directly 

guides the secondary structure. Also, because of the limited rotatability of the chemical bonds, 

specific dihedral angles configuration applies on the secondary level (Figure 4). Constraints are 

imposed on the polypeptide backbone of the structure as a rigid plane, on the other hand there are 
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some degrees of freedom which the internal junction of adjacent planes (Ni—Cαi, and Cαi—C'i 

bonds) are allowed to rotate. The dihedral angle φ and ψ can assume values between -180 and 

+180, and the permitted coordinates are shown at Ramachandran plot (Figure 4b)12. Peptides can 

assume different secondary level of structure according to the values of the φ and ψ. Regular 

structure patterns include α-helices, β-sheets, β-turns, 310 helixes, and loops. The region within φ 

and ψ around (-60, -40) we find α-helices, while in the region near φ and ψ = (-120, +130) we find 

the β-strands/ β-sheets13 

Necessary for the secondary and tertiary state, the combination of weak interactions plays a role 

in local-to-global folding. Such weak interactions include (i) hydrogen bonds, (ii) hydrophobic 

and hydrophilic segments, (iii) ionic interactions, salt bridges, (iv) van der Waals, short-range 

interaction forces between atoms. Non-covalent intra-chain interaction drives the protein to the 

native state minimizing the energy levels. For example, hydrogen bonds are crucial since they 

participate in the backbone of polypeptides' secondary structure14 (Figure 4c). The tertiary 

structure combines the local structures of the single chain, forming a three-dimensional 

polypeptide. Other interactions, for instance covalent cysteine bonds, may participate through 

collaborative folding, grouping the structural segments of the chain.  

The quaternary level of structure possesses multi chains, two or more assembled subunits form a 

complex that may be composed of identical subunits (homomer) or a formed of different subunits 

(heteromer).  
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Figure 4. Polypeptide backbone dihedral angles provide information about the protein fold. 
a) Major dihedral angles are phi φ and psi ψ. Carbon in gray, nitrogen in blue, oxygen in Red, 
hydrogen in white and amino acid side chain in yellow. b) Ramachandran plot by Procheck15. It is 
energetic favorable for phi and psi to assume only few angles: the favorable regions are inside red 
contours, and allowed regions are inside yellow contours, A = α-helix, B = β-sheet, L = left-handed 
α-helix. c) Backbone of secondary structure levels right-handed α-helix and β-sheet, presenting 
the intra-chain hydrogen bonds (PDB: 1BEB).  

 

1.2 Polypeptide folding classes: globular proteins and fibrous proteins. 
 

Proteins can be categorized according to their complex morphology and common properties; 

among the major types of structure and organization are globular and fibrous proteins. Globular 

proteins are compact and sphere-like and may combine different secondary structures and motifs. 

Regularly water-soluble, globular proteins typically have hydrophobic amino acids buried and the 

polar ones solvent exposed. They often present structural and function diversity as enzymes, 

transporters, hormones, antibodies, signal regulatory proteins, etc. As example, two of the most 

remarkable globular proteins are the oxygen binding proteins hemoglobin16 and myoglobulin17. 
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Classical fibrous proteins, e.g., keratin and silk, are present in simple units of repetitions of 

secondary structure (Figure 5), and function as support, mechanic structures, and barrier protection 

for organisms. They present strength and flexibility performance, and are insoluble in water. 

Fibrous proteins typically have plenty of hydrophobic amino acid residues at the core and polar 

residues on the surface, forming compacted large molecular complexes, such as rods, filaments 

and wire-like structures. 

There are three ordinary groups of secondary structures for protein fibers: (i) α-helix, commonly 

presented as coiled-coil, often cross-linked via disulfide bonds, as in the human hair. (ii) β-sheet 

conformation, as in silk and amyloid-like proteins. (iii) The collagen triple helix, a special case in 

which collagen is composed of left-handed helixes, with contribution of the modified amino acid 

4-hydroxyproline. 

 

Figure 5. The fibrous proteins are presented in different secondary structures and inter-
chain repetitive packing. a) The diagram presents the hydrophobic profile of α-keratin PDB: 
3TNU. b) The fibrillar aggregates from amyloid-beta (1-42) by cryo-EM and electrostatic network 
PDB: 5OQV. c) The cross-α amyloid-like complex, note the hydrophobic packing and p-p stacking 
of phenylalanine (PDB: 5I55). 
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The class of fiber proteins often offers the function of structure and support for the cells. However 

irregular protein folding is also associated with diverse human disorders18. Well-known 

neurodegenerative diseases as Alzheimer’s disease, Parkinson's disease, and Huntington's disease 

are consequences of protein misfolding. Besides, amyloidosis, is also associated with infectious 

particle as prions19 and formation of amylin fibrils in type 2 diabetes20.  

One of the most intriguing aspects of fibrous proteins is their capacity to shift from a soluble state 

to an insoluble fiber. This process is known as fibrillation and is of great interest for the academic 

community and industry. For disease-associated fibrous proteins, understanding the transitions of 

the misfolding and related infirmities causes to prevent it, would help to rationally design therapies 

using small ligands21 or biopharmacelticals22.  As discussed before, not all proteinaceous fibers 

are toxic; taking advantage of their properties, they can be used to develop high-performance 

materials. Further, the research of protein fibers provides the fundamentals for developing these 

biomaterials. 
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Chapter 2. Methods and strategies for structural studies of protein fibers 
 

This section provides an overview of some methods and principles involved in investigating fibers, 

from the molecular structures of their precursors in solution to their highly-ordered insoluble 

aggregates. The first part gives a brief introduction to the fundamental understanding of each 

experimental method. However, please note that the complete details and theories of each method 

are beyond the scope of this thesis and require a deeper explanation, including mathematical 

comprehension of the processes and computational calculation of the data generated. The second 

part reflects on the computational methods and their current state of development of protein 

modeling prediction and perspective for fibrous protein structure analysis. 

2.1 Experimental methods  

 

Atomic force microscopy 

 

Atomic force microscopy (AFM) is an imaging technique that employs a probe with a highly sharp 

tip to scan the surface of a sample down to the nanoscale23. The cantilever's tip (as shown in Figure 

6) continuously scans the sample surface, and as it senses the adhesion forces between the sample 

surface and the tip, the information about the sample's topography is generated. 

In tapping mode24,  the probe rapidly oscillates, and as the tip gets closer to the surface, the forces 

between the tip and the surface cause the cantilever to move, mapping the surface and providing 

3D images with mesoscopic resolution. The AFM is commonly used for fiber characterization25, 

in this thesis we used AFM to get information about fibril morphologies of silk and β-lactoglobulin 

nanofibrils such as contour length, height, width, periodicity, curly/straight and assembly of fibrils.  
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Figure 6. Schematic description of an AFM instrument. A photodetector located at the top of 
the cantilever detects the laser beam as it passes over the sample and deflects it. Rapid loop 
feedback is used to adjust the tip from touching the surface. 

 

Infrared spectroscopy 

 
This technique can characterize the protein structures at all levels (primary, secondary, tertiary, 

and quaternary). Infrared (IR) spectroscopy has one main advantage: it can be used in different 

environments and states of samples (solid, liquid, or gas). IR gathers the atom's vibrational 

configuration in proteins, and as every protein has a particular amino acid sequence, thus a specific 

infrared vibrational fingerprint26.  

IR spectroscopy can be used to study the steps of protein aggregation, organization and evaluate 

the macromolecule's core and amyloid-like structures. The amide vibrational spectrum (amide I 

band, 1,600–1,700 cm−1) is significant for protein studies and can be used for secondary-level 

structural analysis. For instance, the β-sheet structures frequently absorb around 1632 cm–1-1615 

cm−1 and 1683 cm-1, α-helix 1653 cm-1, turns at 1664 cm-1 (Figure 7).  

Attenuated total reflectance (ATR) is a method where the sample comes into touch with a crystal 

with a high refractive index and fine infrared transmitting properties. The ATR is a commonly 

used mode in FT-IR spectroscopy due to non-destructive nature and minimal sample preparation 

requirements. Such samples could, for example, be small fibers27. With this thesis we examinated 

the secondary structure distribution of recombinant silk fibers using FT-IR spectroscopy. 
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Figure 7. Fourier-transform infrared spectroscopy. Sample spectrum presenting the total 
absorbance in black and the standard secondary structures deconvoluted.  

 

X-ray diffraction of fibers 

 

Wide-angle X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS) are 

complementary techniques and often used in material and biological sciences, in which scattered 

X-rays traverse the sample to obtain structure information about the scattered particle such as size, 

morphology orientation and molecular distances. The main difference between the methods is the 

distance of the sample to the detector, thus changing the angle configuration. SAXS acquires 

structural information of macromolecules down to 500 nm, while for WAXS even smaller Bragg 

spacing down to 0.1 nm (atomic scale)28 can be reached.  It is possible to run WAXS and SAXS 

individually or in a single run SWAXS29 (Figure 8). The advantage of SWAX is that is possible to 

have a complete analysis of the structure crystallite size and orientations combined with the 

nanostructure details at the atomic scale in the same run30. Additionally, the sample can be in 

solution or in solid-state, making it an excellent method for investigating the structures of soft 

materials and amyloids31. The X-ray diffraction is a classic method to verify the cross-β motif32. 

