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Abstract 

Amyloids are a group of peptides and proteins that fold into assemblies of insoluble fibrils of 

very regular and tightly packed β-cross structures, which resemble a steric zipper. They are associated 

with many civilization diseases, such as type 2 diabetes, and wide range of neurodegenerative diseases. 

However, due to their self-assembly properties and unique physicochemical characteristics, as well as 

favorable mechanical and optical features, amyloids can and are being used in different fields of mate-

rial and life sciences.  

Amyloids are very sensitive to various experimental conditions in which their aggregation pro-

cess is studied. Moreover, experimental conditions have a great influence on the amyloid characteris-

tics and classification. In many cases, data collected from experiments using different techniques and 

performed by various scientific groups, do not include all the information about the specifics regarding 

experimental conditions. This has a strong impact on the ability, for instance of bioinformatics meth-

ods, to predict the amyloid propensity or the structural models of aggregation. 

This dissertation focuses on the influence of selected internal and external factors affecting the 

aggregation process of amyloidogenic peptides. In the study, we consider in particular the length of the 

amino acid sequence, the effect of mutations, the influence of the solvent including, type and salt con-

centration, the interactions with other peptides, as well as the proximity and interaction with a cell wall 

(lipid environment). This examination concerned selected pathological and functional amyloids and 

their most relevant fragments, and relied on results from experimental and computational investiga-

tions. 

First, we set a reference protocol to study the aggregation properties of short peptides, necessary 

to identify possible amyloidogenic amino acid sequences. Hence, we selected hexapeptides using Am-

yloGram, a well-established bioinformatics prediction tool. Then we examined whether and to what 

extent, poorly annotated training data can influence the accuracy of bioinformatics methods. Finally, 

we investigated whether longer sequences can be treated in the same way as short ones. 

Second, we examined experimentally long amino acid sequences (up to 23 amino acids) from 

the functional amyloid CsgA protein (consisting of R1–R5 imperfect fragments) in order to check their 

amyloid propensity. We investigated whether such peptides are more sensitive than pathological amy-

loids to selected internal and external factors, such as: point mutations, solvent, type of ions, ions’ 

concentration. To do so we compared the effects of these parameters on the aggregation properties of 

homologous repeats from two bacteria Escherichia coli and Salmonella enterica. This study included 

the influence of mutations, which has been validated by computational and theoretical studies. 



 13 

We finally conducted a study on pathological amyloids (sequences up to 42 amino acids), 

namely Aβ42 and hIAPP. To mimic physiological conditions, experiments and simulations were car-

ried out in the presence of a lipid membrane. Therefore, we investigated the influence of lipid mem-

brane and interaction with another peptide on aggregation of these amyloids.  

The results of the research present that it is important to collect coherent data from experiments, 

which could be disrupted by non-identical conditions. Additionally, different experimental methods 

may deliver somehow different results regarding the same peptides. This effect is more significant in 

case of some sequences.  

We found that short hexapeptide sequences exhibit distinct aggregation propensities in response 

to external factors, e.g., the solvent used, compared to longer sequences (up to 23 amino acid). The 

flexibility of six-amino acid sequences allows them to adopt specific conformations. Moreover, the 

symmetry-breaking transitions phenomenon plays a crucial role in this process.  

Additionally, we showed that the choice of solvent influences on the aggregation process. The 

usage of deuterium oxide might alter the classification, as observed for the R2 fragment of S. enterica. 

Fibrils were detected in the presence of heavy water but not in phosphate buffered saline. The dominant 

peptide conformation in D2O was attributed to intermolecular aggregates, a signature typical of amy-

loid structures. Based on these findings, the R2 fragment's classification as amyloid or non-amyloid 

depends on the conditions applied.  

Next, we showed that R4 fragment from S. enterica (SR4) has a larger tendency to aggregate 

compared to the R4 fragment from E. coli (ER4). Theoretical sequence analysis revealed that SR4 has 

higher hydrophobicity and electric charge values than ER4. Those factors are known to increase protein 

aggregation. Additionally, SR4 has more significant variations in gatekeeper residues, which play a 

crucial role in regulating amyloid formation. The results indicate that specific amino acid substitutions 

can significantly affect the propensity of functional amyloid proteins to form amyloid structures, with 

potential functional consequences. 

The research highlighted the influence of the phosphate buffer ions on the peptides' morphol-

ogy, affecting the local electrostatic interactions involving the polypeptide chains. The molecular dy-

namics simulations revealed that the interactions of positively charged amino acids with negatively 

charged phosphate moieties in the buffer determined the morphology. Non-specific ion enrichment 

may occur in the proximity of protein moieties that bear charges opposite to those of the ions. Hence, 

the dimers structures observed in the simulation may have contributed to the snail-like conformation 

of the M4 peptide. 

In the last phase of the study, the stability of Aβ42 in a lipid membrane was examined through 

molecular dynamics simulations and atomic force microscopy. The results suggested that Aβ42 
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remains embedded in the lipid membrane, indicating that peptide aggregation may occur within the 

membrane. It was also found that Aβ42 interacting with hIAPP exhibited a higher β-sheet content when 

in close proximity, compared to the analysis of Aβ42 alone. Atomic force microscopy investigations 

showed that supported lipid bilayers were more affected in the presence of both Aβ42 and hIAPP.  

Overall, the study sheds light on the potential challenges arising from the ambiguity of experi-

mental outcomes in the context of amyloid investigations. Our research has shown that even small 

changes in experimental conditions can alter the properties of amyloid peptides and proteins, which 

can be the cause of obtaining incorrect models and predictions of bioinformatics tools, based on in-

compatible learning data. However, as shown in the study, minor deviations are not detrimental to these 

tools. Bioinformatics methods are fairly robust to incompatibilities in the data, but their performance 

can be disrupted if the influence of experimental conditions and seemingly insignificant differences in 

sequences of homological sequences are not taken into the consideration. The results described above, 

confirm that in the process of planning experimental research is important to choose proper conditions 

according to the studied object. Based on that choice, we can effectively modulate the peptide tendency 

to aggregate. 
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Résumé 

Les amyloïdes sont un groupe de peptides ou de protéines qui se replient en assemblages de 

fibrilles insolubles de structure β-croiséss très régulière et étroitement embriqués, ressemblant à une 

fermeture à glissière. Ils sont associés à de nombreuses maladies, telles que le diabète de type 2, ainsi 

qu'à un large éventail de maladies neurodégénératives. Cependant, en raison de leurs propriétés d'auto-

assemblage, de leurs caractéristiques physico-chimiques uniques, ainsi que de leurs caractéristiques 

mécaniques et optiques particulieres, les amyloïdes sont utilisés dans différents domaines des sciences 

des matériaux et sciences de la vie. 

Les amyloïdes sont très sensibles aux différentes conditions expérimentales dans lesquelles leur 

processus d'agrégation est accompli. De plus, les conditions expérimentales ont une grande influence 

sur les caractéristiques et la classification des amyloïdes. Dans de nombreux cas, les données collectées 

à partir d'expériences utilisant différentes techniques et réalisées par différents groupes recherche 

n'incluent pas toutes les informations sur les spécificités relatives aux conditions expérimentales. Cela 

a un fort impact sur la capacité, par exemple des méthodes de bioinformatique, à prédire la propension 

de l’amyloïde à s’agréger. 

Cette thèse se concentre sur l'influence de certains facteurs internes et externes sélectionnés qui 

affectent le processus d'agrégation de peptides amyloïdogènes. Dans cette étude, nous avons particu-

lièrement considéré la longueur des sequences d'acides aminés, les'effets de mutations, l'influence du 

solvant, dont son type et la concentration saline, les interactions avec d'autres peptides, ainsi que la 

proximité et l'interaction avec une paroi cellulaire (environnement lipidique). Cette analyse a porté sur 

une sélection d’amyloïdes pathologiques et fonctionnels et sur leurs fragments les plus pertinents. Elle 

s'est appuyée sur des simulations numériques et résultats expérimentaux. 

Tout d'abord, nous avons établi un protocole de référence pour étudier les propriétés d'agréga-

tion de peptides courts, nécessaire pour identifier les séquences d'acides aminés amyloïdogènes pos-

sibles. Pour ce faire, nous avons sélectionné des hexapeptides à l'aide d'AmyloGram, un outil de pré-

diction bioinformatique bien établi. Ensuite, nous avons examiné si et dans quelle mesure les données 

d'entraînement peu annotées peuvent influencer l'exactitude des méthodes de bioinformatique. Enfin, 

nous avons étudié si les séquences plus longues peuvent être traitées de la même manière que les sé-

quences courtes. 

Ensuite, nous avons examiné expérimentalement de longues séquences d'acides aminés (jusqu'à 

23 acides aminés) de la protéine amyloïde fonctionnelle CsgA (composée de fragments R1–R5) afin 

de vérifier leur propension à former des amyloïdes. Nous avons étudié si de tels peptides sont plus 

sensibles que les amyloïdes pathologiques à une sélection de facteurs internes et externes. Les facteurs 
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choisis sont les mutations ponctuelles, le solvant, le type d'ions et la concentration en ions. Pour ce 

faire, nous avons comparé les effets de ces paramètres sur les propriétés d'agrégation de sequences 

homologues de deux bactéries Escherichia coli et Salmonella enterica. Cette étude a inclus l'influence 

des mutations, qui a été validée par des études computationnelles et théoriques. 

Enfin, nous avons mené une étude sur des amyloïdes pathologiques (séquences jusqu'à 42 

acides aminés), à savoir Aβ42 et hIAPP. Pour imiter les conditions physiologiques, des expériences et 

des simulations ont été réalisées en présence d'une membrane lipidique. Nous avons donc étudié 

l'influence de la membrane lipidique et de l'interaction avec un autre peptide sur l'agrégation de ces 

amyloïdes. 

Les résultats de la recherche montrent qu'il est important de collecter des données cohérentes à 

partir d'expériences, qui pourraient être perturbées par des conditions non identiques. De plus, diffé-

rentes méthodes expérimentales peuvent fournir des résultats quelque peu différents pour les mêmes 

peptides. Cet effet est plus significatif dans le cas de certaines séquences. 

Nous avons découvert que la propension à s’agréger des courtes séquences hexapeptidiques se 

distingue de celle des séquences plus longues (jusqu’à 23 acides aminés) en fonctions de facteurs ex-

ternes comme le solvant utilize. La flexibilité des séquences de six acides aminés leur permet d'adopter 

des conformations spécifiques. De plus, le phénomène de transition de brisure de symétrie joue un rôle 

crucial dans ce processus. 

De plus, nous avons montré que le choix du solvant influence le processus d'agrégation. L'uti-

lisation d'oxyde de deuterium (D2O) peut modifier la classification, comme observé pour le fragment 

R2 de S. enterica. Des fibrilles ont été détectées en présence d'eau lourde mais pas en solution tampon 

phosphate. La conformation dominante du peptide en D2O a été attribuée à des agrégats intermolécu-

laires, une signature typique des structures amyloïdes. Sur la base de ces résultats, la classification du 

fragment R2 comme amyloïde ou non-amyloïde dépend des conditions appliquées. 

Ensuite, nous avons montré que le fragment R4 de S. enterica (SR4) a une tendance plus forte 

à l'agrégation par rapport au fragment R4 d'E. coli (ER4). L'analyse théorique de la séquence a révélé 

que SR4 avait des valeurs d'hydrophobicité et de charge électrique plus élevées que ER4. Ces facteurs 

sont connus pour augmenter l'agrégation des protéines. De plus, SR4 présente des variations plus im-

portantes dans les résidus dit « gate Keeper », qui jouent un rôle crucial dans la régulation de la forma-

tion amyloïde. Les résultats indiquent que des substitutions d'acides aminés spécifiques peuvent affec-

ter significativement la propension des protéines amyloïdes fonctionnelles à former des structures amy-

loïdes, avec des conséquences fonctionnelles potentielles. 

Nos investigations ont mis en évidence l'influence des ions tampons phosphate sur la morpho-

logie des peptides, en affectant les interactions électrostatiques locales impliquant les chaînes 
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polypeptidiques. Les simulations de dynamique moléculaire ont révélé que les interactions des acides 

aminés chargés positivement avec les groupes phosphate chargés négativement dans le tampon déter-

minent la morphologie des fibrilles. Une concentration d'ions non spécifiques peut se produire à proxi-

mité des parties protéiques portant des charges opposées à celles des ions. Ainsi, les structures dimères 

observées dans la simulation ont peut-être contribué à la conformation en forme d'escargot du peptide 

M4. 

Dans la dernière section de ce travail, la stabilité de Aβ42 dans une membrane lipidique a été 

examinée à travers des simulations de dynamique moléculaire et l’utilisation d’un microscope à force 

atomique. Les résultats suggèrent que Aβ42 reste intégré dans la membrane lipidique, indiquant que 

l'agrégation du peptide peut se produire dans la membrane. Il a également été constaté que Aβ42 inte-

ragissant avec hIAPP présente une teneur en feuillet β plus élevée lorsqu'ils sont en proximité étroite, 

par rapport à l'analyse de Aβ42 seul. Les observations sous microscope à force atomique ont montré 

que les bicouches lipidiques supportées étaient plus affectées en présence de Aβ42 et hIAPP. 

Dans l'ensemble, l'étude met en lumière les défis découlant de la forte dépendance des résultats 

en fonction des conditions expérimentales des propriétés des amyloïdes. Dans l’ensemble, nous avons 

montré que les conditions expérimentales jouent un rôle prépondérant dans la détermination des pro-

priétés des amyloïdes. Ne pas en tenir compte lors de l’utilisation d’outils de bioinformatique peut 

induire des erreurs dans les modèles et predictions. Toutefois, comme nous l’avons montré, les écarts 

mineurs ne sont pas préjudiciables. Les méthodes de bioinformatique sont assez robustes aux incom-

patibilités dans les données, mais leurs performances peuvent être perturbées si l'influence des condi-

tions expérimentales et les différences apparemment insignifiantes dans les séquences de séquences 

homologues ne sont pas prises en considération. En conclusion, la planification du processus de la 

recherche expérimentale, requiert de choisir les bonnes conditions en fonction de l'objet étudié. Sur la 

base de ce choix, nous pouvons moduler efficacement la tendance du peptide à s'agréger. 
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Streszczenie 

Amyloidy to grupa peptydów i białek, które tworzą nierozpuszczalne włókna, o bardzo regu-

larnej i ciasno upakowanej strukturze β-cross, przypominającą strukturę zamka błyskawicznego. Są 

one związane z wieloma chorobami cywilizacyjnymi, takimi jak cukrzyca typu 2 i choroby neurode-

generacyjne. Pomimo tego, dzięki swoim unikalnym cechom, takim jak zdolność do agregacji oraz 

korzystne właściwości fizykochemiczne, mechaniczne i optyczne, amyloidy mogą i są wykorzysty-

wane w różnych dziedzinach naukowych.  

Amyloidy są bardzo wrażliwe na różne warunki eksperymentalne, w których badany jest proces 

agregacji. Warunki eksperymentu mają duży wpływ na własności i klasyfikacje amyloidów. W wielu 

przypadkach dane zebrane z eksperymentów wykorzystujących różne techniki i przeprowadzane przez 

różne grupy naukowe, nie zawierają wszystkich informacji o istotnych szczegółach dotyczących wa-

runków eksperymentalnych. Fakt ten może mieć istotny wpływ na skuteczność stosowanych metod 

bioinformatycznych, których celem jest przewidywanie skłonności amyloidów do agregacji.  

Prezentowana praca doktorska skoncentrowana jest na opisie wpływu wybranych czynników 

wewnętrznych i zewnętrznych środowiska eksperymentalnego, na proces agregacji peptydów amyloi-

dowych. W badaniach rozważono przede wszystkim: długość sekwencji aminokwasów, wpływ muta-

cji, wpływ rozpuszczalnika, a w tym rodzaju i stężenia soli, interakcje z innymi peptydami oraz bli-

skość i interakcję ze ścianą komórkową (środowisko lipidowe). Opisane badania dotyczyły wybranych 

amyloidów patologicznych i funkcjonalnych oraz ich najistotniejszych fragmentów. Badania przepro-

wadzono metodami eksperymentalnymi i obliczeniowymi. 

Pierwszy etap badań dotyczył ustanowienia standardowego protokołu badania właściwości 

agregacyjnych krótkich peptydów, koniecznego do identyfikacji możliwych sekwencji aminokwaso-

wych o charakterze amyloidogennym. Wykorzystano w tym celu narzędzie bioinformatyczne Amylo-

Gram. Następnie zbadano, czy i w jakim stopniu niewłaściwie opisane dane treningowe mogą wpłynąć 

na wyniki metod bioinformatycznych. Ostatecznie, sprawdzono, czy dłuższe sekwencje mogą być trak-

towane w taki sam sposób jak krótsze. 

W drugiej części badań wykorzystano metody eksperymentalne, zbadano długie sekwencje 

aminokwasowe (do 23 aminokwasów) pochodzące z funkcjonalnego amyloidu CsgA (składającego się 

z fragmentów R1–R5), w celu sprawdzenia czy posiadają skłonność do tworzenia amyloidów. Zbadano 

czy takie peptydy są bardziej wrażliwe niż amyloidy patologiczne na wybrane czynniki wewnętrzne 

i zewnętrzne, takie jak: mutacje punktowe, rozpuszczalnik, rodzaj jonów, stężenie jonów. Porównano 

wpływ tych parametrów na właściwości agregacyjne homologicznych fragmentów pochodzących 
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z dwóch bakterii: Escherichia coli i Salmonella enterica. W tym przypadku uwzględniono również 

wpływ mutacji, który został zweryfikowany przez badania obliczeniowe i teoretyczne. 