In this thesis is presented the use of WAXS for fibers of the recombinant spider silk proteins. 
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Figure 8. X-ray diffraction of fibers. a) X-rays are emitted by the source, the collimator aligns the X-rays 
before they reach the sample, and density variations in the fibers sample will scatter part of the X-rays from 
the primary beam. The beam stop blocks the unscattered x-rays to avoid damage to the detector. The 
detector received the scattered radiation. b) Sample preparation used in my studies. c) A typical cross-β 
WAXS diffraction pattern. 

 

Circular dichroism spectroscopy 

 

Circular dichroism (CD) spectroscopy is a simple and fast method to access the overall structure 

of proteins, peptides, and nucleic acids. The technique is commonly used with soluble proteins but 

can also be applied in the context of amyloids33 and other fibrous proteins34,35. The method 

considers the optical actively chiral molecules, such as proteins, and their interaction with 

circularly polarized light. Peptide bonds have UV absorption bands between 220-190 nm because 

the Cα at the proximity of the peptide bond is asymmetric and a chiral core in all amino acids 

(except glycine); the chirality induces asymmetry into the peptide bond chromophore. The serial 

organization of peptide bonds built from the protein backbone leads the chromophores to couple 
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with each other, resulting in an overall chirality pattern represented in the CD effect of protein 

with wavelength interval 260-190 nm36 (Figure 9). 

The main patterns have references for proteins as α-helical proteins with minima 222 nm and 208 

nm and positive band at 193 nm; the β-sheet minimum band at 218 nm; disordered low ellipticity 

over 210 nm and minimum around 195 nm. The CD spectrometer is a practical instrument to study 

the secondary structure of proteins37, protein unfolding due the effect of mutations, and folding 

stability using different temperatures. In this thesis CD spectroscopy is used to access protein 

secondary structure as the α–β transition of silk peptides. 

 

Figure 9. Illustrative circular dichroism spectra for three standard secondary structures of 
proteins.  The figure shows the ellipticity as a function of the frequency of the light.  
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Nuclear magnetic resonance (NMR) 

 

NMR methods can be used to characterize macromolecule structure and dynamics at atomic 

resolution. For simplicity, nuclei behave as miniature magnets, and we take the general 

spectroscopy concept of molecules with set energy levels, in which the spectrum reflects the 

transitions within these energy levels ΔE 38 (Figure 10). 

ΔE = hν 

h = Planck’s constant 

ν = photon of light frequency  

When an external strong magnetic field (B0) is applied, the nuclei are aligned to it in spin states: 

parallel and antiparallel to the external magnetic field (B0). Then, a radio frequency (RF) pulse is 

used to spin‐flip it from the lower to higher energy state. The nuclei become excited and resonate 

at a specific resonance frequency when they are exposed to this RF pulse, then frequencies are 

measured and recorded. The surroundings of the atoms determine how high or low these 

frequencies are (chemical shifts), so the data is processed in peaks with specific locations that 

describe the particular atom groups. Different atom types of chemical groups have distinct 

chemical shifts, measured in parts per million (ppm). One of the reasons is the shielding and de-

shielding effect caused by the electronic environment density around atom nuclei against the 

external magnetic field. Atoms with an odd number of protons or neutrons, the so called spin-½ 

nuclei, (such as hydrogen [1H], carbon-13 [13C], and nitrogen-15 [15N]), are ideal for observing 

this phenomenon as they possess a unique resonance frequency in the magnetic field. 
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Figure 10. The principle of nuclear magnetic resonance. a) The application of a magnetic field 
causes the degenerate nuclear energy levels to split. The energy required to generate the spin-flip, 
DE, relies upon the magnetic field strength at the nucleus. Where 𝜸 = gyromagnetic ratio which 
differs in each nuclei type, B0 = the magnetic field strength. b) The NMR spectrometer cross-
section. 

There are few techniques that can be applied for small molecules and proteins using NMR (Table 
1), such as varying the pulse sequences and using multi-dimension experiments. 

 

Table 1. NMR parameters (a39, b40, c41, d42, e43, f44) and the kind of information provided for 
protein by each parameter: 

  Parameter Information Example 

a Chemical Shift Chemical surrounding 
Chemical groups/ Secondary 

structure 
b J-couplings Interaction through bonds Dihedral angles 
c NOE Dipolar interactions Interatomic distances (0.5 nm) 
d Solvent exchange Hydrogen bonds H-bonds, secondary structure 

e 
Residual dipolar 

coupling Torsion angles Relative orientation of bonds 
f Relaxation Mobility, dynamics Motion and conformation 
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In the solution state, the molecules in their chemical environment are rapidly tumbling, and most 

interactions get averaged over time, which is ideal because it provides one signal per atom. As the 

magnetic interactions between nuclei are orientation-dependent, if the system becomes larger 

(more atoms), and considering the nature of solids, this signal becomes broader. The way that 

solid-state NMR managed this problem is to spin the sample around one axis very fast at a specific 

angle (Figure 11a). As it mimics solution average orientation-dependent interactions, (the 

anisotropy) comes to average again, resulting in sharper defined peaks. Magic angle spinning 

(MAS) improves resolution and mass sensitivity, the optimization of rotor size and format may 

push the speed to over 100 kHz of magnitude45. This has made solid-state nuclear magnetic 

resonance spectroscopy (ssNMR) an excellent and powerful tool to characterize solid samples of 

macromolecular complexes that cannot be crystallized, such as amyloid fibrils, oligomeric 

membrane proteins, and several protein assemblies.  

For proteins in solid state there are many different experiments that can be used, such as DARR 

(Dipolar Assisted Rotational Resonance)46,47, disposing of two dimension 13C-13C correlations 

(Figure 11b). Also, distinct heteronuclear 15N-13C magnetization transfer48 combined with 13C-13C 

transfer (e.g. NCαCx, NCOCx), is a practical strategy for inter-residue contacts for backbone 

assignment and structure calculations of isotope labelled proteins49. DARR is one of the ssNMR 

strategies used in this thesis. 

 

Figure 11. Schematic description of MAS and DARR; a) Spinning the samples using MAS 
brings to the average the orientation-dependent interactions. b) In the DARR experiment, 
magnetization transits from hydrogen to 13C nuclei, then it is relocated to other nearby 13C nuclei. 
This makes it possible to detect intra-residue peaks using short mixing times and inter-residue 
peaks with long mixing times. N = nitrogen, Cα = carbon alpha, Cβ = carbon beta (side chain), Cγ 
= carbon gamma (side chain), C' = carbonyl, Hx = hydrogen. 
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2.2 Computational methods 
 

2.2.1 Exploring the frontiers of protein structure prediction 
 

The capacity to understand the molecular structure of proteins, polysaccharides, nucleotides, and 

other bio-particles has been vital for society development, and with outstanding advances in 

computational capacity more in silico methods have been used to gain insight into these 

macromolecules.  

Recently, computational deep learning has emerged as tools that can describe protein 

functionalities and predict its molecular structure with accuracy, such as Alphafold50, 

RoseTTaFold51, and Colabfold52. Protein algorithms that rely on multiple sequence alignment 

(MSA) to analyze and compare a protein's sequence with a database of similar proteins. Through 

this process, the algorithms can suggest correlations and propose potential structures. Unlike 

structure template-based homology, the trained network also uses the Protein Data Bank, a 

database of structures, in combination to MSA, in order to define the models physical and 

geometric constraints. DeepMind's Alphafold2 (Alphabet-Google) is one of the most popular 

machine learning method for predicting molecular structure of complete proteins and complexes. 

Although, MSA methods such as AlphaFold2 are handy, there is necessity for refinement; often, 

it processes the protein backbone of wild-type proteins with precision, but has presented 

insensitivities to structure-disrupting mutations, especially on sidechains when validated against 

same experimental solved structure53. Additionally caution is advised when using it for 

intrinsically disordered proteins54, proteins with ligands as DNA, protein-protein interactions,  and 

membrane proteins. The barriers of AlphaFold2 lies on limitations with size and quality of data 

base for training that may lead to wrong predictions. Solutions can include the calibration of the 

AI with a mutant library, and use steps of large scale molecular dynamics (MD). 

The method to predict molecular structure is still in infancy and the advent of large language 

models (LLM) may upgrade drastically the predictions on a near future. LLM can handle massive 

data sizes and deploy it faster in order to solve the folding problem, including modelling proteins 

never experimentally solved before. Social-networking Meta, antagonist of Google, has recently 

released its solution of protein prediction ESMFold that uses LLM instead of MSA. The Meta 

ESM Metagenomic Atlas has claimed to have solved 600 million proteins from diverse 
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microorganisms unprecedented characterized, with over 200 million with higher degree of 

confidence55. ESMFold have been shown promising as an alternative, but there is still room for 

improvement based on its performance in CASP15 (Critical Assessment of protein Structure 

Prediction)56.  

Besides these programs are useful to obtain information about soluble globular proteins,  

future adaptations of the code will make it possible to predict proteins that challenge sequence-

structure duality including the amyloid landscape57, highly dynamics regions and metamorphic 

proteins/fold switching58. 

2.2.2 Protein sequence and structure fibril analysis 
 

Accordingly, it is possible to employ prediction software to simple analyze protein sequences, 

including the use of machine learning, the sequence and 3D structure-based methods to find 

diverse characteristics related to fibrous proteins, such as aggregation prone regions, steric-zippers, 

β-sheet arcades, β-strand propensity, and other amyloidogenic pattens59. In this thesis we use two 

of these methods: ZipperDB and TANGO. 

The evaluation of the probability of a sequence to form "steric zippers" is performed by 

ZipperDB60 using a database containing known fibril-like protein structures. These "steric zippers" 

refer to two complementary β-sheets of the same segment forming the spine of amyloid-like fibrils. 

The algorithm can detect the primary segments that may show high fibrillation propensity and 

serve as hotspots for intermolecular clusters. The TANGO61 algorithm analyzes protein sequences 

under fully denatured and solvent-exposed conditions to predict their secondary structure as well 

as cross-β aggregation propensity. TANGO is optimal for identification of nucleating regions and 

the β-propensity under variated protein concentration, pH, ionic strength and temperature. 
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2.2.3 Molecular dynamics  
 

Molecular dynamics (MD) simulations are a suite of computational techniques that employ the 

principles of physics to emulate the dynamic behavior of atoms and molecules within a system 

over a specified period of time. These simulations are widely used in studying proteins, among 

other molecular species. Prominent package software tools include: GROMACS62, NAMD63, 

OpemMM64 and Amber65. 

The system evolves by calculating the law of motions and energies with interatomic potential and 

molecular mechanics force fields. In short, force fields are the group of mathematical equations 

and parameters that will describe the potential energy as function of its atomic coordinates66,67, 

such as: bond stretching, angle bending, torsional rotations, and non-bonded interactions like van 

der Waals forces and electrostatic interactions. 

MD methods are helpful in refining protein models with energy minimization and describe the 

development of proteins under given boundary conditions such as modulation of concentration, 

solvation, temperature and pressure. For instance, in a standard simulation for soluble proteins, we 

can get information about the Cα fluctuations, secondary structure alterations, radius of gyration, 

residue interactions, the trajectory over time itself and others. 

It should be noted that limitations may arise concerning timescale, system dimensions, and 

computational capacity, in which the initial inquiry determines the best workflow and strategy 

utilized. For instance, one may employ coarse-grained simulations rather than all-atom simulations 

in order to speed up the calculations.  

In the fiber context MD can be used to describe structures of protein fibrils68, potential of 

aggregation69, spontaneous fibril formation70. In this thesis we used molecular dynamics to verify 

the transitions and stability of the silk β-sheet structures and their periodic assemble over time. 

In summary, computational protein prediction and MD are rapidly evolving and serve as a valuable 

complement to experimental methods for structure prediction, including highly organized 

aggregates such as protein fibrils. 
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Chapter 3. Introduction to silk fiber proteins 
 

3.1 In natura silk and its history 
 
The production of silk by humans, also known as sericulture, is an ancient practice that dates back 

approximately 4600 years ago to the domestication of silkworms and the production of silk textiles 

in China71. The history of silk thread connected Europe to Asia through the Silk Road, a 

commercial route where merchants exchanged goods and ideas between Rome and China 1400 

years ago. Since then, silk has been highly appreciated and traded as a valuable commodity72. Silk 

has been highly utilized by various civilizations throughout history, with evidence of its use as 

textiles or tools dating back to the Indus, Greeks, and aboriginal Australians73,74. 

In modern times, silk has captivated the scientific community for centuries and has been the subject 

of extensive studies. There are numerous instances of silk's close relationship with science, such 

as the etymology of the amino acid serine, derived from the Latin word for silk, sericum. Serine 

is abundant in fibroins, the main protein of silkworm silk, and it was first isolated from it by the 

chemist Emil Cramer (in 1865)75. Additionally, silk served as an early reference for molecular 

structure models, as evidenced by William Astbury's X-ray studies of silk and the β-sheet pattern76. 

Including cosmetics industry, electronics, soft optics and biomedical applications, silk related 

products have the potential projected to reach USD $34.1 billion of market capitalization by 

203177. In order to attain industrial competitiveness, it is deemed desirable to pursue the innovation 

and development of high-performance materials capable of supporting the transition toward 

sustainable energy sources. Understanding silk’s fundamental structure-function relationship and 

tuning it into advanced materials is strategic and beneficial for society. 

 

3.2 Exploring the diversity of silk proteins: the spider spidroins 
 

Silk is a natural polymer synthesized by several insects and arachnids. Fibroin, a protein found in 

the silk of insects such as silkworms78, bees79, and caddisfly80, possesses several intriguing 

attributes. However, it is the silk proteins sourced from spiders, the spidroins, which give rise to 

fibers with the most exceptional mechanical properties, exhibiting diverse characteristics 
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depending on the specie 81. The structure of spidroins and their transition to proteinaceous fibers 

is one of the main topics of this thesis. 

Spidroins are naturally evolved to perform specialized tasks, e.g., some spiders produce up to 7 

types of silk for different purposes: web catch, wrap up the pray, cocoon formation, glue-like silk, 

and hang-on silk (Figure 12). The spider's abdomen houses internal silk glands that contain a liquid 

called the dope82, which consists of soluble spidroins. One of the key components of silk spinning 

involves the passage of the dope through the narrow channels of the glands, which enables the silk 

proteins to reorganize and align83. Along the glands, the dope is susceptible to stimuli such as 

acidification and ionic gradient84. The spinnerets, located at the tip end of the spider's abdomen, 

are responsible for pultrusion of the threads. 

 

Figure 12. Diagram of the seven types of spider silk85. The figure is reproduced with permission. 
© 2020 Asakura T., Molecules 25, used under a Creative Commons Attribution-Noncommercial 
license: https://creativecommons.org/licenses/by/4.0/ 

 

The drag line silk has notable high tensile strength, when compared with other type of silks, 

synthetic or natural polymers86. The primary focus of this thesis is on the major ampullate spidroin 

1, which make up the drag line silk. 

https://creativecommons.org/licenses/by/4.0/
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The major ampullate spidroins are produced by spiders in the Araneidae, Nephilidae, and 

Pisauridae families: They have received significant attention and are the most extensively studied 

spidroins. The two primary proteins present in dragline silk are major ampullate spidroin 1 

(MaSp1) and major ampullate spidroin 2 (MaSp2). Their difference lies in the rich proline content 

of the repetitive region of MaSp2, providing it with more elasticity87. For the central core of 

MaSp1, glycines are found with motifs of poly(Gly-Gly-X) forming β-turns, 310-helicies, and 

random coil structures88, while for MaSp2 the poly(Gly-Pro-Gly-X-X) commonly forms type II β-

turn structures (where X= Leu, Tyr, Ala, and Gln)89. 

The MaSp1 (Figure 13) has a high molecular weight, between 250 kDa to 300 kDa and is divided 

in three main parts: the repetitive poly-Ala and Gly-rich segment core between non-repetitive C-

terminal (CT) and N-terminal (NT) domains. The terminal domains are conserved90,91 and often 

presented as globular homodimers in the case of CT92, while NT has pH dependent dimerization93. 

NT has been intrinsically linked to spidroin solubility and has been engineered to become a high-

yield protein production tag94,95. 

 

Figure 13. The major ampulate spidroins, depicting the parts of the silk protein. a) The full-
length MaSp1 spidroin with the central segment flanked by the NT and CT domains. b) The central 
segment of MaSps contains poly-Ala segments and Gly-rich stretches. 

 

Silk becomes a robust, lightweight, and flexible biopolymer by converting the soluble proteins into 

an insoluble fiber. The toughness of the fibers is due to the content of Gly-rich and poly-Ala 

repeated segments, with the former arranged in anti-parallel β-sheets. Energetically more stable, 

these local structures also arrange alanine hydrophobic interactions prevenient of the β-sheet 

stacking, with such compact, dense conformation self-organized in regular nanocrystals96,97. The 
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spider silk fiber is presented as a macromolecular mosaic in which the poly-Ala β-crystalline 

domains are close-knit and immersed into the Gly amorphous matrix (Figure 14). The β-sheets 

type (parallel or anti-parallel), number of strand, number of alanines per strand, (and by 

consequence crystallite size/morphology), strand orientation relative the fiber axis and the balance 

of crystalline/amorphous phase will impact the silk's mechanical properties98-101. 

 

Figure 14. Spider silk β-nanocrystalline structures embedded in an amorphous polypeptide 
network. The poly-Ala segments form β-sheet stacking, crystalline structures in the dragline 
spider silk at the thread core. The complete spider's dragline also consists of minor ampullate 
spidroins, a skin of glycoproteins, and lipids at the surface102. 

 

3.3 The new Silk Road: Silk engineering and recombinant spidroins 
 

Although spider silk is already of exceptional quality, various techniques that can be used to 

enhance spider silk. Some of these techniques include genetic engineering to produce silk with 

improved properties, controlling the spinning conditions to regulate its mechanical properties, and 

adding new functionalities through chemical/biological modifications. For instance: (a) 

Recombinant expression of spidroin in different organisms. (b) Modification of the amino acid 
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composition, i.e., including specific motifs and adding modulation of domains. (c) Alternative 

spinning methods. (d) Post-translation modifications. (e) Blends with other molecules/chemicals. 