W końcowej części przeprowadzono badania na amyloidach patologicznych: Aβ42 i hIAPP 

(sekwencje do 42 aminokwasów). W celu naśladowania warunków fizjologicznych, eksperymenty 

i symulacje zostały przeprowadzone w obecności błony lipidowej. W tym celu zbadano wpływ błony 

lipidowej i interakcji z innym peptydem na agregację tych amyloidów. 

Wyniki badań wskazują na istotność zbierania spójnych danych z eksperymentów przeprowa-

dzonych w nieidentycznych warunkach. Potwierdzono, że różne metody eksperymentalne mogą do-

starczać różne wyniki w odniesieniu do tych samych peptydów. Różnica ta jest bardziej widoczna 

w przypadku niektórych sekwencji. 

Stwierdzono, że krótkie sekwencje heksapeptydów wykazują wyraźne skłonności do agregacji 

w odpowiedzi na czynniki zewnętrzne, takie jak stosowany rozpuszczalnik, w porównaniu z dłuższymi 

sekwencjami (do 23 aminokwasów). Elastyczność sekwencji heksapeptydów pozwala im na przyjmo-

wanie określonych konformacji, a koncepcja przejść łamiących symetrię odgrywa istotną rolę w tym 

procesie. 

Dodatkowo wykazano, że wybór rozpuszczalnika ma wpływ na proces agregacji. Użycie roz-

puszczalnika D2O może zmienić, na przykład, klasyfikację fragmentu R2 pochodzącego z bakterii 

S. enterica. Włókna wykryto w obecności ciężkiej wody, ale nie w roztworze NaOH+PBS. Dominu-

jąca konformacja w D2O została przypisana do agregatów międzymolekularnych, sygnatury typowej 

dla struktur amyloidowych. Na podstawie tych wyników klasyfikacja fragmentu R2 jako amyloido-

wego lub nieamyloidowego zależy od zastosowanych warunków eksperymentalnych. 

Badania wykazały, że fragment R4 pochodzący z S. enterica (SR4) ma większą skłonność do 

agregacji niż fragment R4 pochodzący z E. coli (ER4). Teoretyczna analiza sekwencji wykazała, że 

SR4 ma wyższą hydrofobowość i wartości ładunku niż ER4. Czynniki te są znane z przyspieszania 

agregacji białek. Dodatkowo, peptyd SR4 posiada znaczące różnice w aminokwasach regulujących 

proces agregacji, tzw. „gatekeeper”, które odgrywają istotną rolę w regulowaniu formowania amyloi-

dów. Wyniki wskazują, że konkretne substytucje aminokwasów mogą znacząco wpływać na skłonność 

funkcjonalnych białek amyloidowych do tworzenia struktur amyloidowych, co może mieć potencjalne 

konsekwencje funkcjonalne. 

Badania podkreśliły wpływ jonów buforowych fosforanów na morfologię peptydów, wpływa-

jąc na lokalne oddziaływania elektrostatyczne między łańcuchami polipeptydowymi. Symulacje dyna-

miki molekularnej pokazały, że interakcje aminokwasów naładowanych dodatnio z ujemnie nałado-

wanymi resztami fosforanowymi w buforze przyczyniły się do powstałej morfologii agregatu. 
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Zauważono, że mutacje jak i obecność jonów, dla peptydu M4, mogą przyczynić się do powstania 

kulistego agregatu, który przedstawia włókno zwinięte w sferyczną strukturę.  

W ostatniej fazie, badana była stabilność peptydu Aβ42 w błonie lipidowej za pomocą symu-

lacji dynamiki molekularnej i badań mikroskopii sił atomowych. Wykazano, że peptyd Aβ42 jest sta-

bilny w błonie lipidowej, co wskazuje, że agregacja peptydów może zachodzić wewnątrz błony. 

Stwierdzono również, że Aβ42 w interakcji z hIAPP wykazywała wyższą zawartość β-struktur przy 

bliskim odziaływaniu peptydów, w porównaniu do peptydu Aβ42 samodzielnie. Badania mikroskopii 

sił atomowych wykazały, że dwuwarstwy lipidowe były również bardziej uszkodzone w obecności obu 

peptydów (Aβ42 i hIAPP). 

Badania przedstawione w pracy doktorskiej wskazały na potencjalne wyzwania wynikające z 

niejednoznaczności wyników eksperymentów w kontekście badań amyloidów. Pokazały, że nawet nie-

wielkie różnice w warunkach eksperymentalnych mogą zmienić właściwości peptydów i białek amy-

loidowych, co może prowadzić do otrzymywania niepoprawnych modeli i prognoz narzędzi bioinfor-

matycznych opartych na niespójnych danych uczących. Jednak, jak pokazano w badaniu, niewielkie 

błędy w danych uczących nie są szkodliwe dla tych narzędzi. Metody bioinformatyczne są dość od-

porne na niezgodności w danych, ale ich wydajność może zostać zaburzona, jeśli nie uwzględni się 

wpływu warunków eksperymentalnych i nieznacznych różnic w sekwencjach homologicznych. Opi-

sane powyżej wyniki potwierdzają, że w procesie planowania badań eksperymentalnych ważne jest 

wybranie odpowiednich warunków zgodnie z badanym obiektem. Na podstawie tego wyboru możemy 

skutecznie modulować skłonność peptydów do agregacji. 
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Introduction 

1.1.  Amyloids 

Protein misfolding events might result in the creation of insoluble aggregates, called amyloids 

[1]. The latter consist of very characteristic cross-β-sheet structures (see Figure 1), built up from 

stacked β-strands running perpendicularly to the long axis of the fibril [2]. Recent research revealed 

however, that amyloids structure can also exhibit cross-α structures, as shown in the case of aggregation 

of phenol-soluble modulin α3 (PSMα3) [3]. 

 

Figure 1 Schematic representation of tertiary amyloid fibril structure (dimers) from solution Nuclear Magnetic Reso-

nance of amyloid-β(42) (PDB: 2NAO). In blue the hydrogen bonds between beta-sheets. 

Thanks to their hierarchical and ordered structure, amyloids exhibit unique characteristics. Am-

yloid fibrils are elongated, unbranched protofilaments typically of ∼5–10 nanometers width and a few 

micrometers length [4]. These fibrils possess important property as well: polymorphism [5], which 

relates to the fact that a given protein can adopt different structures [6].  
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The general definition of amyloid term is based on the structural and biophysical properties of 

these assemblies. There are hence three branches of amyloid groups: pathological, artificial and func-

tional [7]. The first group relates to amyloids associated with neurodegenerative disorders. Currently, 

about 37 peptides or proteins [8] are associated with human pathologies e.g.: Alzheimer’s disease 

(AD), type 2 diabetes (T2D), Parkinson’s disease, Creutzfeldt-Jacob disease [9] etc. Artificial amyloids 

are a group of (globular) protein e.g. myoglobin that form amyloid-like fibrils under denaturing condi-

tions [10]. Functional amyloids are those that play beneficial physiological roles. Thanks to evolution-

ary adaptations, the aggregation process of functional amyloids is well controlled [11] to fulfil their 

role in a biological machinery. They share the same structural cross-β structure with pathological am-

yloids, but they differ in their activity and stability. Five main classes of functional amyloids are known, 

among which are those which maintain the shape or support, such as: chaplin fibrils or curli fibrils. 

Thanks to these evolutionary adaptations, functional amyloids are fully controlled biological machin-

ery: their aggregation process is fully controlled [11]. 

1.2.  Aggregation process 

Proteins are dynamic structures, which undergo many reversible conformational changes. How-

ever, due to misfolding, genetic mutations, failure of chaperons machinery or undesired proteolytic 

cleavage they may lose part or all of their specific three-dimensional conformations [12]. As a conse-

quence, proteins in their native state misfold into non-functional and cytotoxic protein aggregates [13]. 

In which their native tertiary but also secondary structure changes. Chiti and Dobson [8] reported in 

their recent review that in unordered peptide/proteins the characteristic transition from α-helix to β-

sheet in the secondary structure conformation must occur. Experimental investigation showed that it is 

the case for the Aβ42 amyloid [14]. However, such a structural transition is often a complicated, mul-

tistage process, as the balance between the various transition forms must be maintained. Remarkably, 

the amyloid state has been reported to be more thermodynamically advantageous then the native one 

[15]. The energy landscape of amyloidogenic peptides (see Figure 2) has a smoother funnel-shaped 

surface in comparison to larger proteins, which have a more rough landscape [16]. Figure 2 depicts 

several local minima and dominant global free energy minima, which correspond to amyloid fibrils. 

These dominant global minima consist of several minima that correspond to the polymorphic nature of 

fibril structures. The lower the value of free energy and sharper the minimum, the more durable and 

stable are the structures [17], [18]. High energy barriers characterize the transitions between oligomeric 

and fibril state in the aggregation process 
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Figure 2 Schematic representation of the folding energy landscape and aggregation process. The intramolecular contacts 

correspond to the amino acid interactions within single protein chain of globular proteins (dark blue surface), of intrinsi-

cally disordered peptide/proteins (green surface). The intermolecular contacts involve interactions between various poly-

peptide chains (pink surface). Based on [19]. 

The phase transitions noticed on Figure 2, correspond to different stages of amyloid formation. 

The amyloid aggregation process starts with the formation of monomeric forms. Then trough associa-

tion of molecules, the oligomeric state can occur. Oligomers can be formed by dimers, or multimers, 

which adopt roughly globular in shape [20]. The oligomeric structures are stabilized by additional cross 

interactions between the peptides/proteins amino acid side chains (pink area in Figure 2), favoring 

intermolecular contacts. These include formation of numerous noncovalent molecular interactions, 

specifically hydrogen bonds, π–π stacking and hydrophobic ones [21]. The latter characterize the ther-

modynamic signature of amyloid fibril growth [22]. All additional intermolecular interactions among 

aggregates cause destabilization of the native structures and changes in the hydrogen bonding network. 

Water is squeezed out between chains involved and a dry steric-zipper is formed [23]. The amyloid 

fibrils stability is hence not only due to specific interactions between amino acid side chains from 

adjacent peptide chains but also mediated by specific, well defined protein-solvent interactions. Protein 

or peptide aggregation involves serval phases, which are thermodynamically and kinetically favorable 

to form amyloid fibrils [24]. 

Noticeably, mutations and environmental factors, may affect as well the landscape and the path-

ways towards various energy minima.  
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1.3.  Kinetics of the aggregation process 

The aggregation process can involve several mechanisms and depends on various experimental 

conditions [9]. The mechanisms involved are either linear polymerization (nucleation-independent) or 

nucleation-dependent polymerization [25]. The nucleation-dependent polymerization is the most fre-

quent model, in which the aggregation process is controlled by peptide/protein concentration and time. 

The most important characteristic of this mechanism is that no aggregation of peptide/protein occurs 

below a critical concentration (cR). Second, whenever the concentration exceeds the cR value, a lag 

phase is observed, during which addition of seeds (fibrils, other peptides/proteins) effects the polymer-

ization process [26].  

The nucleation-dependent mechanism starts with a nucleation phase, a stochastic process, in 

which nuclei are formed (see Figure 3). This process is the slowest one during the whole aggregation 

[26]. Nuclei consists of randomly attached monomers and are known as oligomers [27]. These inter-

mediates are considered as the most toxic ones [28], [29] and play an essential role in the patho-mech-

anism of a neurodegenerative disease [30]. 

 
 

Figure 3 Schematic representation of the aggregation mechanism, where kn1, kn2, k-, kon, koff, k+ represent rate constants. 

Adapted from [9], [24]. 

The nucleation phase is followed by an elongation phase, also called growth, polymerization, 

or fibrillation phase. During this phase, oligomers continue to self-assemble into ordered fibrillar struc-

ture termed protofibrils. The last step is equilibrium (stationary or saturation phase). In this phase, 

protofibrils interact and self-associate into mature fibrils.  

Furthermore, during the nucleation phase a primary and secondary nucleation can be distin-

guished (see Figure 3). The primary nucleation pathway can be homogenous or heterogenous. In the 
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former, monomers aggregate in bulk solution, whereas in the latter, the aggregation of monomers is 

catalyzed by the surface of an object [31], [32], other protein or peptide [33], or a lipid membrane [34]. 

In the secondary nucleation process, the aggregation process is seeded by the presence of pre-formed 

aggregates [35] or by fragmentation [36]. In the fragmentation process only fibrils are present, how-

ever, in secondary nucleation both monomers and fibrils are involved in the mechanism. 

The second type of aggregation process is the nucleation-independent mechanism. During this 

process, the lag phase is missing, and there is no critical cR(monomer in the equilibrium). Additionally, 

the rate constants are identical in each step [25]. In turn, in the nucleation-dependent process, the 

smaller aggregates (oligomers) elongate in a significantly slower phase than amyloid fibrils [37]. 

The gold standard method to follow the an aggregation process, and determine the mechanism 

it undergoes, is the thioflavin T (ThT) assay [38], in which, various modes of binding between the 

thioflavin fluorophore and the aggregates can be traced. The ThT dye can attach to the grooves in fibrils 

formed along β-sheets or to the monomeric or dimeric state of aggregates [39]. The quantity of fibrils 

formed during an aggregation reaction is measured as a function of time (note that the kinetics aggre-

gation is highly dependent on initial protein or peptide concentration). The process of amyloid for-

mation shows the increase of the total aggregate mass concentration, which is proportional to fluores-

cence. The results often display a sigmoidal kinetics reflecting processes related to three distinct 

phases: nucleation, elongation, and equilibrium (see Figure 4).  

 

  

Figure 4 The sigmoidal curve of kinetics of the aggregation process. Based on [40]. 
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By fitting the sigmoidal curve to registered data, various parameters of the kinetics of the ag-

gregation process can be estimated: tlag (time value based on the intersection of extension of the curve’s 

linear part and the line tangent to the curve’s beginning), t1/2 the time needed to reach halfway through 

the elongation phase and kapp the growth rate [38] (see Figure 4). Thanks to such analysis, the kinetics 

under various experimental conditions can be compared.  

1.4.  Intrinsic and extrinsic factors affecting amyloids’ aggregation 

The initial concentration of peptides is one of the critical factors that influence the aggregation 

kinetics. However, in some cases, even starting from the same initial concentration, protein or peptide 

behaves differently in different samples. This is due to several other experimental conditions, such as: 

type of solvent, pH, presence of the lipid membrane, etc. This raises questions onto how various envi-

ronmental or intrinsic factors influence the aggregation process and can one modulate the peptide ten-

dency to aggregate. 

1.4.1.  Amino acids sequence 

The propensity of the aggregation process depends on amino acids sequence. Generally, in pro-

teins we can distinguish the primary structure, thanks to their specific amino acid order in polypeptide 

chain. Amino acids are linked by a covalent (peptide) bond involving two backbone atoms. Chiti et al. 

reported that hydrophobicity of the sequence contributes positively to the aggregation process as it, 

reduces the total net charge of the peptide/protein [41]. This intrinsic factor is also essential for under-

standing which amino acid sequence can particularly favor a peptide or protein to aggregation and how 

the order of amino acids influence the amyloidogenicity. 

To help amylogenic fragments identification, various computational bioinformatics methods 

are being developed. These methods enable prediction of the so-called aggregation-prone regions 

(APR) [42], which are likely to trigger the aggregation process of a peptide or a whole protein. Based 

on the amino acid sequence, various physicochemical properties, such as: the total hydrophobicity, the 

charge state, the secondary structure propensity and the aggregation propensity can be calculated [43], 

[44]. The bioinformatics approach allow as well prediction of the effects of mutations on aggregation 

propensity [45]–[49]. While it has been found in some instances that a single mutation can favor protein 

aggregation [45], [46], it is important to identify not only the amino acids that catalyze aggregation 

processes but also those that prevent it. These amino acids are called gatekeeper residues [50], [51]. 

The well-known gatekeeper residues in the fragments of CsgA are, for example the aspartic acid (D) 

and the glycine (G) residues [15]. Another fact worth noticing is that functional amyloids, e.g. CsgA 

or the amyloid-like fimbriae protein, contain conserved residues in their repeats. In turn, those con-

served residues are not characteristic of pathological amyloids. However, the order of amino acids in 
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the case of pathological amyloids, which are mostly intrinsically disordered proteins (IDPs), underlines 

a special feature. Contrary to Anfinsen's dogma, one sequence does not correspond to only one struc-

ture [52]. This property is called polymorphism (see section 1.1. Finally, the length of the polypeptide 

chain is another important factor: shorter sequences are easier to study, due to their low complexity, 

they do not present numerous steric collisions in the structure [53] and their synthesis is less trouble-

some. 

1.4.2.  Concentration 

Concentration is the most important, yet somewhat disputable, factor in determining the ability 

of a peptide/protein to aggregate. This aspect directly affects the aggregation rate in experiments (see 

Section 1.3.  The higher the initial concentration of the peptide, the shorter are tlag and t1/2 (Figure 4) 

[54]. Based on the characteristic features of nucleation-dependent polymerization, the cR of each stud-

ied peptide/protein differs, and depends on the general solution conditions [55]. We recall that cR cor-

responds to concentration of peptide/protein species required to form nuclei (see Figure 3), meaning 

that below cR, peptide/protein species are in the monomeric forms. As an example, Wang et al. showed 

that R2 and R4 fragments of the CsgA protein (two out of its five fragments) do not fibrillate at all at 

a concentration of 0.2 mg/ml. However, fibrils were observed at a concentration of 2 mg/ml, in TEM 

micrograms [56].  