As orb web spiders are territorial, thus being impractical to farm to extract silk, one of the most 

employed methods to obtain and transform spider silk is through the recombinant DNA 

technology. Various approaches have been tried for heterologous production of silk, such as the 

utilization of expression host systems of mammalian cells103, yeast104, insect105, plant106, transgenic 

animals, and bacteria107. The scalability of this process is a major challenge for synthetic silk 

production as it can significantly impact the cost benefits associated with the task. The workflow 

using E.coli as an expression host has been well-established since it is simple and easy to 

manipulate (Figure 15a). For production in E.coli, the nucleotide sequence encoding silk proteins 

can be modified to better adjust to the codon usage and bypass the large protein/repetitive sequence 

barrier108.  

A short recombinant version of the MaSp1 that is more feasible for bacterial expression, is 

composed of four repetitions of poly-Ala/Gly-rich motif and the C-terminal domain (CT), called 

4RepCT. Thus, 4RepCT has been useful as a model to describe the molecular structure features of 

spidroin fibers (Figure 15b). As mentioned before, the N-terminus plays a role in the solubility of 

silk, however the lack of it for 4RepCT does not impair the silk self-assembly and the 4RepCT 

fibers retains excellent mechanical qualities no matter if NT is included or not. On the other hand, 

the lack of the C-terminal domain has been shown to result in only aggregates instead of fibers109. 

Furthermore, the CT domain has been shown to be present in the natural silk spun by spiders110 

and is suggested to orchestrates the alignment and orientation of the entire spidroin during the fiber 

self-assembly110-112. 
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Figure 15. Recombinant spider silk production and 4RepCT fiber. a) Simplified workflow for 
recombinant silk protein production. b) The recombinant protein silk 4RepCT forms self-
assembled fibers.  

 

Moreover, extensively researched and adaptable spidroins created through genetic recombination 

include the ADF3/ADF4 from Araneus diadematus103, the consensus repetitive motif from Nephila 

clavipes113 among others114. Also, chimeric versions of domains from E.australis repetitive 

segment and NT, with a C-terminal domain based on the A. ventricosus minor ampullate (MiSp), 

forming NT2RepCT is an alternative that apparently shows a good production yield115. Another 

approach attempt to enhance silk mechanical qualities by mutations at key amino acids, such as 

changing the crystalline poly-Ala to poly-Val/poly-Ile116-117. Additionally, reinforced recombinant 

silk can be spun as a hybrid fiber containing inorganic chemicals as titanium118 or 

biomacromolecules as cellulose119. 
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3.3.1 Silk functionalization: Emulating natural processes with a modern twist 
 

The functionalization of silk as biomaterials has been explored for medical and industrial 

applications. Artificial silk is an incredibly versatile material that can be transformed into various 

morphologies120,121, including threads, foams, films, hydrogels, and more. Because silk has low 

immunogenicity, it makes an excellent candidate for biomedical applications. Genetic engineering 

has been used to combine the cell adhesion motif RGD from fibronectin (FN) with recombinant 

silk, forming the FN-4RepCT, allowing the silk to assemble and mimic the extracellular matrix122. 

FN-4RepCT can be used to form a three-dimensional silk network that mimics the natural cellular 

environment (Figure 16). This approach allows cells to connect, grow, and differentiate, making 

it an excellent option for construction of tissue models123-125. 

 

Fig 16. Mouse mesenchymal cells grown in a silk 3D network. Cells were integrated in FN-
4RepCT silk foam transformed into a network and cultured overnight. One day after seeding, 
fluorescent staining of actin filaments with phalloidin (red) and nuclei counterstain with DAPI 
(blue) visualize cells growing within the silk fibrillar network (488 fluorophore-labeled silk in 
green). Scale bar 100 µm. (Photo, Carolina Åstrand and Astrid Källen). 

 

In addition to the scaffold framework for cells, some novel functionalization have been used for 

wound healing126, drug delivery127, and bone regeneration128. Further, it is possible to connect silk 

with a peptide or active protein domain of interest through the utilization of genetic engineering, 

as the example of conjugation with affinity domains129, and antimicrobial peptides130. 
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3.3.2 Artificial spinning methods 
 

The natural spinning of silk in spiders includes various factors, such as a pH shift from 7.2 to 

5.784,131, ion exchange of chaotropic and kosmotropic agents, and shear stress131-133. The process 

of acidification in the spider glands is achieved by the action of the enzyme carbonic anhydrase, 

which produces CO2 and H+, and mainly affects the spidroin terminal domains. After this, Na+ and 

Cl– concentration decrease while K+ and P, S increase, along with water removal84,134. As silk is 

pultruded through a narrowing duct, there are increase in shear stress and protein concentration133, 

resulting in the formation of protein fibers at the spinnerets. 

Diverse techniques have been applied to convert the soluble recombinantly produced spidroins 

into silk fiber-like structures, ranging from micrometers to nanometers in diameters and variated 

length135-137. For example, a self-assembly method that takes advantage of its adsorption to 

hydrophobic/hydrophilic interfaces130,138 (Figure 17), is the method used in this thesis. As the silk 

proteins come into contact with the air-water interface, they gradually unfold and become oriented 

so that spidroins align, leading to self-assembly. The self-assembly methods can be used to make 

silk at small/medium-scale, use a relatively low protein concentration (1 mg/ml) and is suitable for 

fiber characterization and biomedical approaches.  

 

 

Figure 17. Self-assembly of spidroins into fibers using the air-water interface. a) Fiber made 
from the C-terminal domain of spidroin from E.australis silk using the wagging method. b) Fibers 
from the 4RepCT silk protein made using the cyclic expansion/compression method. 



28 
 

Various wet spinning methods of silk have been developed with the attempt to mimic the 

fundamentals of the natural spinning processes in spiders by allowing a very concentrated solution 

of silk proteins to be extruded through a narrowing channel aperture, often using a needle coupled 

with a pump139,140. After the extrusion, the proteins are typically submitted to a dehydration 

coagulation bath (e.g., methanol, isopropanol), then the spun fibers can be drawn to promote better 

molecular alignment and mechanical properties141,142. 

Another method, known as electrospinning143,144, has been used for silk spinning. Here, the 

spidroins in solution are concentrated and moved through a capillary (needle) while experiencing 

a series of shear forces under high electric fields. The needle is attached to a pump to promote a 

continuous droplet of solution at the tip. An electric potential is applied to the solution by an 

electrode connected to a high-voltage power supply, while the counter electrode is placed close to 

the tip of the needle. Thus, during the spinning the solvent of the solution evaporates, and the solid 

fibers can be harvested at the counter electrode145.  

 

3.4 Molecular structure of recombinant spidroins in solution and their transition to fibers 
 

Full-length spidroins have been suggested to be stored in the spider glands in a micellar format, in 

which the hydrophobic part is at the core, while both more polar terminal domains are at the 

surface94,146. These micelles would be appropriate for storage, and can undergo fibrillation when 

subjected to shear stress and eventual pultrusion147.  

Spidroins transform their secondary structure in the course of spinning, whereby Ala-rich regions 

in the repetitive domain arrange into anti-parallel β-sheets with strands that run parallel to the fiber 

axis148. In addition to the presence of Gly-rich residues in the amorphous segment, parts of the 

Gly-Gly regions are also believed to contribute to the β-sheet content149. The coordination and 

arrangement of these motifs culminate in the formation of β-nanocrystalline structures, which 

enhance silk's rigidity96,150. The β-sheet crystalline segment of the fiber has been characterized 

using various analytical techniques, including X-ray nanodiffraction102, Raman spectroscopy151, 

Fourier transform infrared spectroscopy (FT-IR)152, nuclear magnetic resonance153, all-atom and 

coarse-grained molecular dynamics simulations154.  
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The description of poly-Ala and β-nanocrystalline structures embedded in an amorphous 

polypeptide network is very well established. However, a more profound comprehension of the 

terminals domains’ functions and roles in the fiber is needed, especially for the C-terminal domain 

of spidroins. In this thesis, one of the main objects of study is the CT domain. Hence, elucidation 

of the formation process of fibers from the CT domain could improve the understanding of 

structural transitions in various silk constructs. 

It is crucial to have an understanding of the protein structure of spidroins in the solution. Studies 

have revealed that spidroin molecules assemble their C-terminal domains as homodimers with a 

parallel orientation, which are intertwined via domain-swapping helices155. At the same time, NT 

presents as a globular antiparallel homodimer or a monomer, depending on the environment pH.  

The structure and dynamics of CT and NT in solution are very well described by NMR92,93,156-158. 

In solution, the CT domain forms a very stable macromolecular clamp dimer in which the core 

(helix No4) assembles rapidly and the remaining helices fold upon association, with adjacent 

helices locking that central part of the domain155. The chain swap presented in the CT domain has 

been suggested to assist the organized folding/unfolding and is the key for the transitions into β-

sheet159. The salt-bridge arrangement of the C-terminal domain link the helix No1 and helix No2 

to the same side of helix No4, and is sensitive to pH response, primarily from the protonation of 

polar charged amino acids156. 