1.4.3.  Solvents 

Amyloids are generally water insoluble [57]. To enhance their solubility, different media are 

used. The most popular approach to enhance amyloid solubility is the use of organic solvents helping. 

the peptides to remain in monomeric form and, more or less, unfolded [58]. Depending on the sequence 

of the peptide, various organic solvents are used, the most popular being 1,1,1,3,3,3-hexafluoro-2-

isopropanol (HFIP) [38], dimethyl sulfoxide (DMSO) [59], 2,2,2-trifluoroacetic acid (TFA) [60], 

2,2,2-Trifluoroethanol [61]. All of the aforementioned solvents vary greatly in their polarity. HFIP, the 

apolar solvent, is widely used in the monomerization of Aβ peptide, because it stabilizes the helical 

structures [62]. Note that such process may influence the peptide/protein’s kinetics of aggregation [63], 

[64].  

Frequently, deuterium oxide/heavy water (D2O) is used as a solvent, especially in vibrational 

spectroscopy or nucleic magnetic resonance measurements, i.e. due to experimental requirements. D2O 

causes a distortion in hydrogen bonding network, due to N-D bond lengthening [65], [66]. It is well 

known that in the case of larger proteins, such as tubulin, β-lactoglobulin A, actin, etc., heavy water 

stabilizes proteins, makes them more compact and less flexible than in H2O, and increases the level of 

aggregation. However, how D2O influences peptides it is not very well characterized. 
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1.4.4.  pH and net charge 

Factors such as pH and charge have a significant effect on the kinetics of the aggregation pro-

cess. Peptides/proteins possess amphoteric properties, so they behave like acids or bases, depending 

on the pH of the solution. pH modulates the distribution of surface charges, which is crucial in protein 

folding, as well as in peptide-protein interactions. In extreme pH, peptides/proteins are heavily charged, 

and the denaturation process is enhanced. One of the approaches is to lower pH using HCl [67] or 

increase of pH/isoelectric point (NaOH, NH3·H2O) [68]. However, fibrillar forms may still be present, 

especially at high concentrations or in the case of highly hydrophobic peptides such as Aβ42. The 

fibrillization can be modulated by pH, for example, in acidic pH, hIAPP, and insulin are in monomeric 

forms [69], [70]. 

Isoelectric point (pI) is a characteristic pH value where peptide carries no net electrical charge 

or is electrically neutral in the statistical mean, so the number of positive and negative charges on the 

surface of the molecule balances with each other. In this case, the peptide/protein solubility is minimal. 

For amyloids, it is characteristic to possess a low net charge [61], however, it also depends on the pH 

of the solution. The lack of charged residues in peptides/proteins should limit interaction with ions. 

1.4.5.  Ions’ contribution 

To mimic more physiological conditions (control pH) in experimental setup, many distinct buff-

ers are used in the peptide/protein study. It should be emphasized that various buffers have diverse 

buffering capacity [71]. The greatest buffering range is around their pKa value of the acid (used to make 

this solution). Additionally, buffers can also differ in molarity and ionic strength. The ionic strength, 

related to the concentration and charge of ions in solution affects the solubility of peptides. Moreover, 

both positive (cation) and negative (anion) ions in solution can electrostatically interact with the pep-

tide/protein surface. This may affect not only conformation, but also kinetics and morphology of 

formed fibrils [72].  

Hence, the use of appropriate salts can stabilize or destabilize peptides/proteins and influence 

the aggregation process. The Hofmeister series ranks ions depending on their kosmotropic and cha-

otropic properties [73]. Kosmotrope ions (water structure maker) have a propensity to stabilize the 

native fold leading to salt-out effect of proteins. In contrast, chaotrope ions (water structure breaker) 

tend to facilitate protein denaturation and unfolding [74]. For instance, salts e.g. Na2SO4, Na2HPO4, 

NaNO3, and NaClO4 have an important impact on the rate constant of the aggregation reaction of hu-

man insulin and chicken egg white lysozymes. The ions’ nature and concentration also control the 

formation of a large number of amyloid-like forms from nano to micro scales [72]. The type of ions 
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influences not only the aggregation process but also the ionic strength. For example, ionic strength has 

an impact on the lag phase and the growth of hIAPP amyloid formation [75]. 

Mikalauskaite et al. have shown that the ionic strength has a significant impact on both the 

binding affinity to amyloids’ fibrils and fluorescence intensity of ThT [76]. ThT is a widely used am-

yloid-specific dye in the study of the kinetics of aggregation processes (see 1.5.5. ). Klement et al. 

showed that cationic series such as MgCl2 promote mainly the aggregation process of Aβ40 [77]. In 

the presence of salts, fibrils have smaller diameter and narrower crossover distance. Note that the mo-

larity, i.e. the ions activity/influence and impact depend on the temperature of the samples. In the fol-

lowing section we discuss more thoroughly the influence of the latter. 

1.4.6.  Temperature 

Temperature is the most important physical/environmental factor that alters the behavior of 

particles in solution. Change in temperature influences the vibrational motions and the overall diffusion 

of peptides/protein particles [78]. As a result, a decrease or increase in temperature can destabilize 

peptides/proteins and trigger an aggregation process. Generally, increasing the temperature leads to 

faster aggregation due to creation of additional hydrophobic interactions [79] and increased diffusion 

of peptides/molecules [80]. It also influences the aggregation kinetics [81]. The temperature at which 

the peptide/protein undergoes secondary structure changes depends on the thermostability of the stud-

ied specimen. Generally, the aggregation process in amyloids is described as non-Arrhenius behavior 

[82]. As an example, insulin, which at 37°C exists in its native conformation (α/β structure under am-

bient conditions), forms a cross-β sheet structure with increasing temperature (⩾37), but above 

~140°C transforms to a random coil structure. Random coil formation was found to be partially re-

versible. Ow et al. showed that the hen egg white lysozyme (HEWL) aggregates into fibrils at approx-

imately 65°C, and above this temperature, more amorphous aggregates have been observed [83]. More-

over, prion proteins which are infectious amyloids associated with mad cow disease, scrapie, and oth-

ers, have higher thermal stability. For example, PrP protein possesses a native structure at 100°C [84]. 

In contrast, increasing the temperature from 37°C to 39°C, promotes aggregation of Aβ40 and Aβ42 

(a higher level of Aβ in the group of examined patients [85]). 

Presumably, temperature is one of the means of controlling the aggregation process, based on 

the regulatory mechanism of fungal, bacterial, or functional amyloids. 

1.4.7.  Presence of another peptide or protein 

The kinetics of the aggregation is influenced by physical, chemical, and also physiological fac-

tors, such as interaction with other peptides/proteins. In the human body, various cellular compartments 

coexist and interact with each other to support various biological machinery. Researchers discovered 
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common denominators between different diseases, such as: Parkinson's, Alzheimer’s, or even 2 type 

diabetes [86]. Some disorders presumably result from interactions between different amyloid proteins, 

a process or phenomenon called cross-seeding (or cross-talk) [87], [88].  

It is well established from in vitro and in vivo studies that one amyloid protein can trigger the 

aggregation of another one. The phenomenon of cross-talk appears to be possible mainly between pro-

teins with a high percentage of identical residues (identity) and a high percentage of residues conserved 

with similar physicochemical properties (similarity). In some cases, cross-amyloid interactions may 

lead to inhibition of aggregation [89], [90]. Such inhibition may be useful to exploit in potential thera-

pies. The cross-talk between amyloid proteins involves cross-sequence interaction between two various 

samples (monomers and peptides in the various state). These different scenarios explain possible path-

ways of interactions between amyloid proteins. 

Many parameters, such as: buffer concentration, pH, temperature, etc., may influence the pro-

cess. Different cross-interactions involving interaction between Aβ and α-synuclein [91], Aβ and tau 

[92], Aβ and hIAPP [93] were reported in the literature. Various interactions, collected in the Amylo-

Graph database [94], are displayed in Figure 5.  

 

 

Figure 5 Experimentally investigated amyloid cross-interactions. The number of arrows correlates with a number of pub-

lications (also regarding different motifs). Based on AmyloGraph, comprehensive database of interactions between amy-

loid proteins. 
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Figure 5 shows that the most frequently studied amyloid protein is Aβ, which is linked to AD 

[95]. This protein is the main constituent of amyloid fibrils. Aβ peptide is a 40 or 42 amino acid long 

sequence generated by proteolysis of a precursor within the transmembrane domain (TMD). Formation 

of Aβ peptide, via the amyloidogenic pathway, requires two cleavages of the amyloid-β precursor pro-

tein (APP), caused by β-secretase (BACE1) and γ-secretase [96]. The underlying causes and mecha-

nisms leading to the development and progression of AD remain still elusive. Deposits of Aβ peptides 

are mainly observed in the region of hippocampus and neocortex, as well as in the cerebral-vasculature. 

It has been often shown that aggregation process is accelerated due to the presence of biological mem-

brane [97]. However, the exact mechanisms of interactions between the amyloid peptide and cell mem-

brane in vivo are far from being fully understood. 

Nowadays, the interaction between functional and pathological amyloids is of special interest. 

It is hypothesized that microbiome amyloids could affect the progression of neurodegenerative diseases 

by influencing the rate of aggregation of pathological amyloidogenic proteins [98], the effect called 

the brain-gut axis [99]. Discovering the interactions between amyloids is important for better under-

standing of etiology and mechanism of amyloidosis. 

1.4.8.  Protein-membrane interaction 

It is important to study the aggregation process not only in bulk solution but also in the presence 

of more complex systems, such as phospholipid bilayer. Interactions between peptides and cell or or-

ganelle’s membrane are different from their aggregation behaviors in solution. The roles played by 

lipid-peptide/protein interaction in the aggregation process can be various. Specific amyloid peptides 

can adsorb on or insert into and destabilize membranes, due to direct interactions between them 

[34][100]. On the other hand, oligomers can interact directly with membranes [101], disrupting the 

integrity, permeability, and functions, leading for instance to ionic homeostasis, changing signaling 

pathways, causing oxidative injury, and, ultimately, the cell death. First, the lipid membrane can act as 

an interface, that triggers the aggregation process. Besides, the interaction with amyloidogenic pep-

tides/proteins can disrupt the cell membrane via direct interaction [102]. Additionally, based on the 

amyloid cascade hypothesis for Aβ peptide [103], we can assume that toxic aggregates are formed by 

assembly of the Aβ peptides that left the membrane, after the γ-secretase cleavage of APP (see Figure 

6). However, the mechanism of the amyloid cascade hypothesis remains elusive and brings in the ques-

tion of whether the emergent Aβ peptides remain associated within the membrane, why and how it 

would leave the membrane toward intra or extracellular median. 
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Figure 6 Schematic representation of the classic proteolytic process of APP, the Aβ precursor, leading to the amyloid 

cascade hypothesis. 

1.4.9.  Other factors 

Many other factors, not described above, can influence the aggregation. One of them is the 

peptide/protein source (if it is synthetic or recombinant). In the case of synthetic peptides, the problem 

starts in solid-phase synthesis due to the high presence of hydrophobic residues. Synthesis of sequences 

with more than 20 amino acids, for example Aβ42, is more challenging because these peptides are 

more prone to aggregation [104]. Aggregation can also be influenced by various impurities from the 

synthesis, purification, or monomerization processes [38]. Other factors include pressure, agitation, 

stirring speed [105], storage conditions, irradiation, interaction with the test tube [78], [106][107]. Ad-

ditionally, another important aspect that affects the local stability of peptides and proteins is chemical 

degradation. It mainly includes processes like deamidation of amide groups (asparagine (N), aspartic 

acid (D), glutamic acid (E), and glutamine (Q)) or oxidation of amino acid side chains (mainly aromatic 

amino acids). Furthermore, even chemical degradation such as hydrolysis [108], racemization [107], 

or gelation [109] can occur. 

All the above factors affect the reproducibility of the experiments, so a detailed description is 

essential and an integral part of the conducted examination. All the extrinsic factors can also lead to 

various structural conformations of amyloid fibrils [110]. 

1.5.  Experimental methods in amyloid studies 

To understand and follow the aggregation process of peptides/proteins, multiple experimental 

techniques can be implemented. According to the MIRRAGGE – Minimum Information Required for 

Reproducible AGGregation Experiments [27] protocol, to obtain reliable information about amyloid 

 

Current hypothesis Alternative hypothesis 

 A) B) 
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assemblies, a good practice is to combine techniques [111]. It is also bound with the fact that each of 

the methods provides various information (kinetics, secondary structure, morphology). Additionally, 

obstacles in studying amyloid peptides/proteins (insolubility, rapid aggregation) and other limiting as-

pects, such as extrinsic factors (see section 1.4. ), effect in different results from various methods. 

Furthermore, experimental methods differ in requirements, such as form of the sample. In the follow-

ing, I will describe in a nutshell the most popular methods, with a focus on the techniques implemented 

and used in this thesis.  

1.5.1.  Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy is an analytical method, used to obtain information about 

the secondary structure of proteins [112]. It is a quick and cheap method for the primary determination 

of whether the aggregation process occurs [113]. The negative and positive minima of the curve pro-

vide information about secondary structure changes (see Table 1). 

Table 1 The assignment of the curve's minima and maxima to secondary peptide/protein structures. 

Wavenumber [nm] Assignment of the structure 

broad negative minimum at 215–220 nm and positive at about 196 nm β-sheet 

positive peak at around 212 nm and a negative minimum at about 195 nm random coil 

two negative bands at 222 nm and 208 nm α-helical 

 

As a result, it allows one to observe the transition from α/random coil to β-sheet structure over 

time, which is characteristic for amyloids. The CD spectroscopy results obtained for the peptides and 

proteins containing β- or α/β- structures always need to be carefully interpreted and the general con-

clusions about the given protein/peptide conformation should be drawn with the support of other char-

acterization techniques. 

Technique requirements: solution, peptide/protein concentration 0.1–2 mg/mL. 

1.5.2.  Infrared spectroscopy  

1.5.2.1. Attenuated Total Reflection-Fourier Transform Infrared 

Infrared (IR) spectroscopy is an alternative method to CD spectroscopy for protein secondary 

structure analysis. This vibrational technique is based on the absorption of infrared radiation. The most 

useful technique, from the perspective of the biological sample measurement, is ATR-FTIR [111], 

[114]. It is one of the most commonly used tools in protein analysis [115], including that of amyloids 

[116]. Application of the ATR-FTIR technique enables the measurement of both dry and fully hydrated 

samples. In contrast to the transmission FTIR technique, in ATR the signal of water is weakened due 
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to the reflection law. As a result, it solves the problem of high-water’s absorbance band at approxi-

mately 1634 cm-1, which overlaps with Amide I band, crucial for secondary structure analysis. Usually, 

the sample is placed on the internal refractive element (IRE) crystal surface in the form of a hydrated 

solid film/air-dried film. IRE is made from a material with a high refractive index (for example dia-

mond). Unfortunately, the aggregation propensity of the studied peptide/protein can be accelerated by 

additional interactions between proteins and the hydrophobic diamond surface [117].  

The Amide I is the most intensive band in protein spectra. Observed in the spectral range of 

1700–1600 cm-1, it mainly corresponds to the stretching vibrations of the C=O groups of amide bonds. 

Vibrational frequencies of amide bonds depend on the strength of hydrogen bonding interactions, back-

bone conformation, hydration level, as well as the length of the peptide chain. Based on the position of 

the maximum of Amide I, the secondary structure of peptide can be distinguished, according to the 

assignments presented in Table 2. The presence of the characteristic narrow and relatively intense ab-

sorption band in the IR spectra allows to discriminate aggregated peptides/proteins from non-aggre-

gated. The native β-sheet rich peptides/protein possess local maximum at about 1635 cm-1 [118], while 

for the mature amyloid fibrils/intermolecular aggregates, this maximum is shifted to about 1627–1610 

cm-1 [115]. Moran et al. showed that the shift in the band to lower wavenumbers indicates more rigid 

and ordered structure [116]. Furthermore, ATR-FTIR enables one to distinguish oligomers from fibrils 

in the amide band analysis. Oligomers with anti-parallel β-sheet structure usually possess two charac-

teristic local maxima, one at about 1695 cm-1 with lower intensity and the second main at about 1630 

cm-1 [118]. To estimate the participation of each of components in secondary structure, the deconvolu-

tion of the Amide I band has to be made, based on second derivative minima. 

Table 2 The assignment of Amide I bands components to secondary structures of proteins in water and heavy water. 

Based on [118]–[121]. 

Band position 

Wavenumber [cm-1] Assignment of the structure 

H2O D2O 

1696–1683 1690–1680 anti-parallel β-sheet 

1685–1660 1675–1660 β-turns 

1670–1660 1667–1660 parallel β-sheet 

1658–1647 1655–1648 α-helix 

1652–1643 1648–1640 random/extended, loops 

1640–1630 1637–1625 β-helix 

1638–1627 1635–1615 β-sheet 

1627–1610 1620–1600 intermolecular aggregates 
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One of the advantages of the method is the ability to reveal the presence of different β-struc-

tures, which allows to differentiate between structurally distinct types of amyloid fibrils in vitro [122], 

[123]. This fact is of particular importance in the study of amyloid polymorphism. 