The behavior of a recombinant CT domain in different pH solutions has provided some insight 

into its characteristics within the fiber, for instance non-natural acidification has been proven to 

unfold and aggregate the domain into β-sheet-rich structures160. Gauthier et. al., have suggested 

that the low pH turns the CT domain into an aggregation nucleus that favors the β-aggregation and 

assists the β-sheet formation of poly-Ala repeats161. While some knowledge has been gained about 

the properties of the CT domain within the fiber through its behavior in various pH solutions and 

shear stress, there remains a need for further comprehension of how the CT domain is involved in 

and folded within the fiber structure. 
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3.5 Post-translation modifications of spidroins 
 
Post-translation modifications (PTMs) are chemical alterations that can modulate a protein's 

structure and function. One of the main PTMs of natural spider silk is the phosphorylation of serine 

residues162,163. PTMs of spidroins have been a theme not fully explored, however, there are enough 

arguments that point out their importance for silk self-assembly, solubility and function.  

For the aquatic insect caddisfly larvae (order Trichoptera), the fibroins are suggested to have 

phosphoserine and Ca2+ conjugations, forming phosphorylated serine-rich segments164. Like the 

poly-Ala content of silk, poly-phosphoserines (SX)4 also have been described to form 

nanocrystalline β-sheets when conjugated with divalent ions (as Ca2+)165. These motifs stabilize  

silk in β-sheet structures and improve the load cycle hysteresis166 (ability to self-recovery from 

deformation).  

Accordingly, phosphorylation has been described as a factor for secondary structure transition 

for control of silk assembly167. It is known that metal ions affect the rheological properties of the 

silk dope, increasing solubility for its storage or inducing molecular alignment and 

aggregation168,169. Moreover, the disruption of the metal environment, using EDTA, is reported 

to decrease the content of fibroin’s β-sheets, and changing its mechanics170. 
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Chapter 4. Amyloid and amyloid-like proteins: beta-lactoglobulin nanofibrils 
and other protein nanofibrils (PNFs) 
 
4.1 Amyloid conformation hypothesis and amyloidogenesis 
 

When proteins misfold, they may form very stable molecular structures known as amyloids. These 

are highly organized aggregates that can self-propagate and are composed predominantly of β-

sheets as secondary structures. The formation and accumulation of these structures can harm 

organisms, causing tissue damage, and is linked to several neuropathologies in humans, such as 

Alzheimer's and Parkinson's diseases. Also, amyloids may affect diverse organs such as the heart, 

kidneys, liver, and others171. In contrast, the so-called functional amyloids have been identified in 

a wide variety of organisms over the past twenty years, and they play a crucial role in maintaining 

their cellular function172,173. 

Additionally, amyloids from different proteins share the features of presenting optical behavior 

(such as birefringence), binding of dyes such as congo red and thioflavins, are highly insoluble 

and are very stable against protease digestion174. Figure 18 illustrates the possible pathways of 

structural interconversion and transition for precursor proteins and peptides, as well as the 

formation of aggregates resulting from intermolecular interactions. Eventually, the protein reaches 

the amyloid mature fibril, as it in general has a lower free energy than the native state.  
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Figure 18. Possible protein folding states of a given protein under certain conditions. The 
protein is synthesized and its fold may assume a globular native state; alternatively, a series of 
distinct structure-interaction events may orient the polypeptide to assume the highly organized 
aggregates known as amyloid. 

 

4.1.2. Amyloid assembly mechanism 
 

Amyloid species assemble into organized, insoluble aggregates that follow kinetic steps from the 

slow formation of nuclei until self-propagation elongation and formation of mature fibrils. Figure 

19 illustrates the standard kinetics of amyloid fibrillation, in which the y-axis represents the 

aggregation process, while the x-axis represents the time. In Figure 19a, the blue line illustrate the 

standard sigmoidal kinetics curve, beginning with a slow growth rate lag phase followed by an 

exponential growth phase until it reaches a plateau, in which the amyloid species are abundant. 

The red line stands for seeded kinetics, i.e., the condition that pre-formed amyloid cores were 

previously supplied from an exogenous source, and that condition speeds up the catalysis by 

bypassing most of the lag phase, and finally at the plateau the kinetics reaches the equilibrium. 
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The dynamics of the kinetics intermediates is presented in Figure 19b: the proportion of species 

type over time, in which monomers start in abundance and gradually decrease to favor the mature 

fibril amyloid concentration.  

The hierarchy of amyloid formation is presented in Figure 19b, in which a core is formed from an 

unfolded protein/peptide, then single monomers can be added to form oligomers, followed by 

protofibrils that bundle together to form mature fibrils. Besides, the nucleation processes of fibrils, 

presenting that the fragmentation of these amyloid cores may form more nucleation points (seeds) 

and elongation at the growing ends of fibrils are able to recruit new oligomers175. The seeding 

event can be understood as formation of templates for inducing formation of new fibrils, which 

may present a homologous or heterologous nature (cross-seeding)176. 

  

Figure 19. Outline of protein aggregation kinetics and actions that lead to amyloid fibrillation. 
a) The amyloid formation kinetics have a lag phase, followed by an exponential phase and a plateau as it 
reaches saturation. The red curve shows how seeding affects the kinetics. b) The amyloid species hierarchy 
and concentration-time relationship. 

 

Commonly, amyloid fibrils have cross-β structures with the strands orthogonally oriented to the 

fiber axis (Figure 20a)32 and with sheets establishing a robust inter-chain hydrogen bonding 

network. The cross-β spine may also acquire stability due to zipper-like complementarity between 

the strands' sidechains, which are in tight contact and keeps the water away177. Thus, the cross-β 

pile forms the core of protofilaments, which may associate to form mature fibrils. 
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The topologies of amyloid fibrils can vary, such as the inter-sheet distances often range between 

10-12 Å (Figure 20a), in agreement to accommodate diverse side chains178. The interstrand 

distances is given by the hydrogen bonds between the chains and rely on strand orientation; for the 

structure of amyloid beta (1-42) (related to Alzheimer's disease, PDB: 2BEG), the measured 

distances are 4.7 Å with slight variations along the parallel strands (Figure 20b). Several weak 

interactions are responsible for the high stability of amyloids, as illustrated in Figure 20c. The 

cross-β spine formation relies on aggregation prone regions (APRs) that consist of short stretches 

of 5 to 15 amino acids, often comprised of hydrophobic types; other residues may also participate 

depending on the compatibility of their side-chain size and polarity179. Further it is known that 

mutations in the APRs can significantly change their aggregation propensity179,180. 

In complement, there are the so-called aggregation gatekeepers181, i.e. amino acids that have poor 

tendency to form β-sheets, such as the polar charged amino acids and proline, the former known 

for secondary structure disruption182. Polar amino acids may prefer to be exposed to solvent; in the 

case of the charged ones, when they are buried, the charge frustration may be alleviated by ionic 

binding from the opposite charge, such as the lysine and aspartic acid of Figure 20c. The fibril 

folds in two dimensions, particularly in the stacking regions, and may create ladders of identical 

amino acids to stabilize the entire fibril structure. Examples of these amino acids include 

hydrophobic, polar (such as glutamine and asparagine that side chains form hydrogen bonding183) 

and aromatics with p-p interactions (Figure 20c). 

Another interesting feature of amyloid fibrils is the high variation of specific packing, also known 

as polymorphism184,185 (Figure 20d); the folded chains have the same sequence and similar 

structures when the chains stack, but the lateral interactions are different.  
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Figure 20. Structural features of amyloid fibrils. a) The common core of amyloids is the cross-
β structure, in which the β-strands are perpendicular to fibril axis. Inter-sheet distances vary from 
10-12 Å and inter-strand distances are ca 4.8 Å. b) The side view of the structure of Alzheimer’s 
Abeta (1-42) PDB: 2BEG presents a β-arcade configuration; for this structure, the inter-sheet 
distance is 11.7 Å and the inters-strand distance 4.7 Å. c) Top view of 2BEG presenting the 
interactions among amino acids sidechain. d) Amyloids can display polymorphism, here illustrated 
by two structures of the 40-residue Abeta fibril PDB: 2LMN with two-fold symmetry (i) and PDB: 
2LMP with three-fold symmetry (ii). 
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4.2 Functional amyloids and amyloid for materials 
 

For quite some time, amyloids were thought to be solely disease-causing agents. However, there 

are instances where we can differentiate between pathogenic and functional amyloids. It is now 

clear that functional amyloids are intrinsically parts of the organisms, often providing structure, 

adhesion, or protection. For example, hormones stored in amyloid state form in pituitary secretory 

granules186, also the amyloid protein Pmel-17 required to guide the melanin synthesis187, and Orb2 

protein associated with long-term memory storage in drosophila188.  

Most of the functional amyloids are β-sheet rich, but the formation of the structure is apparently 

more reversible than disease related amyloids. For example, the hormone glucagon is able to form 

amyloid-like fibrils under acidic pH, its structure is composed of only one protofilament that is 

modestly stable. It is proposed that the soluble-amyloid state of glucagon allow the pancreatic cells 

to use it as form of storage181,189. Another suggested difference is that functional amyloids form 

mature fibrils faster than disease-associated proteins and their population of intermediate species 

is negligible190,191. This is important since it is believed that it is not the mature fibrils, but the 

intermediate oligomers, that are the most toxic species.  