Technique requirements: hydrated solid film, peptide/protein concentration: 1 mg/mL or less, depend-

ing on spectrometer configuration and measurement parameters. 

1.5.2.2. Infrared Microscopy 

IR microscopy (µIR) combines FTIR with microscopy and allows sample mapping and imaging 

in ATR, reflection, and transmission modes. In transmission mode, in µIR, infrared radiation penetrates 

the sample and is absorbed by it. In this method, the sample solution (about 10 μL) is applied on the 

surface of the window made from IR transparent material e.g., barium fluoride (BaF₂) and allowed to 

dry out. As a result, a coffee-ring [53] is formed. When peptides/proteins assemble, particles distribute 

linearly, according to their mass, at the air-liquid interface. Based on this, the particles with the highest 

mass are placed on the edge of the drop (see Figure 7). It is important to form a thin layer, otherwise 

the thicker samples will not be visualized using transmission mode [124]. 

 

Figure 7 Exemplary image of the edge of the coffee-ring formed by the peptide SFLIF. 

IR microscopy allows for mapping the probe with a step of 10 μm or even less with fast acqui-

sition time and good signal to noise ratio (SNR), due to utilization of sensitive detectors (for example, 

germanium nitrogen cooled). In addition, implementation of a linear array or a focal plane array ena-

bles: fast scanning of large areas and choosing a region of interest (ROI), which is significant for non-

homogeneous deposition patterns. The analyses of the spectra are the same as described in section 

1.5.2.1.  
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Technique requirements: hydrated solid film on the infrared transparent material, peptide/protein con-

centration about 0.5 mg/mL. 

1.5.3.  Fourier Transform-Raman spectroscopy 

Raman spectroscopy is a method complementary to infrared (IR) spectroscopy. In contrast to 

IR spectroscopy, this technique is based on inelastic scattering of electromagnetic radiation. In case of 

Fourier Transform-Raman spectroscopy (FT-Raman), infrared lasers, typically neodymium-doped yt-

trium aluminum garnet (Nd:YAG) are used as the excitation source. FT-Raman also allows secondary 

structure analysis and examination of the aggregation process [125], [126]. However, it is not fre-

quently used for studying amyloids, due to long acquisition time and possible excessive heating of the 

sample through laser radiation. To enhance weak Raman signal via surface-enhanced Raman spectros-

copy effect, gold coated substrates can be used [127], [128]. 

In the FT-Raman spectra of proteins, the Amide I (1725–1575 cm-1) and Amide III (1375–1185 

cm-1) are the most conclusive for the interpretation of the components of the secondary structure, due 

to their highest intensity. Interestingly, secondary structure components are better separated in the Am-

ide III spectrum. As a result, interpretation of two amide bands enables increasing the certainty of 

structure assignment (see Table 3). The spectral characteristic of aggregates can be distinguished by 

narrower Amide I band with higher intensity at 1670 cm-1, and additionally, the higher intensity can be 

observed at about 1235 cm-1. Additionally, it differentiates the exposure of aromatic amino acid resi-

dues to an aqueous environment [129]. 

Table 3 General assignment of amide bands to secondary structures in FT-Raman spectrum. Based on [130], [131].  

Band position  

Wavenumber [cm-1] 
Assignment of the structure 

Amide I  Amide III 

1659–1655 1310–1280 α-helix  

~1680 1270–1250 unordered  

1695–1680 
1240–1210 

1270–1280 
β-turn  

~1670 1240–1210 β-sheet 

 

Technique requirements: hydrated solid film on the gold slide, peptide/protein concentration about 1 

mg/mL. 

1.5.4.  Chemometric analysis 

Nowadays, the analysis of spectral data is combined with chemometric tools [132], e.g. princi-

pal component analysis (PCA) [133], [134]. PCA is a dimensionality reduction technique, which uses 



 37 

linear combination of the original variables to produce Principal Components (PC), which capture most 

of the variability in the data. This method enables visualization of high dimensional data such as spec-

tra, using the first two or three PCs and provides insight into data set structure. Such analysis allows 

fast and more robust identification of amyloids, as well as distinguishing between homo and hetero 

aggregates. Furthermore, it enables detection of regions of spectra that differentiate different classes, 

by examining wavelengths that vary the most in the dataset. The use of chemometric techniques accel-

erates the analyses and makes it possible to find additional relationships.  

Technique requirements: spectra as input data. 

1.5.5.  Thioflavin-T 

The benzothiazole derivative thioflavin-T is a widely used amyloid staining fluorescent dye. It 

has a wide variety of applications, from histology to in vitro studies [38], [135]. When ThT binds to 

amyloid fibrils, its excitation maximum shifts from 385 to 450 nm and the emission maximum from 

445 to 482 nm. The fairly good selectivity of this process and the intensity of the fluorescence increase, 

make ThT an excellent amyloid sensor. The enhancement of fluorescence depends on fibril structure, 

which was proved by [136]. This technique is used to follow the kinetics of the aggregation process in 

time (see 1.3. ). 

Technique requirements: monomerized solution, peptide/protein concentration about 0.5 mg/mL or 

even lower, depends on the peptide/protein. 

1.5.6.  Electron microscopy 

Electron microscopy (EM) is the first microscopic technique, that enables observation of pro-

teins and amyloids morphology [137]. It is based on the elastic scattering of the electron beam with a 

studied sample [138]. To enhance contrasts on EM images, samples are stained with uranyl acetate 

(called negative staining). There are various types of EM, here I will focus on transmission electron 

microscopy (TEM). In this mode, the electron beam penetrates through the sample on a metal mesh 

grid. As the measurement is in the high vacuum, the specimen has to be properly prepared. TEM pro-

vides important information about the basic dimensions of amyloid fibrils (length and width). 

Technique requirements: solution applied on the metal mesh grid, staining with uranyl acetate, pep-

tide/protein concentration about 0.5 mg/mL or even lower depending on the peptide/protein. 

1.5.7.  Atomic force microscopy  

AFM is a high-resolution method, which enables acquisition of topographic images of the sam-

ple area in real time. It is based on the interaction of the nanomechanical tip with the scanned surface. 

This method is widely used in amyloid studies [139], due to its high resolution. The vertical resolution 
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of AFM is about 1.5 nm and horizontal about 0.1 nm [140]. Peptides/proteins are most frequently 

studied using the tapping™ mode (TM), which means intermittent contact of the tip with the scanned 

surface. In this method, various measurement modes, such as: in the air on dried samples, in liquid or 

even in the lipid environments, are possible. The main advantage of this technique is the possibility to 

characterize interaction between peptide/protein and a lipid membrane [141], not only the peptide/pro-

tein morphology [142]. Additionally, the oligomers can be easily distinguished from mature fibrils. 

The analyses of topographic images take into account the registered cross-section images, based on 

which we can measure the registered specimens’ height.  

Technique requirements: solution, peptide/protein concentration about 0.1 mg/mL or even lower.  

1.5.8.  Scanning Kelvin Probe 

Kelvin probe is a non-contact, capacitively coupled voltage measuring technique capable of 

sensing potential difference between the probe conductive tip and the examined material surface. The 

probe is often used as an attachment to AFM, called Kelvin probe force microscopy (KPFM), also 

known as scanning surface potential microscope. In this case, the electrostatic force is sensed at a 

nanometric distance scale between the Kelvin probe tip (affixed to the AFM cantilever) and the studied 

surface. Because of the atomic-scale tip-object interaction, the energy bands tend to be locally dis-

torted. As a result, this fact influences the reliability of the registered values of contact potential differ-

ence (CPD) and work function (WF) [143]. CPD is commonly measured using a modulation technique 

proposed already in 1932 by Zisman [144], combined with nulling of the electric field in the tip-object 

gap by an external bias voltage (Vb), which is equal to CPD when nulling condition occurs. Off-null 

detection technique, which was proposed by Baikie et al. [145], provides additional measures to in-

crease sensitivity and keep the tip-surface separation constant, furnishing CPD values with single mV 

resolution. However, irrespectively on measurement approach, if the tip-surface CPD is gauged and 

the WF of the tip material (WFtip) is known, it is possible to calculate WF of the analyzed specimen 

material (WFspec), local to its region, beneath the probe tip, employing a simple formula WFspec – WFtip 

= eVb (where e is the electron elementary charge). As the tip may be reallocated over the analyzed 

object surface (while keeping the tip-object gap constant). 

KPFM has been employed in amyloid studies to map CPD distribution in single peptides and 

amyloid fibrils [146], [147], showing the surface charge distributions. However, it has not yet been 

implemented to calculate WF of macroscopic peptides’ deposits and to correlate WF values to struc-

tural differences of the examined peptides.  

This is a novel approach in characterization of amyloid fibrils and order of the aggregates 

(highly structured or not). The Kelvin probe can provide quantitative measures of the molecular 
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characteristics of amyloid aggregates. CPD results from a difference in the WF of the probe tip material 

and the investigated material. The method is very sensitive not only to changes in the surface chemical 

composition and its contamination, but also to real charges located at the surface or (in case of dielectric 

specimens) in the bulk of examined material. SKP can deliver profiles and 2D maps of CPD and WF 

distribution with spatial resolution comparable to the tip dimensions.  

Technique requirements: hydrated solid film on the gold slide, peptide/protein concentration about 1 

mg/mL. 

Table 4 sums up all advantages, disadvantages and specifies the application of each of the meth-

ods. 

Table 4 Glossary of techniques described above for amyloid studies. Based on [111]. 

Method Applications Strengths/limitations 

Staining 

Thioflavin T 

histochemical examinations 

in vitro/in vivo experiments 

kinetic studies 

+ time-efficient 

+ sensitive 

- nonspecific 

- affected by pH, ions, dye 

concentration 

- problem with reproducibility 

of results 

- demands monomerized sample 

- autofluorescence of amyloids 

Analytical methods 

Fourier transform infrared 

spectroscopy 

secondary structure 

conformational changes 

+ real-time monitoring 

+ time-efficient 

+ no sample preparation 

+ highly reproducible results  
- one average single spectra 

obtained from a small area 

(ATR-FTIR) 

- high water absorption 

- hydrophobic diamond surface 

can accelerate aggregation 

Circular dichroism (CD) 

spectroscopy 

secondary structure 

conformational changes  

 

+ real-time monitoring 

+ time-efficient 

+ low sample concentration 

- homogeneous solution 

Raman 

secondary structure 

conformational changes  

 

+ aromatic amino acids orienta-

tion and exposure to local 

environment 

+ information about fibers’ ori-

entation in the case of 

polarization measurement 

- long acquisition time 

- lack of amyloid-specific band 

- low signal-to-noise ratio 

- sample heating through the 

laser radiation 

High resolution methods 
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Atomic force microscopy 

(AFM) 

 

 

morphology 

nanomechanical properties 

+ minimal sample preparations 

+ measurements in 

physiological conditions  

+ different conditions 

+ mechanical properties 

- peptide immobilization 

- artifacts 

- time-consuming images 

acquisition  

Electron & cryo-  

microscopy  

(EM & cryo-EM) 

morphology 

three-dimensional (3D) 

+ fibrils visualization 

+ different aggregates 

+ no need for crystals 

- difficult sample preparations 

- no real-time imaging 

- oligomers are difficult to 

visualization 

- time-consuming 

- costly 

Others   

Scanning Kelvin Probe 

(contact potential difference 

(CPD) and work function 

(WF)) 

as a correlation method to 

other techniques 

+ minimal sample preparations 

+ time-efficient 

- no buffer, due to 

crystallization 

 

To fully understand the aggregation of peptides/proteins, it is recommended to follow the time 

evolution of its process. Experimental studies can be supported by bioinformatics and computational 

methods, due to their time-consuming nature and ambiguity of experimental results. Additionally, it is 

difficult to perform experiments on large sample sets. 

1.6.  Computational methods in amyloid studies 

1.6.1.  Bioinformatics predictors 

There is a wide range of various amyloid sequence predictors available [148]. They are applied 

to estimate the ability to form amyloid aggregates considering the amino acid sequence. Predictors are 

based on various approaches (see Figure 8).  

The most popular methods are founded on the physicochemical properties of amino acids in the 

sequence. The other ones rely on structure-based and statistics-based models. The latter approach in-

cludes machine learning techniques, which are of great interest to researchers. Most of these methods 

analyze protein sequences using a sliding window of six amino acid length. This number is historically 

linked to the development of the amyloid databases. Nevertheless, researchers are not only interested 

in studying short fragments, but also in examining complete proteins. Most amyloidogenic predictors 

combine physiochemical and statistical approaches, for example: Pasta 2.0 [149], FoldAMyloid [150] 

or Aggrescan 3D [151].  
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Figure 8 Bioinformatic approaches and methods for amyloid predictions. Adapted from [148]. 

1.6.2.  Molecular dynamics simulations 

Molecular dynamics simulations (MD) allows insight into dynamics of biological macromole-

cules at the atomistic and mesoscopic scale which is not readily accessible through experimental meas-

urements. It allows us to explore peptide/protein conformational changes, interactions with another 

peptide/protein, phospholipid bilayers, ions, and other compounds etc., and ultimately the peptide/pro-

tein self-assembly process. In this paragraph, I will focus on the all-atom conventional MD. Based on 

solving Newton's laws of motion equation, the interactions and motions of atoms can be studied. Inte-

gration of Newton’s equation by consecutive MD steps provides the position and velocity of atoms in 

every time frame. Gathering subsequent particle positions forms a system trajectory that allows for 

further calculation or analysis [152]. 

The main disadvantage of this method is that amyloidogenic peptides/proteins have compli-

cated free energy landscape (see Figure 2) and tend to be trapped in one of the local minimum states 

of free energy landscape in MD. To overcome this limitation, other algorithms have been used to study 

the aggregation process, for example: replica-exchange [153], simulated tempering [154]. These meth-

ods allow easier crossing of the energy barrier and studying the broader conformational space.  

Another issue is setting proper force field parameters (the forces between atoms, molecules, 

and total energy of the system) for amyloid proteins. The CHARMM36m force field is parametrized 

particularly to study IDPs, due to refined backbone peptide/protein parameters and the tendency to-

wards the creation of ordered structures [155]. Depending on which force field is used, various confor-

mations for Aβ in water can be obtained [156]. 
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 The next challenge is time scale [157]: the aggregation process of some peptide/proteins ex-

perimentally takes hours or even days. In turn, MD simulations can generate at most only a fraction of 

a second of trajectories, which are not enough to observe a potential conformational change from native 

to fibrillar state of peptide/protein. 

Despite all current challenges in studying amyloid proteins and peptides by MD, this technique 

allows characterization of the phenomena at the molecular level, that is likely to provide key infor-

mation when combined with experimental studies. 

1.7.  Introduction summary 

All of the above factors influence the reliability of the reference data and can negatively affect 

the accuracy and the learning process of the computational methods. The efficiency of such methods, 

especially based on supervised machine learning, is highly dependent on an accurate annotation of the 

reference training data obtained from in vitro experiments. It should be emphasized that experiments 

are conducted on proteins under different environmental conditions. This raises the question, whether 

the fact that protein creates an aggregate structure, for example at acidic conditions, is enough to clas-

sify it as an amyloid for the purpose of a database of bioinformatics methods. Unambiguous data from 

the various experimental methods are a source of biased bioinformatics predictions.  

This dissertation is focused on selected internal and external factors which may affect the ag-

gregation process of amyloidogenic peptides. Additionally, it raises potential problems of the ambigu-

ity of results from experimental techniques in amyloid studies. I endeavored to study the effectiveness 

of the protocols and the dependence of the results on the experimental conditions. 

 

The research was conducted with a focus on the following: 

• Solvent and influence of ions: presence, type, and concentration  

• Sequence determinants (mutations) 

• The lipid membrane environment  

• Interaction with another peptide  

The studies were carried out considering: 

• Various variants of hexapeptides from well-known proteins, which were the base data for very 

many bioinformatics predictors  

• Fragments of the CsgA functional amyloid protein originating from E. coli and S. enterica bacteria  

• Mutants of R4 fragments of the CsgA protein from E. coli and S. enterica bacteria 

• Amyloid-β 42 (Aβ42), and human islet amyloid polypeptide (hIAPP) peptides originating from 

human species.  
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Research hypotheses 

Amyloids have specific segments called amyloidogenic regions or hot spots, that trigger the 

protein’s aggregation. These regions, can be predicted using various bioinformatics methods. However, 

the latter rely heavily on experimentally confirmed reference data, which can be ambiguous due to 

differences in various factors, such as protein sequence properties, external factors, and biological sur-

faces. Thus, the following research hypotheses were formulated based on the objectives presented. 

The work carried out within this thesis aims at addressing the following research hypotheses: 

1. Minor deviations in experimental conditions strongly influence the validity of a protein classifica-

tion as an amyloid. 

2. Aggregation propensity of closely related homologous functional amyloids may be different. 

3. The presence of a lipid membrane affects aggregation of the native Aβ42 peptide.  

4. The presence of another peptide/protein impacts the general fibrilization process. 
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Materials and Methods 

1.8.  Peptides 

1.8.1.  Hexapeptides 

Hexapeptide sequences were extensively studied experimentally [158] and some were shown 

to form amyloid-like fibrils [159] with characteristic steric zippers. Such short peptides are easier to 

synthesize and are essential for bioinformatic predictors as input data. Among these, sequences re-

ported in Table 5 are taken from the well-known Waltz-DB/2.0 amyloid database [50], [160], which 

contains hexapeptides tested for their amyloidogenic properties. All 34 sequences were studied in this 

work. 