Accordingly, protein building blocks capable to form fibrils have been used as functional 

materials, scaffolds, and protein nanofibrils (PNFs). There are natural-based PNFs that possess 

Young’s modulus in the order of of 3.3 ± 0.4 GPa and tensile strength in a range of 0.6 ± 0.4 

GPa192,193, in the same range of silk and steel respectively. Some of the these are sustainable and 

abundant proteins including lysozyme from hen egg194, glutenin from wheat195, and β-

lactoglobulin from milk196. Interestingly, plenty of protein sources that can be converted to 

nanofibrils are also used as food and there is no evidence of toxicity for ingestion, however further 

research is necessary to understand health risks of food amyloid fibrils197-199. 

The protein β-lactoglobulin (β-LG) is present in the whey portion of milk, and in solution, the 

protein has globular structure containing 162 amino acids (18.4 kDa). Due to its high availability 

and straightforward transition into PNFs, β-LG fibrils are one of the most frequently used protein-

based systems for developing PNFs. The protein β-LG self-assembles into amyloid-like fibrils 

when exposed to heat, low pH, and low ionic strength196,200. Besides being a model for 

understanding of protein folding and amyloid-related pathologies, β-LG is an attractive source for 
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development and production of PNF-based materials. β-LG fibrils are versatile and moldable in 

hydro/aero-gels, coatings (thin films) or in the form of microfibers201. Thus β-LG amyloid fibrils 

have been applied for the development of membranes for water purification202, sustainable 

bioplastics203 novel food such as meat analogues204, in photonics205, and regenerative medicine206. 

Despite its wide use in materials design, the molecular structure the β-LG PNFs are still not known. 

 

 

Chapter 5. Present investigation 
 

5.1 Aims of the investigation 
 

This thesis describes molecular aspects and formation mechanisms of protein fibers, including 

structure, their soluble precursors, and structural transition dynamics. Papers I, II, 

and III characterize silk proteins, and paper IV, the whey protein β-lactoglobulin. 

The first part explores the spidroin's molecular structure in solution and their overall conformation, 

comprehending the main elements of recombinant silk using molecular modeling. This section is 

followed by phosphorylation studies of recombinant spidroins, which aims to investigate the 

formation of phosphoserines on recombinant spider silk sequence. 

 

In Paper I, the structure of recombinant spidroins is examined in the context of their transitions 

on hydrophobic or hydrophilic surfaces. Herein we want to investigate how the stability, and 

molecular structure of 4RepCT and CT spidroins are correlated with their experimental topologies, 

and surface interactions.  

 

Further, the ability of the CT domain to transform from a soluble helical globular structure to a 

fiber format with β-sheets as secondary structures was investigated in Paper II. Specific 

mechanisms that trigger fiber formation of CT were examined. In extension to the findings, the 

importance of helix No4 as a key element of α-β secondary transition is further explored with 

charge/polarity and structural motif examination. 
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The recombinant silk protein 4RepCT forms fibers more efficiently than the CT domain alone. For 

this reason, Paper III aims to investigate the labelled CT domain using ssNMR in its canonical 

environment (linked to 4Rep), which can provide more precise details about its structure. It may 

serve as validation to verify if the CT domain has the same structure in CT-only fibers and in 

4RepCT fibers. Developing a strategy to connect labelled CT and 4Rep through sortase-mediated 

enzymatic coupling is tested to obtain selective labelling of the spidroin domains. Thus, the 

feasibility of the method and the formation of fibers for ssNMR studies was investigated. 

  

In the second part, we aimed to study the molecular structure of β-lactoglobulin (β-LG) nanofibrils 

using imaging and spectroscopy methods. Paper IV has as its protagonist the whey protein β-LG 

and the structural molecular aspects of the protein and nanofibers were examined. The full length 

recombinant β-LG was compared with a short segment (β-LG 8-33) that fibrillates. 

 

5.2 Exploration of spidroin molecular structure in solution and start point for its overall 
conformation 
 

To understand the precursors of the silk protein fibers, we investigated the molecular conformation 

of the recombinant spidroin 4RepCT in solution by generating models and analyse specific 

residues found in 4RepCT. The molecular modelling of 4RepCT was processed in ColabFold207: 

AlphaFold2 using MMseqs2, relaxed with Amber force field (Figure 21a). 

While reported to be predominantly unordered in the silk dope of spiders, the repetitive region 

with poly-Ala and Gly-rich stretches is expected to be in coil131 or α-helix208 secondary structure 

in the soluble state, which proposition is supported by circular dichroism data. In general, unbound 

poly-Ala in a solution are likely to adopt an α-helix structure209.  

In our 4RepCT model, the alanine residues are presented as hydrophobic clusters of coiled-coil as 

shown in (Figure 21). The confidence of the poly-Ala is, however, very low due to absence of 

sequence coverage and experimental database. Interestingly, the poly-Ala of the 4Rep part is 

presented perpendicular to the helices of the CT domain. However, this region of poly-Ala is 

apparently a dynamic region. Possibly, the glycine regions between the α-helical poly-Ala have a 

random coil secondary structure (Figure 21b). The conformation found in the model resembles the 

motif known as AlaCoil210 (alanine zipper-Like antiparallel coiled-coil domains), and this is 
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particularly noteworthy in the context of shear-stress. Coiled-coils have been reported to have the 

ability to self-assemble various molecular complexes211. The mechanical unfolding of coiled-coils 

using shear forces probably contribute to secondary structure change (α-to-β transition)212-214. 

Antiparallel AlaCoils can form compact tight interactions and in fact, coiled-coils of poly-Ala have 

a lot in common with other fibrous proteins215, such as in larger order Hymenoptera (honeybee 

and ants)216. 

Our 4RepCT model (Figure 21) support the interchain tyrosin π-π interactions through the loops 

between the poly-Ala. For another recombinant spider silk protein, (AQ)12NR3, it has been 

suggested that tyrosine plays a role in silk structure dope random-coil region organization217. 

Interestingly, the tyrosine residues that are present between each poly-Ala segment are located at 

highly hydrophobic points (Figure 21c).  

Polar charged amino acids are very well described to form key salt-bridges of the terminal 

domains92,93 However, the function of the arginine residues that are present in the repetitive region, 

in the middle of the Gly-rich stretches between the poly-Ala segments remains unclear. Arginines 

that form guanidine π-stacking has been shown to be a precursor in fiber formation of other 

proteins, such as the Alzheimer’s disease-related protein Tau218. Although not explored, evident 

features of specific amino acids such as tyrosine and arginine could be in the formation of 

multivalent electrostatic π-cation interaction. 
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Figure 21. Modelling of the recombinant silk protein 4RepCT as a homodimer using the 
software Colabfold207. a) Model presenting the per-residue confidence metric (pLDDT). b) 
Description of the Alphafold2 model of 4Rep with anti-parallel poly-Ala in solution forming α-
helices. c) Hydrophobic differential in relation to the tyrosine positions of the 4Rep segment. 

 
5.3 Enzymatic phosphorylation of recombinant spidroins 
 

Here, we investigated the presence of phosphorylation sites in recombinant spidroins and evaluate 

the feasibility of enzymatic phosphorylation of serines using protein kinase A (PKA). The study's 

relevance lies in the possibility that combining phosphor groups with divalent metals can directly 

impact silk, since phosphorylation and chelation of silk proteins is a possible way to tune its 

mechanical properties219.  

It is previously known that ions and pH play a role for assembly of spider silk132 and that Ca2+, 

Mg2+ and phosphorous are present in the silk gland and dope. It should be mentioned that 

phosphorylation could also be related to storage of spidroins enhancing solubility167.  

We performed experiments using in vitro phosphorylation of 4RepCT to understand such 

mechanisms and its impacts on spidroins. Initially, we performed an in silico assessment of the 
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recombinant silk protein 4RepCT sequence using NetPhos 3.1. (Figure 22a), which confirmed a 

high propensity of phosphorylation on the 4RepCT protein. The prediction suggest that 

phosphoserine is recurrent for the silk sequence, with minor participation of phospho-threonine 

and phospho-tyrosine. Interestingly, a part of the CT domain is also suggested to be phosphoserine 

rich. 

 

Figure 22. Phosphorylation prediction of the recombinant spidroin 4RepCT a) NetPhos 
phosphorylation potential plot with residues with higher probability for phosphorylation marked 
in different colors. b) Schematic model of phosphoserines and Ca2+ bridges for the part of the CT 
domain from MaSp1 E.australis (ISSSVSASA) most likely to be phosphorylated. 

 

Based on the predictions and previous literature on silk phosphorylation, we designed assays to 

experimentally verify our phosphorylation predictions. Using PKA, we conducted in vitro 

phosphorylation of 4RepCT and in particular the PKA binding motif RLSSPSAVSR present in 

the CT domain. We could verify phosphorylations using mass spectrometry (data not shown). 
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Also, we designed and produced a new version of 4RepCT, denoted 4RepCT-PM2, with an extra 

kinase motif recognition site (SRSVSVS) inserted between the third and fourth poly-Ala block of 

4RepCT sequence replacing (GRQSQGA) of the Gly-rich region. Afterwards, we analyzed if 

4RepCT and 4RepCT-PM2 were susceptible to enzymatic phosphorylation. 