Table 5 List of hexapeptides studied in this thesis. In the parentheses, the proteins’ accession number in the UniProt data-

base. 

No. Sequence Protein source Database 

1 FNPQGG 
Eukaryotic peptide chain release fac-

tor GTP-binding subunit (P05453) 
WALTZ-DB 2.0 

2 FTFIQF NA-binding protein RO60 (P10155) WALTZ-DB 2.0 

3 ISFLIF Major prion protein (P04156) WALTZ-DB 2.0 

4 KPAESD 
Eukaryotic peptide chain release fac-

tor GTP-binding subunit (P05453) 
WALTZ-DB 2.0 

5 LVFYQQ 
Centrosome-associated protein 

ALMS1 (Q8TCU4) 
WALTZ-DB 2.0 

6 NPQGGY 
Eukaryotic peptide chain release fac-

tor GTP-binding subunit (P05453) 
WALTZ-DB 2.0 

7 SFLIFL Major prion protein (P04156) WALTZ-DB 2.0 

8 TKPAES 
Eukaryotic peptide chain release fac-

tor GTP-binding subunit (P05453) 
WALTZ-DB 2.0 

9 YLLYYT Beta-2-microglobulin (P61769) WALTZ-DB 2.0 

10 YTVIIE unknown WALTZ-DB 2.0 

11 ALEEYT Apolipoprotein A-I (P02647) WALTZ-DB 2.0 

12 ASSSNY Ribonuclease pancreatic (P61823) WALTZ-DB 2.0 

13 DETVIV Flocculation protein FLO1 (P32768) WALTZ-DB 2.0 

14 ELNIYQ Major curli subunit (P28307)  WALTZ-DB 2.0 

15 FGELFE unknown WALTZ-DB 2.0 

16 FQKQQK 
Eukaryotic peptide chain release fac-

tor GTP-binding subunit (P05453) 
WALTZ-DB 2.0 

17 FTPTEK Beta-2-microglobulin (P61769) WALTZ-DB 2.0 

18 HGFNQQ 
CAAX prenyl protease 1 homolog 

(O75844) 
WALTZ-DB 2.0 

19 HLFNLT 
4-galactosyl-N-acetylglucosaminide 3-

alpha-L-fucosyltransferase 9 
WALTZ-DB 2.0 

http://waltzdb.switchlab.org/sequences/FNPQGG
http://waltzdb.switchlab.org/sequences/FTFIQF
http://waltzdb.switchlab.org/sequences/ISFLIF
http://waltzdb.switchlab.org/sequences/KPAESD
http://waltzdb.switchlab.org/sequences/LVFYQQ
file:///C:/Users/natal/Desktop/Phd_files/waltzdb.switchlab.org/sequences/NPQGGY
http://waltzdb.switchlab.org/sequences/SFLIFL
http://waltzdb.switchlab.org/sequences/TKPAES
http://waltzdb.switchlab.org/sequences/YLLYYT
http://waltzdb.switchlab.org/sequences/YTVIIE
http://waltzdb.switchlab.org/sequences/ALEEYT
http://waltzdb.switchlab.org/sequences/ASSSNY
http://waltzdb.switchlab.org/sequences/DETVIV
http://waltzdb.switchlab.org/sequences/ELNIYQ
http://waltzdb.switchlab.org/sequences/FGELFE
http://waltzdb.switchlab.org/sequences/FQKQQK
http://waltzdb.switchlab.org/sequences/FTPTEK
http://waltzdb.switchlab.org/sequences/HGFNQQ
http://waltzdb.switchlab.org/sequences/HLFNLT
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(Q9Y231) 

20 HSSNNF unknown WALTZ-DB 2.0 

21 MIENIQ unknown WALTZ-DB 2.0 

22 MIHFGN Major prion protein (P04925) WALTZ-DB 2.0 

23 MMHFGN Major prion protein (P04273) WALTZ-DB 2.0 

24 NIFNIT unknown WALTZ-DB 2.0 

25 NNSGPN Major curli subunit (P28307) WALTZ-DB 2.0 

26 NTIFVQ RNA-binding protein FUS (P35637) WALTZ-DB 2.0 

27 QANKHI unknown WALTZ-DB 2.0 

28 QEMRHF unknown WALTZ-DB 2.0 

29 SHVIIE unknown WALTZ-DB 2.0 

30 STTIIE unknown WALTZ-DB 2.0 

31 STVVIE unknown WALTZ-DB 2.0 

32 SWVIIE unknown WALTZ-DB 2.0 

33 WSFYLL Beta-2-microglobulin (P61769) WALTZ-DB 2.0 

34 YYTEFT Beta-2-microglobulin (P61769) WALTZ-DB 2.0 

1.8.2.  CsgA fragments 

The subsequent step was to study longer amino acid sequences, that mimic more physiological 

situations. CsgA protein is functional amyloid [161] and main component of biofilm in enteric bacteria, 

such as Escherichia coli (E. coli) and Salmonella enterica (S. enterica) spp. CsgA is highly hydropho-

bic, and it consists of 151 amino acids. Its synthesis and purification is technically very difficult. Ad-

ditionally, its structure is not resolved, there are only predicted models [162]. Accordingly, we did not 

study the full-length protein at once, but five imperfect fragments from either S. enterica or E. coli (see 

Table 2). These fragments (R1–R5) build up the whole protein. 

Table 6 Sequence and source information of CsgA fragments 

Name Sequence Source organism 

R1 STLSIYQYGSANAALALQSDARK 

S. enterica 

R2 SETTITQSGYGNGADVGQGADN 

R3 STIELTQNGFRNNATIDQWNAKN 

SR4 SDITVGQYGGNNAALVNQTASD 

R5 SSVMVRQVGFGNNATANQY 

R1 SELNIYQYGGGNSALALQTDARN 

E. coli R2 SDLTITQHGGGNGADVGQGSDD 

R3 SSIDLTQRGFGNSATLDQWNGKN 

http://waltzdb.switchlab.org/sequences/HSSNNF
http://waltzdb.switchlab.org/sequences/MIENIQ
http://waltzdb.switchlab.org/sequences/MIHFGN
http://waltzdb.switchlab.org/sequences/MMHFGN
http://waltzdb.switchlab.org/sequences/NIFNIT
http://waltzdb.switchlab.org/sequences/NNSGPN
http://waltzdb.switchlab.org/sequences/NTIFVQ
http://waltzdb.switchlab.org/sequences/QANKHI
http://waltzdb.switchlab.org/sequences/QEMRHF
http://waltzdb.switchlab.org/sequences/SHVIIE
http://waltzdb.switchlab.org/sequences/STTIIE
http://waltzdb.switchlab.org/sequences/STVVIE
http://waltzdb.switchlab.org/sequences/SWVIIE
http://waltzdb.switchlab.org/sequences/WSFYLL
http://waltzdb.switchlab.org/sequences/YYTEFT
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ER4 SEMTVKQFGGGNGAAVDQTASN 

R5 SSVNVTQVGFGNNATAHQY 

1.8.3.  Mutants of R4 fragments of CsgA 

We have considered mutant peptides of the R4 fragments from of CsgA from S. enterica and 

E. coli. This was done in consideration of previous findings [163], which revealed differences in the 

aggregation tendency of the latter. The wild type R4 fragment of E. coli (ER4) in CsgA protein P28307 

(UniProt accession code), is located at 91–112 amino acid positions, and the R4 fragment in S. enterica 

protein (SR4), A0A5X9F0D5 (UniProt accession code) at 91–112. In the following, the amino acid 

positions will be reported as in the peptides i.e., 1–22. In this study, a set of mutants was designed and 

synthesized based on the SR4 peptide: M4 (G6K), M2 (L15A), M3 (G6K, N17D, D22N), and the ER4 

peptide: M1 (D11N, N22D), see Table 7. 

Table 7 Sequence and source information of CsgA fragments (the introduced mutations are bolded and underlined) 

Name Sequence Source organism Mutation 

ER4 SEMTVKQFGGGNGAAVDQTASN E. coli WT 

M1 SEMTVKQFGGGNGAAVNQTASD E. coli 
D17N 

N22D 

SR4 SDITVGQYGGNNAALVNQTASD S. enterica WT 

M2 SDITVGQYGGNNAAAVNQTASD S. enterica L15A 

M3 SDITVKQYGGNNAALVDQTASN S. enterica 
N17D G6K 

D22N 

M4 SDITVKQYGGNNAALVNQTASD S. enterica G6K 

1.8.4.  Pathological peptides 

We then turned to examine pathological amyloids (see Table 4). The first one is Aβ42 and the 

second one is hIAPP. Both originate from homo sapiens.  

Table 8 Sequence and source information of the pathological amyloids. 

Name Sequence Source organism 

Aβ42 NH2-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA-COOH Homo sapiens 

hIAPP NH2-KCNTATCATQRLANFLVHSSNNFGAILSST-CONH2 Homo sapiens 

https://www.uniprot.org/uniprotkb/P28307/entry
https://www.uniprot.org/uniprotkb/A0A5X9F0D5/entry
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1.9.  Synthesis 

1.9.1.  Hexapeptides 

All hexapeptide sequences selected for experimental validation were provided by CASLO 

(CASLO ApS, Denmark) (see Table 5). The purity of synthesized peptides was in the range between 

95% and 99.6%. 

1.9.2.  CsgA fragments 

CsgA S. Enterica fragments sequences were also provided by CASLO (CASLO ApS, Den-

mark) and R4, R2 E.coli fragments were synthesized “in-house”. The purity of synthesized peptides 

was in the range between 95% and 99.6% (see SI [163]). 

1.9.3.  Mutants of R4 fragments of CsgA 

Peptides M1 to M4 were synthesized “in-house”, according to the following procedure. Pep-

tides were obtained with an automated solid-phase peptide synthesizer (Liberty Blue, CEM) using rink 

amide resin (loading: 0.59 mmol/g). Fmoc deprotection was achieved using 20% piperidine in dime-

thylformamide (DMF) for 1 min at 90 ºC. A double-coupling procedure was performed with 0.5 M 

solution of differential interference contrast (DIC) and 0.25 M solution of ethyl 2-cyano-2-(hydroxy-

imino)acetate (OXYMA) (1:1) in DMF for 4 min at 90 °C. Cleavage of the peptides from the resin was 

accomplished with the mixture of TFA/TIS/H2O (95:2.5:2.5) after 3 hours of shaking or, for a peptide 

with Met, TFA/thioanisole/ethane-1,2-dithiol /anisole (90:5:3:2) after 2 hours of shaking. The crude 

peptide was precipitated with ice-cold Et2O and centrifuged (9 000 rpm, 15 min, 2 °C). Peptides were 

purified using preparative high-performance liquid chromatography (HPLC, Knauer Prep) with a C18 

column (Thermo Scientific, Hypersil Gold 12 µ, 250 mm x 20 mm) with water/acetonitrile (0.05% 

TFA) eluent system. After that, HPLC and mass spectroscopy (MS) were performed.  

1.9.4.  Pathological peptides 

Aβ42 and hIAPP, were purchased from ProteoGenix (Schiltigheim, France) with a purity of 

95.32% and 95.27%, respectively.  

1.10.  Dissolving protocols 

1.10.1.  Hexapeptides 

The lyophilized hexapeptides were dissolved and vortexed in 0.1 M NaOH. Next, phosphate-

buffered saline (PBS) (50 mM, pH 7.2) was added to obtain pH = 7. The samples were diluted to the 

final concentration of 4 mg/ml (ca. 500 µM) with Milli-Q® water. Then, they were incubated at 37 °C 

for one month [124]. 
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1.10.2.  CsgA fragments 

1 mg of peptide was dissolved in 490 µl of 0.01 M NaOH and vortexed for one min. 450 µl of 

50 mM PBS of pH 7.2, which contains 0.0027 M potassium chloride and 0.137 M sodium chloride, 

and 60 µl of Milli-Q® water (pH 6.9) was added to the final peptide concentration of ca. 500 µM and 

pH 7.4. To obtain monomers, each sample was filtered through a 0.2 µm polyvinylidene difluoride 

(PVDF) syringe filter [163]. 

1.10.3.  Mutants of R4 fragments of CsgA 

1 mg of peptide was dissolved in 490 µl of 0.01 M NaOH and vortexed for one min. Then 450 

µl of 50 mM PBS of pH 7.2, which contains 0.0027 M potassium chloride and 0.137 M sodium chlo-

ride, and 60 µl of Milli-Q® water (pH 6.9) was added to the final peptide concentration of ca. 500 µM 

and pH 7.4. To obtain monomers, each sample was filtered through a 0.2 µm PVDF syringe filter. 

1.10.4.  Pathological peptides 

First, 1 mg of Aβ and hIAPP, respectively, was mixed with 1 ml of HFIP. The dissolved pep-

tides were occasionally mixing for 1 hour 30 minutes and then sonicated for 15 minutes. Then the HFIP 

was evaporated under N2 stream and put under vacuum for 3 hours. After the monomerization process 

peptides were studied.  

1.11.  Supported lipids bilayers 

Supported lipid bilayers (SLB) were composed of 0.95 mg of phosphatidylcholine (POPC) and 

2.75 mg of dipalmitoylphosphatidylcholine (DPPC) (final concentration 1 mM). Lipids mixture was 

dissolved in CHCl3 in a glass flask (4.5 mL). Then the lipid mixture 0.5 mL of monomerized Aβ42 

peptide dissolved in CHCl3 was added and mixed (final peptide concentration 21 µM). CHCl3 was 

evaporated with a N2 flow and dried overnight in a desiccator under vacuum. The lipid-Aβ42 were then 

resuspended from the walls of the glass flask by vigorous vortexing for 10 minutes in 150 mM HEPES 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (20 mM)-CaCl2 (2mM) buffer (10 mL at 1 mM 

final total lipids concentration). To obtain small unilamellar vesicles (SUVs), the suspension was soni-

cated to clarity (2 cycles of 2 min) using a Branson Digital Sonifier 450 (Branson Ultrasonics Corpo-

ration, Danbury, USA) at 60% of maximal power while keeping the suspension in an ice bath to limit 

heating. The suspension was finally filtered on 0.2 μm nylon filters (Whatman Inc., USA) to eliminate 

titanium particles from the ultrasound probe. The SLBs were obtained according to the vesicle fusion 

method. For AFM experiments, the SUV solution was put into contact with a freshly cleaved mica 

substrate for 60 min at 65 °C. Then add NaCl (150 mM)+HEPES (20 mM) to stop the fusion of the 

lipids, wait until system cooled down to room temperature. Finally, the samples were carefully rinsed 
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to remove SUV excess using NaCl (150 mM)+HEPES (20 mM) buffer. The samples were transferred 

into the AFM fluid cell while avoiding dewetting. The hIAPP was added in the concentration of about 

20 µM on the top of SLB, the peptide was dissolved in a mixture of NaCl (150 mM)+HEPES (20 mM). 

Then after 5 minutes of incubation at RT, the buffer was rinsed a few times in order to remove aggre-

gates which hinder visualization with AFM.  

1.12.  Experimental methods 

1.12.1.  Circular dichroism 

The CD spectra were recorded with JASCO J-815 at 20 °C between 250 and 190 nm in the 

reference buffer from section 2.8, with the following parameters: 0.2 nm resolution, 1.0 nm bandwidth, 

20 mdeg sensitivity, 0.25 s response, 50 nm/min scanning speed, and 0.02 cm cuvette path length. The 

sample concentration was 500 μM. The CD spectra of the solvent alone was recorded and subtracted 

from the raw data. The CD intensity is given as mean residue molar ellipticity (θ [deg × cm2 × 

dmol−1]). Spectra were smoothed using Origin 2020b software (Origin Lab Corporation, Northamp-

ton, Massachusetts, United States). 

1.12.2.  Vibrational spectroscopy 

1.12.2.1. Attenuated Total Reflection—Fourier Transform Infrared 

The spectra were collected using a Nicolet 6700 FTIR spectrometer (Thermo Scientific, USA) 

with attenuated total reflectance accessory and heated diamond top-plate (PIKE Technologies), con-

tinuously purged with dry air. Each sample of 10 μL of peptide aqueous solution was dropped directly 

on the diamond surface and allowed to dry out. All ATR-FTIR spectra were obtained in the range of 

3600–400 cm−1. For each spectrum, 512 interferograms were co-added with 4 cm−1 resolution. All 

measurements were conducted at a constant temperature of 22 °C [71.6 F]. Directly before sampling, 

the background spectrum of diamond/air was recorded as a reference (512 scans, 4 cm−1). We used 500 

μM or 4mg/ml (hexapeptides) concentration of the samples, which was essential to obtain a good sig-

nal-to-noise ratio. All spectra were analyzed with OriginPro 2020b (Origin Lab Corporation, North-

ampton, Massachusetts, United States). The ATR-FTIR spectra preprocessing included baseline cor-

rection and smoothing using the Savitzky-Golay filter (polynomial order 2, widow size 19). Spectra 

were normalized to the Amide I band. Spectra in the amide bands region (1750–1490 cm−1) were de-

convoluted into subcomponents using the Lorentz function based on its second derivative spectra. 

1.12.2.2. Infrared microscopy 

The spectra from IR microscopy were recorded using a microscope FTIR Nicolet iN10 (Thermo 

Scientific, USA). Samples were measured with a liquid nitrogen cooled mercury cadmium telluride 
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(MCT-A) detector, at the spatial resolution of 10 μm. The microscope was continuously purged with 

dry air. An area of 450 μm x 450 μm was first selected with the upper aperture (100/5 = 50 μm), then 

the data were collected. All spectra were recorded in the wave number range from 4000 to 500 cm-1; 

64 interferograms per sample at the resolution of 4 cm-1 were collected. The volume of 10 μl of the 

solution was applied to the barium fluoride window cell and allowed to dry out. The measurements 

were carried out at room temperature. For each spectral map the average spectrum was calculated. 

1.12.3.  FT-Raman 

The Raman spectra were recorded using a Nicolet NXR 9650 FT-Raman spectrometer (Thermo 

Scientific, USA) equipped with MicroStage extension, Nd:YVO4 laser (1064 nm, 500 mW) as an ex-

citation source and InGaAs detector. A drop of 10 μL of each sample was deposited on the gold surface 

and dried under laser irradiation. All FT-Raman spectra were acquired in the range of 3700–0 cm−1 

with 4 cm-1 resolution by averaging 1024 scans. Peptide concentration was 500 μM. All spectra were 

analyzed with OriginPro 2020b (Origin Lab Corporation, Northampton, Massachusetts, United States). 

FT-Raman spectra were baseline corrected, smoothed (SG, 2, 35) and normalized to band at ca. 1450 

cm−1 attributed to deformation vibrations of methylene (CH2) groups. 

1.12.4.  Thioflavin T fluorescence assay 

The fluorescence of each well was read by a microplate reader CLARIOstar Plus, BMG LAB-

TECH at 25 °C with shaking before each cycle, every 5 minutes, during 24 hours of measurements. 

The ThT dye was dissolved in Milli-Q® water to 2 mM concentration and filtered. Then ThT stock 

was dissolved in 1 M citric acid to a final concentration of 20 µM, pH 7.4. The pH was adjusted with 

HCl and the solution was filtered. The samples were dissolved in a 20 µM buffer to final peptide 

concentration about 220 µM and sonicated for ten minutes. Each well in a 96-well plate (BRAND® 

microplate BRANDplates®, pureGrade) was filled with 100 µL of peptide solution. The excitation 

wavelength was set at 440±10 nm and emission at 480±10 nm. Each group of experiments contained 

six parallel samples and the data were averaged after measurements. 

1.12.5.  Microscopy 

1.12.5.1. Atomic Force Microscopy 

AFM images were recorded using a Bioscope Resolve (Bruker France SAS, Palaiseau, France) 

operating in PeakForce-Quantitative Nano-Mechanical imaging mode. Silicon nitride probes with a 

nominal spring constant of 0.12 N/m and nominal tip radius of 1 nm were purchased from Bruker 

(PeakForce-HIRS-SSB tips, Bruker France SAS). Topography images were performed in liquid 
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(HEPES buffer) at 25°C with a resolution of 512 × 512 pixels, a scan rate of 0.6 Hz, and a maximal 

applied force up to 1.2 nN for lipid/peptide system studying. 

1.12.5.2. Transmission Electron Microscopy 

Imaging was performed using a transmission electron microscope Hitachi H-800, using 150 kV 

accelerating voltage. Negative stained samples were prepared by applying a 4 µl drop of solution, 

containing 0.5 µM peptide in water, on glow discharged carbon on copper grid (Agar S160). After 1 

minute of adhesion, an excess of the material was blotted, and 2% uranyl acetate was applied for 1 

minute before blotting. The samples were allowed to dry under normal conditions for at least 1 hour. 

1.12.6.  Off-null detection scanning Kelvin probe 

The peptides were dissolved in water due to buffer crystallization problems, interfering with 

Scanning Kelvin Probe (SKP) off-null detection algorithm. 200 μL of sample aliquot was applied to 

Au-plated glass slides, allowed to dry completely in 22 °C [71.6 F] and 28–33% RH. CPD measure-

ments were performed under similar laboratory conditions (21–24°C, 28–37% RH) using the environ-

mental SKP with an off-null detection system (SKP5050, KP Technology, Scotland). All measure-

ments were carried out at 40 a.u. amplitude and 67.0 Hz probe oscillation, while the probe backing 

voltage Vb (routed to the probe tip) varied between +5.0 and -5.0 V. The current gain was 4×107 V/A 

and tenfold signal averaging was used, while the gradient was maintained by the off-null detection 

algorithm at 150 a.u. A flat stainless steel probe tip (KP Technology, Scotland) with 1 mm end diameter 

was rinsed with absolute ethyl alcohol and air-dried before operation. The tip WF calibration performed 

using Au-evaporated reference specimen (in which the mean work function WFAu of Au was assumed 

to be 5.25 eV[164]) provided WFtip= 4.83 eV ± 0.085 eV (which flawlessly agrees with work function 

values WF316L= 4.76–4.96 eV provided in the literature for 316L stainless steel surface with randomly-

oriented crystal grains[165]]. The dried peptide deposits were scanned with 0.5 mm spatial resolution 

to provide 2D CPD maps. CPD measurement conditions allow to estimate the effective specimen area 

analyzed with the Kelvin probe of ca. 1 mm2 (thus, CPD determined at a single point corresponded to 

the average CPD value in the area of approximately 1 mm2 under the probe tip). The mean CPD in the 

area of the deposit was then calculated and it was finally converted to the corresponding WF value 

using the above calibration-determined WFtip. All WF uncertainties were expressed at 95% confidence 

intervals. 
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1.13.  Computational methods 

1.13.1.  Bioinformatics predictors 

1.13.1.1. Hexapeptides 

The hexapeptides were classified by bioinformatics methods, such as AmyloGram [94], PATH 

[166], FoldAmyloid [150], and PASTA 2.0 [149]. AmyloGram is a tool based on machine learning 

methods, FoldAmyloid and PASTA 2.0 are based on physical models, whereas PATH is our latest 

method combining physicochemical properties and structural-modeling. All predictors, excluding 

PASTA 2.0, were used with their default parameters available in their tools. In PASTA 2.0 the peptide 

option was chosen to set the thresholds. The presented statistics of classification results include accu-

racy (Acc) calculated as the ratio of correctly assigned data labels, sensitivity (Sn) denoting the ratio of 

correctly identified true positives versus actual positives, and specificity (Sp) meaning the ratio of true 

negatives versus actual negatives [124]. 

1.13.1.2. CsgA fragments 

The aggregation propensity of studied the peptides was assessed using nine bioinformatics 

methods: AmyloGram [94], PATH [166], Pasta2.0 [149], Waltz [167], AmylPred2 [168], FoldAmyloid 

[150], MetAmyl [169], Tango [43], and ArchCandy [170]. Each predictor was used with its default 

parameters. 

1.13.1.3. Mutants of R4 fragments of CsgA 

The aggregation propensity of studied peptides was assessed using nine bioinformatics meth-

ods: AmyloGram [94], PATH [166], Pasta2.0 [149], Waltz [167], AmylPred2 [168], FoldAmyloid 

[150], MetAmyl [169], Tango [43], and ArchCandy [170]. Each predictor was used with its default 

parameters. 

1.13.2.  Theoretical and computational simulations 

1.13.2.1. Mutants of R4 fragments of CsgA – structure modeling 

Multiple Sequence Alignment (MSA) of non-redundant CsgA family was based on UniProt 

[171] (gene name “csgA”, 1058 sequences), and generated with Mafft [172], [173] in the auto mode, 

trimmed only to the R4 fragments. Structural models of wild type (WT) and mutant R4 octamers were 

generated with AlphaFold 2 [174] advanced notebook at ColabFold [175], based on previously ob-

tained MSA. The number of generated monomers was increased to 4 or 8. Otherwise, the default op-

tions were used. The best models (all with predicted local distance difference test [174], [176] values 

above 84, and typically around 95) were relaxed with the Amber-Relax option. 
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1.13.2.2. Mutants of R4 fragments of CsgA – MD 

The modeled systems were composed of three octamers obtained from AlphaFold 2 software. 

The protonation state of each amino acid was set to pH 7.4 [177]. The simulated systems were solvated, 

using the three-site transferable intermolecular potential (TIP3P) for modeling water molecules, with 

NaCl or K3PO4 ions added, at the physiological concentration of 50 mM (K3PO4) and 100 mM (NaCl, 

K3PO4), in the CHARMM-GUI interface [178]. The total number of atoms in the modeled system was 

ca. 50 000 atoms and the box size was 10×8.2×6.1 nm. The all-atom MD were performed using 

OpenMM 7.7 modeling framework [179] along with CHARMM36 force field [180]. First, each system 

was energy-minimized using the L-BFGS algorithm to remove atomic clashes. This was followed by 

equilibration using the isothermal–isobaric (NPT) ensemble at 310 K. We used LangevinMiddleInte-

grator, and the LFMiddle discretization [181], with hydrogen mass repartition HMR=3 [182]. Addi-

tionally, MonteCarloBarostat was implemented [183]. The particle mesh Ewald (PME) method was 

applied for calculating long range electrostatic interactions. The Lennard-Jones potential was evaluated 

with a cut-off at 1.2 nm. The radial distribution function (RDF) was calculated by the MDAnalysis 

Python library [184]. 

1.13.2.3. Pathological peptides – MD 

The studied Aβ42 peptide corresponds to the APP's transmembrane domain (PDB: 2LLM), 

which contains 28 amino acids on the N-terminal part of Aβ42 [185]. The 14 additional amino acids 

of the C-terminal were modeled with SWISS-MODEL [186]. The protonation state of each amino acid 

was set to pH 7.4 [177]. The model system of the Aβ42 peptide embedded in 1,2-dioleoyl-sn-glycero-

3-phosphocholine (DOPC) bilayer was built using the CHARMM-GUI interface [178], then solvated 

in a NaCl water solution at both sides of the bilayer within a rectangular box in the Z-direction. The 

water thickness in all simulations was taken as ~ 30 Å. More information about system details can be 

found in Table 9. 

  

https://www.rcsb.org/structure/2LLM
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Table 9 The number of molecules and the initial size of the simulation box in the investigated systems. 

System DOPC Water Na Cl Ca2+ Initial box size  

(nm3) 
Force field 

Simulation 

time (µs) 

Aβ42 150 15213 43 40 0 7.15 x 7.15 x 12.7 CHARMM 36 3.75  

amylin solution 0 11871 34 37 0 7.13 x 7.13 x 7.13 CHARMM 36 8.12 

4 amylin 0 40650 116 128 0 10.74 x 10.74 x 10.74 CHARMM 36 3.83 

amylin above 128 10038 0 55 26 6.79 x 6.79 x 11.60 CHARMM 36 8.52 

amylin above 128 10128 26 29 0 9.37 x 9.37 x 11.99 CHARMM 36 5.24 

amylin insert 256 16293 42 45 0 9.31 x 9.31 x 9.49 CHARMM 36 5.1 

cross native + 

external force 
256 28721 78 234 78 9.51 x 9.51x 14.46 CHARMM 36 2.83 

cross native 256 28721 78 234 78 9.51 x 9.51x 14.46 CHARMM 36 5.41 

cross native + 

external force 
256 28721 78 234 78 9.51 x 9.51x 14.46 CHARMM 36m 1.2 

cross native 256 28721 78 234 78 9.51 x 9.51x 14.46 CHARMM 36m 3.59 

cross prion 256 26329 71 218 70 9.52 x 9.52 x 13.86 CHARMM 36m 3.57 

 

The simulation of the embedded Aβ42 peptide was performed using the GROMACS 2021.2 

software considering 3-d periodic boundary conditions [187]. All the systems were firstly minimized 

using the steepest descent algorithm to remove interatomic clashes, then equilibrated at constant tem-

perature T (310 K), and constant (semi-isotropic) pressure P (1 atm). For the temperature coupling, the 

Noose-Hover thermostat [188] and the Parinello-Rahman barostat [189] were used. Bonds between 

heavy atoms and hydrogens were constrained using the LINCS algorithm [190] allowing the use of a 

2 fs MD timestep. The long-range electrostatic interactions were evaluated using the Particle Mesh 

Ewald method [191]. The Fourier grid spacing for the Particle Mesh Ewald method was optimized at 

the beginning of simulation. The visualizations were rendered in VMD software [192]. 

In case of amylin, the peptide structure was obtained experimentally by nucleic magnetic reso-

nance (NMR) (PDB: 2L86), resulting in structure of human amylin in sodium dodecyl sulfate (SDS) 

micelles at pH 7.3 [193]. The protonation state of each amino acid was set to pH 7.4 [177]. Various 

scenarios were simulated, the peptide was placed above the DOPC lipid bilayer, inserted into the 

DOPC, and in a water solution. Additionally, the behavior of amylin was simulated in presence of two 

types of ions. More details in Table 9. All simulations of these studied systems were performed using 

OpenMM 7.7 modeling framework, according to the protocol described in 1.13.2.2. However, due to 

higher complexity of the studied systems, additional external forces (position restrains) on the phos-

phate heavy atoms of lipid membrane and tetrahedral restrain to a protein (torsion forces), were added.  

https://www.rcsb.org/structure/2L86
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The systems for studying cross-seeding of Aβ42 and amylin were taken from the last frame in 

Aβ42 embedded in DOPC simulation (solvated in 0.15 M NaCl2) and from simulation in solution 

(solvated in 0.15 M NaCl) in case of amylin. Amylin was placed above the DOPC near the Aβ42 

peptide, to accelerate the conformational changes during the simulation time. Some systems in Table 

9 have annotation “+external force”, which means that external force (CustomTorsionForce with pull 

force constant equal 10) between Aβ42 and amylin was added. As a result, if one peptide went too far 

from the other, the force pulled it back. The last system, called as “cross prion”, denotes the simulation 

of embedded Aβ42 in DOPC and monomeric cross-β structure of amylin (PDB: 6Y1A). The fibrillar 

structure of amylin was built up from the dimer structure of 13–37 residues cryo-EM in pH 6.0, since 

this condition is characteristic to intracellular secretory granules [194].  

  

https://www.rcsb.org/structure/6Y1A
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Results 

Chapter 1 Hexapeptides 

The initial examination concerned a set of 6 amino acid peptides (see Table 5). The choice was 

inspired by the typical length of amino acid sequences on which classical computational predictors are 

usually based and trained.  

Proper classification based on the experimental results is crucial for the bioinformatics tools, 

which rely on it. Therefore, in this work, AmyloGrams’ predictions were confirmed with other three 

bioinformatics predictors, based on different approaches. Other predictors were used in order to com-

pare the classification reliability. This way, the resulting data was divided into two parts. The reference 

dataset consisted of 10 peptides with high percentage of classification consent between AmyloGram 

and the AmyLoad and Waltz databases. The test dataset contained 24 outlier sequences, which were 

found to have different annotations in the experimental-based databases of AmyLoad and Waltz. This 

raised concerns about the compatibility of the data within these databases and the potential presence 

of annotation errors. The classification of these sequences was determined through the examination of 

different experimental studies conducted under various environmental conditions. However, there is 

currently no widely accepted protocol for assessing the amyloidogenic propensity of peptides and pro-

teins. The main reason for that, is the fact that their various physicochemical properties influence inter 

alia the dissolving properties. Additional factor could be a potential human error. 

The primary objective of this initial study was to investigate the impact of experimental condi-

tions on the different classification of the same amyloid, with the special emphasis on the IR spectros-

copy technique. In this examination, two IR modes were compared (transmission and attenuated total 

reflectance). The results point out the usefulness of such data in case of bioinformatics predictors, 

which are based on the experimental input data. The outcomes from various predictors were compared, 

which showed their sensitivity to improperly classified amyloids. Through this examination, a tentative 

protocol for studying the aggregation properties of peptides was established and potential amyloido-

genic amino acid sequences were identified. Additionally, the study evaluated the effect of poorly an-

notated training data on learning of bioinformatics methods. 

The validation of protocol started with the choice of the solvent and the peptide concentration 

to be used in IR spectroscopy techniques. The hexapeptides were dissolved according to the protocol 

in Section 1.8.1.  Firstly, the effect of NaOH on the peptides was tested to enhance their solubility 

thanks to its alkaline pH. The pretreatment of the synthetic peptide with sodium hydroxide is a proper 

method to achieve increased solubilization results [195], without using organic solvents or 
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sophisticated preparation. Then PBS and water were added to obtain the proper concentration of pep-

tide and the transition in pH from about 11 to neutral. In addition, heavy water was tested (see Figure 

9A). D2O is frequently used in this technique due to the shift of the bending mode of OD groups in 

D2O molecules to 1210 cm-1. Whereas, in H2O the bending mode of OH groups is about 1635 cm-1 and 

obscures Amide I signal. However, if we compare the results obtained from NaOH+PBS with D2O, we 

can observe a shift to the lower wavenumbers of approximately 3 cm-1 in the Amide I’ band. In addi-

tion, the overall shape of Amide I’ is changed in comparison to Amide I. No shoulder band at 1690 

cm-1, in spectrum of peptides dissolved in heavy water (see Figure 9B), means the secondary structure 

changes. Generally, heavy water is known to stabilize proteins (especially larger ones such as actin, 

tubulin, β-lactoglobulin A), enhance aggregation process, make proteins more compact and less flexi-

ble than in H2O, increase the solubility of polar amino acids and proline, change pKA value, and shift 

the equilibrium between inter-residue hydrogen bonds [65]. 