Enzymatic phosphorylation was performed for 4RepCT and 4RepCT-PM2, and the following gel 

analysis suggests that 2 h is enough to phosphorylate both types of silk (Figure 23). The gel shows 

that we can phosphorylate 1 mg/ml of 4RepCT and 4RepCT-PM2 with 2 h of incubation and          

10 000 units of PKA. 

 

Figure 23. Phosphorylation detection of 4RepCT using gel stain Pro-Q® Diamond. a) SDS-
PAGE with regular stain showing the different proteins. b) The same gel stained with Pro-Q 
Diamond to visualize phosphorylated proteins. The lanes contain: 1. Molecular ladder, 2. Casein, 
3. 4RepCT+PKA 0h, 4. 4RepCT+PKA 2h. 5. 4RepCT 0h 6. 4RepCT 2h 7. 4RepCT-PM2 + PKA 
0h 8. 4RepCT-PM2 + PKA 2h.  

 

It is expected that recombinant silk 4RepCT assumes more negative charges when phosphorylated 

and the protein overall negative charge due phosphorylation probably changes the dynamic of fiber 

formation. In order to evaluate the consequences of phosphorylation of serines and silk mechanics, 

further experiments are required.  
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5.4 Paper I. Silk assembly against hydrophobic surfaces ─ Modeling and imaging the 
formation of nanofibrils 
 

This study combines modeling and experimental methods to analyze and describe the self-

assembly and stability of the recombinant silk proteins 4RepCT and its different parts (4Rep and 

the CT domain) at hydrophobic and hydrophilic surfaces. We herein used the Amber tools 

molecular dynamics package to process atomistic models that depict the behavior of 4RepCT and 

its different parts on hydrophobic versus hydrophilic surfaces.  

When aligned complexes of 4RepCT are placed in a “wing” arrangement model on a hydrophobic 

surface, the β-sheet structures of the poly-Ala repeats remain stable, and the CT domain is settled 

on top, presenting a height of ca. 7 nm and a width of ca. 11 nm. The results describe a large-scale 

periodic system proposed for forming nanofibrils of 4RepCT on a hydrophobic surface. The 

modeling results are complemented by experimentally assessing the size of 4RepCT nanofibrils 

formed on hydrophobic surfaces, by analyzing images from AFM and cryo-EM (Figure 24). The 

height of ~6.8 nm obtained from AFM is close to the 7 nm obtained from the model. Similarly, the 

width of ~9.8 nm obtained from Cryo-EM is close to the 11 nm obtained from the model. 

  

Figure 24. Summary of dimensions of 4RepCT fibril in wing arrangement model. The performed MD 
analysis of 4RepCT nanofibrils converged to the height and width acquired by AFM and EM, disclosed 
respectively. 
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5.5 Paper II. Untangling spider silk secrets: The structural basis of alpha-helix to beta-
sheet conversion of the spidroin C-terminal domain during fiber assembly 
 

This study aims to uncover the structure of the CT domain in its fiber conformation. We also 

analyzed the segment of helix No4 and its importance for protein self-assembly. 

The spider silk proteins' C-terminal domain (~100 residues) is the shortest component with ability 

to self-assemble into silk-like structures. Based on the sequence similarities, a model of the soluble 

form of our CT domain was created using comparative modeling and the previously determined 

structure of the CT domain from ADF-3 of A. diadematus (PDB ID: 2KHM) as template. Herein, 

we characterized the CT protein fiber using solid-state methods in combination with computational 

analyses. The CT protein was recombinantly expressed in E. coli, purified using chromatography 

and then assembled into fibers using the self-assembly stretch-relaxation cycles method130,138. The 

unidimensional natural abundance 13C CP-MAS spectra of fibers from the CT domain and 4RepCT 

were compared with the silk from diverse spidroins previously reported220. The ssNMR of fibers 

from the recombinant CT domain and 4RepCT have significant similarities with natural spider 

silk. Moreover, fibers from two types of isotopically labeled samples of the CT domain were 

prepared: one from double-labeled 13C-15N CT protein and one in which the individual CT protein 

molecules are either 13C-labeled or 15N-labeled. The labeled samples were analyzed using 

multidimensional ssNMR, specifically DARR and proton-assisted insensitive nuclei cross-

polarization (PAIN) experiments. The data was collected, processed, and assigned to obtain details 

of the structures of the protein in the fiber format. Analysis of the secondary structures suggests a 

hybrid composition of β-sheets and a-helix/coil in the fiber form of the CT domain, thus a 

transition from α-helix/coil to β-sheets during fiber formation. Moreover, the ssNMR data 

suggested which specific residues that mostly contribute to the β-sheets content. Analysis of CT 

fibers using FTIR-ATR also gave results that corroborates the partial switch of the CT domain 

from helical structure towards β-sheets. Also, we have performed X-ray diffraction analysis of 

fibers of the recombinant CT domain and 4RepCT, respectively. In agreement, X-ray experiments 

showed that fibers of the CT domain have a nanocrystalline profile with reflections corresponding 

to β-sheets that are not originating from poly-Ala, but instead show patterns exclusive of the CT 

domain.   
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Furthermore, combining experimental data with computational analysis allowed the identification 

of a segment of the C-terminal domain (helix No4) that seems to be essential for β-sheet formation. 

A peptide corresponding to this segment was analyzed using circular dichroism spectroscopy and 

AFM. The initial conclusion is that helix No4 of CT domain (residues 51-80), can transform from 

α-helix to β-sheets forming nanofibrils in a pH sensitive manner (Figure 25).  

 

Figure 25. The peptide segment corresponding to helix No4 of CT (residues 51-80). At alkaline 
pH the peptide is soluble and in α-helical conformation, while at neutral to acidic conditions the 
peptide forms β-sheets and attain a nanofibrillar format, here visualized using AFM. 

 

Additional ATR-FTIR analysis of the helix No4 peptide were performed (Figure 26). For sample 

preparation, a drop of solution of the peptide was applied on a glass slide and let to dry. It is 

possible to conclude that the peptide by such preparation presents β-sheets as a secondary  

structure. 

 



46 
 

Figure 26. FTIR spectra of the peptide corresponding to helix No4 of CT (51-80) suggest β-
sheet structure. The sample was prepared by letting a drop of peptide solution dissolved at pH 12 
dry onto a glass slide. (a) The ATR-FTIR absorbance, and (b) secondary derivative presents higher 
signal around 1620 cm-1, corresponding to the β-sheet content of the spectra.  

In paper II we suggest that the unfolding, self-assembly and fibrillation of CT domain could be 

associated with exposure of helix No4 and pH changes. In order to explain the reason for the 

sensitivity of helix No4 to pH, the charged residues were considered and a coiled-coil motif of the 

peptide was identified. Within the suggested homology model of the dimeric CT (see above), the 

helices No4 in the two subunits are presented as parallel helices that facilitates the alignment of the 

domain, and such effect could be related to charges that gives the hydrophobic region (helix No4) 

a polar head221 (Figure 27). At a pH below their pKa, the polar negative side chains are uncharged, 

and the electrostatic repulsion that impairs the fibrillation is alleviated by decreased the pH222, in 

favor of the hydrophobicity. 

The Molecule file PDB pre-processed using https://server.poissonboltzmann.org/pdb2pqr. The 

PROPKA to assign protonation states at the provided pH 12 and pH 3.1, and PARSE Force field 

for keep the protein's N-terminus and C-terminus as neutral. 

 

Figure 27. Electrostatic surface potential of the dimeric form of helix No4 in the CT domain 
of MaSp1 from E. australis. a) Key polar amino acids within the structure of helix No4. b) The 
charge pattern of helix No4 dimer calculated for pH 12. c) The charge pattern of helix No4 dimer 
calculated for pH 3.1. The analysis was carried out using APBS (Adaptive Poisson-Boltzmann 
Solver)223.  

 

https://server.poissonboltzmann.org/pdb2pqr
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A secondary mechanism on top of pH that can be related to silk formation is shear-stress over 

coiled-coil structures. The force-induced α-to-β transition of coiled-coils is a well described 

event214,224. The hallmark structural motif of coiled-coils is the heptad repeat, in which 7-residue 

pattern according with hydrophobic (H) or polar (P) flank: HPPHPPP225,226. In coiled-coils, the 

heptad's amino acids face the structure's core, and other polar amino acids often shield the core. 

Helix No4 of the CT domain presents a heptad (VQALLEVITALVQIVSSSS) that can be classified 

as a knobs-into-holes according with the algorithm SOCKET225 (Figure 28 a and b).  

 

Figure 28. Helix No4 of the CT-domain of MaSp1 from E.australis presents the heptad typical of coiled-coils, 
here detected using SOCKET, the colors identify different residues. a) The side view and b) the top view.  

 
5.6 Paper III. Sortase-mediated coupling of a labelled C-terminal domain to a repetitive 
segment of a spidroin for solid-state NMR structural characterization of silk fibers 
 

This study has as the objective to produce silk of partially 15N and 13C labelled proteins, to get 

signal from only the CT part of the structure. 