 

Figure 9 (A) Exemplary, normalized ATR-FTIR spectrum of ISFLIF in the Amide I’ (1700–1600 cm-1) region. Peptide 

dissolved in D2O on the day of dissolving and after 7 days of incubation at 37°C. (B) Exemplary, normalized ATR- FTIR 

spectrum of ISFLIF in the Amide I (1700–1600 cm-1) region. Peptide dissolved in NaOH+PBS at various incubation 

times. Cpep=500 µM. 

On the contrary, increased aggregation in D2O was observed for longer sequences up to 23 

amino acids, particularly the fragments of CsgA protein of S. enterica (results showed in the further 

section 2.2.1. ).  

The next phase of the study involved determining an effective concentration. In this research, 

the concentration was established at 500 μM. Lower concentrations were found to result in a significant 

decrease in the intensity of absorbance and poor signal-to-noise ratio (as shown in Figure 10). The 

intensity of the IR spectrum is directly proportional to the quantity of material present. 
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Figure 10 Exemplary ATR-FTIR spectrum of YTVIIE peptide in concentration: 200 μM and 500 μM in the wavenumber 

range of 1725–1590 cm−1 (Amide I). Additionally, rescaled spectrum of 200 μM . 

The next step in establishing the aggregation protocol was to determine an appropriate incuba-

tion time for evaluating the aggregation propensity of the peptide. It was found that 30 days (incubation 

at 37°C) was the optimal time for such identification. However, spectra were also analyzed after longer 

periods of time, up to one year. During the aggregation process we can observe that the maximum of 

the Amide I band is shifted towards lower wavenumbers, meaning more ordered structures (see Figure 

11). The time required for peptide/protein classification may vary and may be challenging to predict. 

As an example, peptides with low aggregation potential, such as the hexapeptide NPQGGY, may not 

form aggregates, even after extended periods of time (data not presented). Conversely, peptides with 

higher aggregation potential may form fibrils after a specific period of time, such as a few days at 37°C. 
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Figure 11 Exemplary, normalized ATR-FTIR spectrum of TKPAES in the Amide I (1700–1600 cm-1) region. Peptide 

dissolved in NaOH+PBS after 30 days of incubation at 37°C and one year. Cpep = 500 µM. 

The test dataset and reference dataset were analyzed using two IR spectroscopy techniques, 

ATR-FTIR and µIR, as detailed in sections: 1.5.2.1 and 1.5.2.2. This technique is rapid and enables 

the differentiation of oligomers from fibrils. The results from two measurement modes were then com-

pared. In ATR-FTIR spectra, the amide bands positions were shifted towards lower wavenumbers. It 

indicates the acceleration of the aggregation process, due to the additional interaction of the peptide 

with diamond surface. Consequently, this interaction causes structural modifications within the pep-

tide/protein molecules [111], [196]. On the other hand, in µIR, the composition of dehydrated material 

revealed huge crystals of PBS buffer, which resulted in spectral signals that overlapped with those of 

the peptides (see Figure 12). Nevertheless, µIR allows for the selection of a specific ROI for analysis.  

 

Figure 12 Microscopic image (x15) on the left, spectral map obtained by IR microscopy on the right. PBS Crystals are 

visible in square and star-like shapes on the microscopy image. Peptides aggregates are present in the remaining part of 

the dehydrated drop. 
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Considering the previously established parameters: solvent, peptide concentration, and incuba-

tion time, the results of the two IR modes were compared for both reference data and test data. Based 

on the spectral characteristics, three general classes were distinguished: amyloid, non-amyloid, and 

oligomer (see Table 10 and Table 11). None of the bioinformatics predictors takes into account the 

class of oligomer. It is clear in experimental analysis, and could be a challenge for computational tools 

to classify it correctly. In IR, amyloid oligomers possess two distinct stretching frequencies. One at 

about 1630 cm-1 and the second at about 1695 cm-1. This second frequency is attributed to a strong 

dipolar coupling, which results in a frequency intensity that is significantly lower, roughly five times, 

compared to the primary frequency at 1630 cm-1 [115]. 

However, in the case of amyloids, variations in the position of the Amide I band in ATR-FTIR 

and µIR spectra can be observed. These variations may be caused by differences in the accessibility of 

the carbonyl group to water molecules, which in turn affects the hydration level. The peptides which 

were annotated as amyloids, possess a dominant conformation of intermolecular aggregates (see Table 

2). The second classification group was created by examining the presence of oligomers. Oligomers 

have unique characteristics, as described in sections 1.2. and 1.3. They possess a more complex sec-

ondary structure composition. An example of this is the SFLIFL peptide as shown in Figure 15. All 

spectra from Table 10 and Table 11 are available in SI material of [124]. The last class comprised of 

non-amyloids, which in bioinformatics predictors are classified negatively. It should be highlighted 

that in amyloid predictions is the insufficient representation of sequences that have been negatively 

annotated. Researchers often do not publish negative data, which may cause difficulties for computa-

tional methods. 
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Figure 13 The representative µIR spectra of the selected classifications in the wavenumber range of 1725–1475 cm−1. 

[124] 

Table 10 Reference set of sequences and their amyloid propensity by different experimental methods (yes – identified as 

amyloid, no – non-amyloid, yes* – oligomer, s – strong band, m – medium band, w – weak band, br – broad band, sh – 

shoulder band, band maxima in bold). [124] 

No Sequence 
Data-

base 

IR microscopy ATR-FTIR AFM Con-

sensus 

with 

data-

base 

annota-

tion 

Amide I [cm-1] Class Amide I [cm-1] Class Class 

1 FNPQGG no 1679(m)/1641(s) no 1665(s,br) no no yes 

2 FTFIQF yes 1689(m,sh)/1628(s) yes 1690(w)/1622(s) yes yes* yes 

3 ISFLIF yes 1689(m,sh)/1631(s) yes 1685(w)/1631(s) yes yes yes 

4 KPAESD no 1665(s,br) no 1678(s,br)/1640(m,sh) no no yes 

5 LVFYQQ yes 1631(s) yes 1683(w,sh)/1629(s) yes* yes yes 

6 NPQGGY no 1658(s,br) no 1658(s,br) no no yes 

7 SFLIFL yes 1689(m)/1633(s) yes* 1632(s) yes yes* yes 

8 TKPAES no 1652(s,br) no 1678(s)/1640(sh) no no yes 

9 YLLYYT yes 1686(m,sh)/1629(s) yes 1685(m)/1630(s) yes yes* yes 

10 YTVIIE yes 1685(m)/1627(s) yes 1684(m)/1626(s) yes yes yes 
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Table 11 Test sequences and their amyloid propensities (yes – identified as amyloid, no – non-amyloid, yes* – oligomer, 

s – strong band, m – medium band, w – weak band, br – broad band, sh – shoulder band, band maxima in bold), com-

pared with the original database annotation, which is in disagreement with AmyloGram classification. [124] 

No. Sequence 
Data-

base 

IR microscopy ATR-FTIR Consen-

sus with 

data-

base an-

notation 

Amide I [cm-1] Class Amide I [cm-1] Class 

1 ALEEYT yes 1655(s,br) no 1654(s) no no 

2 ASSSNY yes 1649(m,sh) no 1655(m,br) no no 

3 DETVIV no 1685(w)/1635(s) yes* 1685(m)/1633(s) yes* no 

4 ELNIYQ no 1661(w,sh)/1635(s) no 1681(m,br)/1668(m,br)/1635(s) no yes 

5  FGELFE no 1660(s)/1650(w) no 1659(s) no yes 

6 FQKQQK no 1660(s,br) no 1682(s,br) no yes 

7  FTPTEK no 1660(s,br) no 1680(s,br) no yes 

8 HGFNQQ yes 1662(s,br) no 1682(s,br) no no 

9 HLFNLT yes 1674(s,br) no 1680(s,br)/1633(m,br) no no 

10 HSSNNF yes 1649(m,br) no 1680(s)/1646(m,sh) no no 

11 MIENIQ yes 1656(s,br) no 1655(s,br) no no 

12  MIHFGN yes 1677(s,br) no 1680(s,br)/1646(m,br) no no 

13 MMHFGN yes 1675(s) no 1676(s,br) no no 

14  NIFNIT yes 1657(s) no 1663(s,br) no no 

15 NNSGPN yes 1676(sh)/1648(s,br) no 1676(s,br)/1654(m,br) no no 

16  NTIFVQ no 1629(s) yes 1682(w)/1631(s) yes* no 

17 QANKHI yes 1680(s,br) no 1681(s)/1653(sh) no no 

18 QEMRHF yes 1679(s,br) no 1676(s,br)/1655(sh) no no 

19  SHVIIE no 1688(m)/1630(s) yes 1684(m)/1633(s) yes no 

20  STTIIE no 1657(s,br) no 1681(m)/1630(s) yes* yes 

21  STVVIE no 1685(w,br)/1633(s) yes 1682(w,br)/1630(s) yes* 

yes 

ambigu-

ous 

22  SWVIIE no 1682(w,sh)/1631(s) yes 1684(w)/1631(s) yes* no 

23  WSFYLL no 1658(s,br) no 1675(w,sh)/1637(s) yes no 

24  YYTEFT no 1665(s,br) no 1659(s,br) no yes 

 

The sequences from Table 10 and Table 11 were examined by hand. Additionally, the PCA (for 

more, see 1.5.4. ) were applied on the spectroscopic data. Based on PCA plots, in the reference dataset, 

only non-amyloid group was separated from all examined peptides (see Figure 14A & B). On the other 

hand, in the test dataset, the PCA revealed that better data separation was observed for IR microscopy 

(see Figure 14D), than ATR-FTIR (see Figure 14C). These results showed how even small differences 

in the experimental technique influence the obtained amyloid classification. This could be one of these 

factors may lead to misannotation of the sequences.  
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Figure 14 PCA plots of: A and C, ATR-FTIR spectra, B and D, µIR spectra. Amyloids marked with red cross, non-amy-

loid with blue dot, and ambiguous sequences with green square. Modified from [124]. 

It was found that a significant portion of the non-compatible sequences, 17 out of 24, had been 

inaccurately labelled in the initial databases (as demonstrated in Table 11). The AmyloGram system 

was able to identify and correct these errors, and was not impacted by overfitting. Comparisons were 

made between the predictions of the AmyloGram system and other bioinformatics predictors, such as 

FoldAmyloid, PASTA 2.0 and PATH, which had also been based on the same mislabeled data. These 

predictors were able to correctly classify the mislabeled data with an accuracy of 80% or more (as 

reported in [124]). However, the effect of errors in the input data on predictors utilizing statistical and 

machine learning methods has yet to be determined. It should be noted that the results may vary de-

pending on the experimental conditions used for prediction.  

Based on the results described above, a procedure for dissolving peptides was developed. Hex-

apeptides are dissolved in 0.1 M sodium chloride, then 50 mM PBS buffer is added along with water 

in order to achieve the appropriate concentration, of about 500 µM. The incubation temperature was 

set up to 37 ºC and the aggregation was assessed after one month of incubation time at the same 
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temperature. However, even minor modifications in experimental design can impact the obtained re-

sult. Additionally, the bioinformatics predictors can be fairly robust to certain level to insignificant 

annotation errors. 

The results obtained in this study were inspiration for the first hypothesis: minor deviations in exper-

imental conditions strongly influence the validity of a protein classification as an amyloid.  
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Chapter 2 Functional amyloids – CsgA fragments 

The subsequent phase of the study involved a comprehensive examination of longer amino acid 

sequences, specifically those involving up to 23 amino acids, which originate from functional amyloids 

(see Table 6 and Table 7). Previously, the protocols used for dissolving and further peptide studies, 

were only applied to hexapeptides (see Table 5). This raises the question of whether similar conditions 

can be applied for longer sequences. Furthermore, the examination of the aggregation process of func-

tional amyloids mimics more closely approximate physiological conditions. Additionally, functional 

amyloids allow for greater control over the aggregation process compared to studying pathological 

amyloids. 

One of the most well-researched functional amyloids is CsgA, which is found e.g. in E. coli. 

Functional amyloids exhibit structural characteristics similar to pathological amyloids, however, they 

possess distinct stability and lifetimes [7], [15]. This is attributed to the presence of repetitive units, 

which play a similar role as APR [197]–[199], and contribute to the formation of curli in bacteria. The 

CsgA protein of E. coli is composed of five imperfect repeats known as R1–R5 fragments, which add 

up to a total of 151 amino acids. The fragments share a common pattern, which in E. coli follows as 

Ser-X5-Gln-X4-Asn-X5-Gln, where amino acids in X-positions may differ depending on the bacterial 

species. Among these fragments, R1 and R5 are considered as the most amyloidogenic and are critical 

for seeding and the curli formation in E. coli [161], [200]. Research has shown that peptides fibrillate 

in the order of R5 > R1 > R3, while R2 and R4 do not fibrillate at a concentration of 0.2 mg/mL. 

However, at a concentration of 2 mg/mL, fibrils were observed for R2 and R4 fragments through TEM 

microscopy [56].  

The objective of this research was to investigate the structural determinants of the amyloido-

genic potential of repeats and evaluate the impact of intrinsic and extrinsic factors on aggregation pro-

pensity, with the goal of gaining a deeper understanding of these processes.  

To test my first hypothesis: minor deviations in experimental conditions strongly influence the 

validity of a protein classification as an amyloid, my approach focuses on how the use of deuterium 

oxide affects the aggregation process of S. enterica fragments. I have chosen this particular CsgA hom-

ologue from S. enterica because it has not been studied before, and this is an important area of study 

as S. enterica is a common food pathogen that can cause serious illness in humans. A second hypothesis 

was proposed due to the noted variations: aggregation propensity of closely related homologous func-

tional amyloids may be different. Furthermore, influence of minor sequence differences on the behavior 

of CsgA R4 fragments in E. coli and S. enterica was studied. Despite the significant similarity between 

E. coli and S. enterica, I inquire whether the aggregation properties of these fragments are the same. 
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2.1.  Fragments characterization  

The CsgA proteins from E. coli and S. enterica are closely related, with 75% identity as deter-

mined by BLAST analysis. To investigate any differences between the corresponding fragments, pair-

wise alignments were conducted (see Figure 15).  

 

Figure 15 On the right: pairwise sequence comparison of the CsgA fragments from E. coli and S. enterica bacteria. The 

variations in amino acid composition were represented by light purple highlighting. Modified from [163]. On the left: 

structural model of CsgA protein from E. coli (strain K12) predicted by AlphaFold and available in the AlphaFold data-

base. 

These alignments confirmed that the sequences are highly similar, with almost all of the pep-

tides sharing similar features such as hydrophilic properties, charged amino acids at the ends, and a 

flexible glycine-rich linker in the middle. This suggests a tendency towards β-arch structure, which is 

consistent with computational results from ArchCandy. However, their aggregation propensities may 

vary due to point mutations in the csgA genes, which can change properties such as hydrophobicity or 

pI. Mutations in aromatic amino acids, which stabilize amyloid peptide structures, can also play a sig-

nificant role in the formation of aggregates. Similarly, charged residues can affect amyloid propensity 

depending on their location. Not only mutations of individual residues, but also minor changes in the 

sequence order, can influence peptide aggregation susceptibility. This was discovered through statisti-

cal analysis and has led to the development of various bioinformatics predictors. The sequence align-

ment of corresponding pairs from both bacterial species suggests that different amyloid propensities of 

the CsgA fragments cannot be ruled out. Not only theoretical analyses but also bioinformatics analysis 

were carried out [163]. Our study used two amyloid predictors, AmyloGram and PATH, which were 

trained on hexapeptide data from AmyLoad and Waltz 2.0 databases. Both methods identified R1 
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fragments as amyloidogenic, while R2 and R3 fragments as non-amyloidogenic for both bacterial spe-

cies. However, R4 fragment from S. enterica was classified as amyloidogenic by AmyloGram, while 

R4 from E. coli was classified as non-amyloidogenic, indicating a potential difference in aggregation 

propensities. Additionally, several other bioinformatic predictors were applied for comparison, but 

their predictions were not consistent (see Table 12).  

Table 12 Prediction results of amyloidogenicity. Where 0 denotes non-amyloid, 1 stands for amyloid. [163] 

Organism 
Frag-

ment 

Amylo-

Gram 
PATH PASTA2.0 Waltz AmylPred2 

Fold-

Amyloid 
MetAmyl ArchCandy* 

E. coli 

R1 1 1 0 1 0 0 0 1 

R2 0 0 0 0 0 0 1 1 

R3 0 0 0 0 0 0 0 1 

R4 0 0 0 0 0 0 1 1 

R5 0 0 0 0 0 0 1 1 

S. enterica 

R1 1 1 0 1 1 1 1 1 

R2 0 0 0 0 0 0 1 1 

R3 0 0 0 0 0 0 0 0 

R4 1 0 0 0 0 0 1 1 

R5 0 0 0 0 0 0 1 1 

* β-arch motif predictor 

 

Based on the performed analyses of bioinformatics predictors, it can be observed that functional 

amyloids are problematic for them when used as their input data. Functional amyloids are underrepre-

sented in the reference datasets used to train computational predictors of amyloids, leading to the hy-

pothesis that the statistical sequence profile of functional amyloids may differ significantly from that 

of pathological amyloids. This is likely due to the structural differences, varying temporal properties, 

stability and susceptibility to environmental factors and interactions between the two classes of amy-

loids. 