From the previous study (Paper II), the ssNMR of the CT domain in fiber format, it is notable that 

the resolution of the ssNMR signals for the CT domain need to be improved to obtain accurate 

signals (decreasing cross peaks overlaps). We speculate that the poorly resolved peaks are due to 

that the CT domain is, at least partially, disordered in the fiber state, or that not all the CT protein 

molecules have been efficiently transformed to fiber format. We assumed that the structure of the 

CT domain would be accessed with better precision if all CT molecules were transformed into the 

fiber state. We believe that this could be obtained if CT were linked to the repetitive region, 4Rep, 

before fiber formation. Moreover, the presence of the 4Rep part in the fiber would improve the 

homogeneity and robustness of the sample and provide a validation to compare the structure in 

CT-only fibers and in 4RepCT fibers. Therefore, the CT and 4Rep protein parts were produced 
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separately, with 15N and 13C labeling for CT domain but not for 4Rep, and thereafter enzymatically 

coupled using the sortase A (Figure 29).  This is a suitable strategy that has been previously used 

for partial domain labeling before NMR analyses of soluble proteins 227,228. Herein, we intend to 

use it to provide better ssNMR data for the structure determination of CT domain in fiber form. 

The results from purification and coupling, accessed using SDS-PAGE analysis, indicate that one-

hour incubation at room temperature is enough for coupling 4Rep and CT domain.  We could also 

verify that the coupled protein efficiently self-assembled into fibers that were more easily retrieved 

for sample preparation and transfer to the MAS rotor, compared to fibers from the CT domain 

alone. The obtained samples were analyzed by ssNMR. 

 

 

Figure 29. Schematic illustration of sortase-mediated coupling of a 15N-13C labelled CT 
domain and 4Rep. The two parts of the recombinant spidroin 4RepCT are produced separately, 
to allow the CT domain to be labeled, but not the 4Rep part. After purification, the labeled CT 
domain is enzymatically coupled to the unlabeled 4Rep, before fiber formation is initiated.  

  

5.7 Paper IV. Exploring the molecular structure of β-lactoglobulin fibrils using solid-state 
NMR spectroscopy 
 

The molecular structure of β-lactoglobulin nanofibrils is not known, here we attempt to obtain 

further details about β-lactoglobulin fibrils. The acid hydrolysis of the full-length protein into 

shorter segments plays a major role in the fibrillation process200 (Figure 30). Distinct peptides have 

higher propensity to self-assemble into nanofibrils. Therefore, we compared the full-length 

recombinant β-LG with a specific short segment (β-LG 8-33) that also form fibrils. In order to 
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improve the structural homogeneity of the fibrils, we performed seeding assays with the 

recombinant protein and the peptide. 

In this study we expressed β-LG in E.coli origami cells in minimal media supplemented with 

ammonium-15N chloride, and D-glucose-13C6 and purified it using anion exchange 

chromatography followed by acidic salting out precipitation. The peptide (β-LG 8-33) was 

synthesized on a single channel Biotage Alstra Initiator, prepared with uniformly 13C- and 15N-

labeled amino acids strategically placed at positions V15, A25, S27, I29, and L31. The successful 

synthesis of the peptide was confirmed using MALDI-TOF analysis, ensuring the correct peptide 

sequence was obtained. The uniformly labeled recombinant protein and the peptide (β-LG 8-33) 

were presented soluble and processed for fibrillation. Thioflavin T assay, atomic force microscopy 

(Figure 31) and ssNMR were used in the investigation of the fibril structure.                               

 

Figure 30. Fibril formation of β-lactoglobulin. The β-LG protein is hydrolyzed by thermal 
treatment and low pH, and some of the fragments form fibrils. Model of β-lactoglobulin in solution 
(PDB: 3NPO) and assigned position of β-LG(8-33) peptide in blue.  

 

 
Figure 31. The β-lactoglobulin fibrils investigated by atomic force microscopy. (a) β-LG(8-

33) peptide fibrils (b) Recombinant β-Lactoglobulin fibrils after filtration with 100kDa cut-off. 
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The fluorescent dye thioflavin-T suggested that both samples were reactive for fibrils, and the 

AFM demonstrated that these fibrils were straight, unbranched, and of similar height (∼6 nm). The 

comparison of the 13C-13C (100 ms) DARR spectra of the full-length β-LG and peptide (β-LG8-33) 

revealed similar chemical shifts for the hydrophobic amino acids (the hydrophobic amino acids: 

Ala, Val, Ile, and Leu). The analysis of individual residues in the β-LG8-33 peptide regarding the 

Cα, Cβ, and C’ chemical shifts obtained from the DARR spectra indicated that the labeled residues 

were present in the β-sheet configuration. This means that the corresponding regions the full-length 

protein fibrils should are also in b-sheet. The analysis of 13C-13C and 13C-15N of the full-labelled 

protein exposed that the fibrils were composed of distinct amino acids, including proline, arginine, 

and histidine, which go beyond those present in the β-LG8-33 peptide. Moreover, inter-amino acid 

cross peaks involving Ser-Thr and Leu-Ile were observed, indicating that these amino acids are 

very close to each other. 

 

5.6 Concluding remarks and future perspectives 
 

Herein, studies of the self-assembly, morphology, and dynamics of fibers and nanofibers produced 

from spider silk and whey proteins, examining their molecular structure and morphologies have 

been presented. Diverse methods were employed for solid-state characterization of fibers, 

including microscopy, advanced spectroscopy, and X-ray diffraction. The experimental studies 

were complemented with computational methods that agreed with the main findings and assisted 

in understanding the fundamental properties of the protein fiber structure. 

Here, predictions of phosphorylations for the recombinant spidroins 4RepCT and 4RepCT-PM2 

were presented, which corroborated the enzymatic assay of in vitro phosphorylated proteins. 

However, further knowledge is needed to understand the differences between 4RepCT and 

4RepCT-PM2 phosphorylations, for example changes of charges and the chelation effect of Ca2+ 

and Mg2+ and its impact on fiber formation. For future investigations, the following methods are 

suggested to understand better the phosphorylation event: isoelectric focusing electrophoresis of 

the proteins, 31P-NMR analysis and mechanical testing of fibers formed while promoting chelation 

or during metal disturbance using EDTA, respectively. 
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In this thesis, it is presented that silk has an orientation preference to assemble when interacting 

with hydrophobic surfaces. The recombinant spidroin 4RepCT was modeled to form an organized 

and stable periodic assembly of the poly-Ala stretches over hydrophobic surfaces. The MD 

simulations of 4RepCT topologies correlated well to the width and height experimentally 

measured using cryo-EM and AFM, respectively. These findings have significance in facilitating 

deeper investigations into silk coatings. For instance, they could indicate which protein 

components that are exposed to the environment and thereby best suited for functionalization.  

Moreover, it is presented that the CT domain alone can self-assemble into fibers with β-sheet 

components, in which the helix No4 of CT is introduced as the key segment for initiating spider 

silk fibrillation. The helix No4 of the CT domain is the shortest spidroin protein segment that has 

been shown to self-assemble into nanofibrils. Further investigations could reveal the details of the 

molecular structure of this segment, such as the orientation of the β-sheets relative to the fiber axis 

(orthogonal or parallel) and kinetically how it affects the formation of fibers. For that reason, future 

experiments suggested are X-ray nanodiffraction and cryo-EM. Also, seeding and cross-seeding 

of these segments to recombinant spidroins and other fibril peptide precursors could be used as a 

method to investigate the concept of nucleation for fiber formation. In complement, further MD 

analyses could be applied to helix No4 of the CT domain. 

Then, it is presented that different spidroin parts can be joined through sortase-mediated coupling. 

This approach is suitable for individual labelling of the CT domain to get better homogeneity of 

the fiber sample and to improve the quality of the ssNMR data. Posteriori experiments as other 

coupling sets could be tried, e.g., joining only helix No4 from the CT domain directly to 4Rep. 

Alternative coupling strategies such as Spy-catcher or click reactions229 could also be used to link 

spidroins parts and other macromolecules with the intention of silk structure analysis. 

Regarding the β-lactoglobulin protein, recombinant proteins were produced, purified, and 

fibrillation achieved in a homogeneous pattern through seeding assays. Both the full-length 

recombinant β-LG protein and the short segment β-LG8-33 formed nanofibrils. These PNFs were 

reactive to ThT and had comparable morphologies of the fibrils, with an unbranched conformation 

and a height of around 6 nm. Analysis of their NMR spectra revealed that they contained β-sheet 

hydrophobic residues with comparable chemical shift:  Ala, Val, Ile, and Leu. Additionally, cross-

peaks between Ser-Thr and Leu-Ile residues offered valuable information about the molecular 
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structure. The ssNMR spectra of both PNFs presented similarities, and it was shown that distinct 

residue peaks from the full-length uniformly labeled 15N-13C β-LG; in particular, the presence of 

histidine, proline, and arginine suggests that the fibrils also present length beyond the β-LG8-33 

sequence. 

Proteins found in nature offer a plethora of high-performance materials, with spider silk and whey 

proteins being prime examples. In this thesis, new insights of fundamental aspects of these species, 

gaining a deeper understanding of molecular level and the assembly processes involved in such 

protein-based materials were presented. This knowledge may help in unlocking the design 

principles of natural materials and is essential for developing innovative bio-based structures for a 

wide range of applications. 
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