2.2.  Experimental analysis of fragments from different bacteria  

Firstly, the aggregation propensity of E. coli and S. enterica fragments were compared. The 

aggregation propensity of all E. coli and S. enterica fragments was investigated using spectroscopic 

techniques such as: CD, ATR-FTIR and µIR. Additionally, TEM was used to examine the morphology 

of the selected fragments. 

CD spectroscopy was used to understand the general characteristics of the secondary structure 

of CsgA fragments. The CD spectra of E. coli fragments are shown in Figure 16A.  
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Figure 16 Far-UV CD spectra of CsgA fragments on the day of the dissolving. A Spectra of E. coli fragments. B Spectra 

of S. enterica fragments. Cpep = 500 μM. [163] 

On the day of dissolving the samples, a minimum at around 200 nm was observed in all spectra 

taken from the E. coli fragments, which is a characteristic of a random coil conformation. The CD 

spectra of S. enterica fragments are in Figure 16B. The spectra of the R1, R3, R4 and R5 fragments 

shared the characteristics of β-sheet conformation. Only R2 fragment revealed a signature, at 203 nm, 

which is characteristic to a random coil structure. The results of this analysis indicate that the fragments 

from S. enterica exhibit a higher propensity to adopt a β-sheet conformation compared to their coun-

terparts from E. coli. To assess more detailed information about secondary structure between bacteria, 

the ATR-FTIR and µIR were conducted.  

A comparative analysis was conducted on the spectra of E. coli fragments obtained from sam-

ples dissolved initially (Figure 17A) and after incubation at 37°C for one month (Figure 17B). Results 

indicated that fragments R1, R3, and R5 displayed a main band located below 1630 cm-1 in the spec-

trum obtained on the day of dissolution, which corresponded to cross-β amyloid architecture and indi-

cated the presence of amyloidogenic aggregates. Further analysis of the second derivative spectrum of 

fragment R3 revealed that it formed more ordered and rigid fibrils compared to R1 and R5. The Amide 

I band in the spectra of R1, R3, and R5 had an additional local maximum located at approximately 

1665 cm-1, which was attributed to parallel β-sheet structures and is characteristic of loop-turn confor-

mations in β-helix structures. Conversely, fragment R2 displayed a complex spectral characteristic with 

a broad local maximum at 1678 cm-1 assigned to β-turns and a shoulder at 1648 cm-1 typical for random 

coil structures, indicating a lack of aggregation properties. Although fibers were observed in TEM 
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experiments with high concentrations of R2 or R4, and long incubation times, fragment R4 displayed 

low absorbance of β-sheet components in the secondary derivative range. 

 

Figure 17 Normalized ATR-FTIR spectra of E. coli fragments, with the second derivatives spectra, in the wavenumber 

range of 1725–1590 cm-1 (Amide I). (A) on the day of the dissolving. (B) after one month of incubation at 37 °C. Cpep = 

500 μM. [163] 

After a month of incubation, the spectra of E. coli fragments showed that the Amide I bands in 

R1, R3, and R5 were broadened and lost their signatures of aggregates (see Figure 17B). However, 

these fragments still remained partially aggregated. R2, R4, and R5 showed random structures and lost 

stability over time due to deamination of amino acids. This process weakened the fibrils and led to 

their eventual disintegration. The instability of E. coli's CsgA fibrils is different from the stability of 

hexapeptides and pathological amyloids. 

2.2.1.  Solvent influence 

In this study of S. enterica fragments of CsgA protein, the effects of two solvents, D2O and 

NaOH+PBS, were evaluated in two IR modes, using R1–R5 fragments. On the day of dissolution in 

NaOH+PBS, R3, R4, R5 fragments displayed high intensity absorbance at about 1622 cm-1, indicative 

of long and rigid amyloid fibrils. Additionally, R1 fragment also displayed characteristic typical for 

amyloids, however the Amide maximum was shifted towards lower wavenumbers at 1626 cm-1, which 

indicates less rigid fibril. In turn, fragment R2 showed a broad band at 1645 cm-1, characteristic of 
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disordered proteins. After 30 days of incubation at 37°C, no significant changes were observed in the 

ATR-FTIR spectra [163]. S. enterica fragments were found to be more stable than those of E. coli, but 

both disintegrated after 3 months of incubation. The locations of the most characteristic spectral com-

ponents are presented in Table 13, highlighting the propensity of each peptide for amyloid aggregation 

and its secondary structure.  

Table 13 The assignments of secondary structures in the range of Amide I (ν(CO) 76%, ν(CN) 11%, δ(CCN) 8%, β(NH) 

5%) of CsgA fragments of S. enterica studied by ATR-FTIR and µIR in D2O and NaOH+PBS solvents. Where: sh – 

shoulder band, m – medium band, the most band intense local minimum in bold. Cpep = 500 μM. 

After dissolving 
Mode ATR-FTIR µIR 

Solvent D
2
O NaOH+PBS D

2
O NaOH+PBS 

Struc-

ture 
aggregates β-turns aggregates β-turns random aggregates β-turns aggregates β-turns 

R1 1624 1665(sh) 1626 1660(sh)  1627 1665(sh) 1624 1663(sh) 
R2 1624 1666(sh)  1667 1645(m) 1625 1666(sh) 1627(sh) 1664 
R3 1618 1671(sh) 1622 1661(sh)  1629 1671(sh) 1625 1665(sh) 
R4 1622 1667(sh) 1622 1660(sh)  1622 1667(sh) 1625 1666(sh) 
R5 1619 1666(sh) 1622 1666(sh)  1625 1666(sh) 1625 1666(sh) 

 

Meanwhile, the studies in D2O, in ATR-FTIR mode, confirmed the presence of fibrils for all S. 

enterica fragments (Table 13). In contrast to the results in NaOH+PBS, where fragment R2 had a 

spectral characteristic for a β-turns and random structure. The aggregation of R2 fragment of CsgA 

protein of S. enterica was accelerated due to D2O. This fragment formed fibrils directly after dissolving 

in heavy water, based on the TEM micrographs. In turn, in NaOH+PBS, the fibrils were not observed, 

see Figure 18. In case of other fragments of CsgA protein, the morphology of fibrils in heavy water is 

different than in NaOH+PBS solution. This confirms the influence of the solvent on morphology of 

studied fragments. 
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Figure 18 Electron micrographs of CsgA fragments after dissolving (magnification of 40 000) First row dissolved in 

NaOH+PBS, second row dissolved in heavy water. Cpep = 500 μM. 

The IR spectroscopy also revealed differences in the secondary structure of studied fragments 

of CsgA, see Table 13. These results are in agreement with TEM. ATR-FTIR spectra of R1, R3, R4 

and R5 showed a dominant absorbance about 1622 cm-1 (see Figure 19). Based on that, we can observe 

that the most intense local minimum in R2 fragment, in D2O, in both IR modes is shifted to the lower 

wavenumbers (see Figure 19). This feature at about 1624 cm-1 is an indicator of fibrils. In NaOH+PBS, 

R2 fragment is showed to adopt predominantly β-turn structure and random. The secondary and tertiary 

structures of studied fragments were different in D2O and NaOH+PBS, as observed with IR spectros-

copy and TEM techniques. The acceleration of aggregation can be caused by hydrogen-deuterium ex-

change in the peptide sequence. No general expected effect of D2O on acceleration of aggregation of 

amyloid proteins in case of short fragments (hexapeptides) was observed. This effect may be dependent 

on the amino acid composition, as well as length of the amino acid sequence. However, this issue 

requires further systematic research. 
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Figure 19 Normalized ATR-FTIR and µIR spectra of CsgA fragments of S. enterica in the Amide I (1700–1600 cm-1) 

region. Peptide dissolved in NaOH+PBS and D2O directly after dissolving. Cpep = 500 µM. 
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Based on the spectral assignments presented in Table 13, the interaction of peptides with the 

hydrophobic surface of the ATR accessory diamond may have accelerated the formation of amyloid 

fibrils in the ATR-FTIR experiments in comparison to transmission mode.  

To sum up, the ER4 possess spectral characteristic which is not typical for amyloid structures 

(Figure 17A). In turn, SR4 had subcomponent of intermolecular aggregates, characteristic for amy-

loids. Additionally, this study was supported also with TEM and ThT assay [163]. The fluorescence of 

R4 of S. enterica was roughly 9 times higher compared to that of the E. coli fragment (see Figure 20). 

No lag phase was observed, indicating rapid aggregation. The fibrillation stages of R4 of S. enterica 

reveal an immediate elongation phase followed by a saturation phase. 

 

Figure 20 ThT fluorescence curves over time for R4 fragments, with gray dots representing E. coli and blue dots repre-

senting S. enterica. Cpep = 500 µM. 

 Additionally, it was observed that the micrographs of the R4 fragment from E. coli, taken on 

the day of dissolution, did not exhibit fibrils (see in [163] Figure 9). This observation contrasted with 

the micrographs of S. enterica, which displayed fibrils. However, after seven days of incubation of R4 

of E. coli at 37°C, fibrils were also observed.  

This highlights the presence of amyloid propensity in both bacterial species, however, the ag-

gregation process of isolated R4 fragment of S. enterica was found to be more rapid compared to that 

of R4 of E. coli. 
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Figure 21 Comparison of the physicochemical properties of the amino acids in the R4 fragments of E. coli and S. enter-

ica. 

In support to my 1st and 2nd hypothesis, two observations can be made. First, the solvent used 

in the experimental protocol can change the result and amyloid classification. Secondly, even minor 

differences in ER4 and SR4 influence the self-assembly process. For example, R2 fragment is classi-

fied as amyloid in deuterium oxide and as non-amyloid in NaOH+PBS, because it did not possess 

spectral signature characteristic for amyloids, in this solvent. The IR results were supported with TEM 

analysis which did not reveal fibrils. On the other hand, the effect of deuterium oxide was not so strong 

for hexapeptides (see Figure 9), which could be possibly caused by much shorter amino acid sequence. 

My study proved the larger aggregation tendency of SR4 in comparison to ER4 fragment. Based on 

the theoretical sequence analysis, the ER4 has lower hydrophobicity (the grand average of hydropathi-

city index, GRAVY: -0.5, net charge: -1) and lower electric charge value (-1) than SR4 (GRAVY: -

0.359, net charge: -2), see Figure 21. Dobson et al. [45] showed that mutations that increase hydropho-

bicity and reduce surface charge of a protein result in significant pro-aggregation effects. This is re-

flected in a higher probability of the protein conformation converting from α to β. What is more, the 

R4 fragment exhibits a more significant variation in gatekeeper residues in E. coli and S. enterica 

species. Gatekeeper residues are essential amino acid residues present in functional amyloid proteins, 

which have a crucial function in regulating the formation of amyloids. These residues are generally 

found in or near the β-strand region of the protein and have the ability to stabilize or destabilize the 

protein structure, which can impact the amyloid formation process. Consequently, the presence or ab-

sence of gatekeeper residues can significantly affect the propensity of the protein to form amyloid 

structures [51]. In the case of the ER4, the presence of glycine (G) at position 13 and aspartic acid (D) 

at position 17 has been found to slow down aggregation. However, in SR4, these residues are replaced 

by alanine (A) and glutamic acid (N) (see Figure 21), respectively, which could potentially increase 

the amyloidogenicity. These findings suggest that amino acid substitutions at specific positions can 

have a significant impact on the propensity of functional amyloid proteins to form amyloid structures, 

which can have important functional consequences.  
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In this study, I investigated the problem of accurately predicting the functional amyloids using 

bioinformatics methods. Experimental studies demonstrated that fragments from S. enterica were more 

robust and stable than those from E. coli, even after a month of incubation at 37°C. The use of experi-

mental methods allowed for the comprehensive characterization of fragments from both E. coli and S. 

enterica species. Overall, the findings of the study indicated that not only the physicochemical proper-

ties of the sequence but also environmental factors are crucial in influencing the propensity for aggre-

gation. 
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Chapter 3 Mutants of R4 fragments  

Another important factor which influences misfolding of proteins and peptide sequences, are 

mutations. Mutations can have a destabilizing effect on the native structures of proteins and may lead 

to aggregation, as seen in the case of familial amyloidosis. Gaining insight into how even minor 

changes such as single substitutions, amino acid position swapping, or mutations in the peptide/protein 

sequence can accelerate or decelerate the aggregation process would be valuable. This knowledge 

could have benefits beyond the study of pathological amyloids. Functional amyloids are a special 

group, because their function is evolutionary conserved in the sequence. Based on the sequence ho-

mology, they reveal high similarity of the sequence within one organism.  

The previous results showed that amyloid structures of the SR4 are much more easily formed 

and more stable than those in ER4 [163]. Taking into account the differences in both R4 fragments, the 

point mutations designed involved replacing amino acids in the sequences to make ER4 more similar 

to SR4 and vice versa. The number of possible substitutions was very high. All of them were tested 

using the AmyloGram tool, after which I selected substitutions with the same or lower amyloid score 

value. Point mutations were introduced into fragment R4 of S. enterica and E. coli to study the self-

assemble properties of these fragments. 

In this section I will present the results of the effects of mutations on the aggregation propensity 

of peptide sequence, in support of the hypothesis: aggregation propensity of closely related homolo-

gous functional amyloids may be different. The aim of this examination was to investigate the effects 

of specific mutations on the amyloid propensities of the peptides, the morphology and structural prop-

erties of the fibrils.  

Additionally, in the study, a new experimental approach, based on measurements of CPD and 

WF, using a SKP, was employed. The impact of ions on amyloid formation was investigated through 

the use of MD, by comparing the effects of K3PO4 and NaCl. This part of the work is bound with 

hypothesis: minor deviations in experimental conditions strongly influence the validity of a protein 

classification as an amyloid. 

3.1.  Theoretical characterization of designed peptides 

The designed and synthesized R4 fragments from the two species (ER4 and SR4) and their 

mutants are the following: M1 (D11N, N22D) based on ER4 and M2 (L15A), M3 (G6K, N17D, D22N) 

and M4 (G6K) based on SR4 (see Figure 22). 
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Figure 22 Schematic representation of mutant sequences with introduced mutations, marked with red squares. 

Analysis showed that the amino acid substitutions did not cause substantial changes in the bio-

chemical characteristics of each peptide regarding parent sequences, as reported in Table 14. All pep-

tides had hydropathy scores below zero, which is characteristic of hydrophilic proteins [200]. Their pI 

values are mostly acidic (Table 14) and no significant changes in the net charge and the predicted 

solubility were found (Table 19). Nevertheless, the bioinformatics predictor AmyloGram showed 

emergence of two distinct classes: amyloids and non-amyloids (Table 15). 

Table 14 Biochemical characteristics of the studied peptides (the introduced mutations are bolded and underlined): the 

net charge, pI, the grand average of hydropathicity index (GRAVY), the solubility as measured by CamSol and results of 

AmyloGram predictions. 

Name 
Source  

organism 
Sequence Mutation Net charge pI GRAVY CamSol 

AmyloGram 
(amyloid score) 

[0; 1] 

threshold: 0.5 

ER4 E. coli SEMTVKQFGGGNGAAVDQTASN WT -1 4.07 -0.500 1.64 0 (0.27) 

M1 E. coli SEMTVKQFGGGNGAAVNQTASD 
D17N 

N22D 
-1 4.07 -0.500 1.64 0 (0.27) 

SR4 S. enterica SDITVGQYGGNNAALVNQTASD WT -2 2.93 -0.359 1.57 1 (0.71) 

M2 S. enterica SDITVGQYGGNNAAAVNQTASD L15A -2 2.93 -0.450 1.65 0 (0.47) 

M3 S. enterica SDITVKQYGGNNAALVDQTASN 
N17D G6K 

D22N 
-1 3.88 -0.518 1.60 1 (0.71) 

M4 S. enterica SDITVKQYGGNNAALVNQTASD G6K -1 3.88 -0.518 1.50 1 (0.71) 

 

Furthermore, the aggregation propensity of the peptides was assessed using nine bioinformatics 

tools (see 1.13.1.3) that predict amyloidogenicity. Most of them identically classified each of the pep-

tides (as amyloidogenic or non-amyloidogenic, Table 15).  



 78 

Table 15 Results predicted by various bioinformatic tools. Where * denotes to amorphic aggregate, and ** to slower ag-

gregation. Peptides classified as non-amyloidogenic are marked in yellow, score 0. Amyloidogenic peptides are marked 

in green, score 1. Light green represents peptides with score close to the classification threshold. 

Sequence Experimental AmyloGram PATH 
PASTA 

2.0 
FoldAmyloid Aggrescan Waltz MetAmyl ArchCandy 

ER4 1** 0 (0.27) 0 (0.16) 0 0 1 0 1 1 

M1 0* 0 (0.27) 0 (0.16) 0 0 1 0 1 1 

SR4 1 1 (0.71) 0 (0.32) 0 0 1 0 1 1 

M2 1 0 (0.47) 0 (0.31) 0 0 1 0 1 1 

M3 1 1 (0.71) 0 (0.42) 0 0 1 0 1 1 

M4 1 1 (0.71) 0 (0.42) 0 0 1 0 1 1 

 

However, the output of AmyloGram was different. The predictor classified ER4, M1 and M2 

as non-amyloidogenic, while SR4, M3 and M4 as amyloidogenic (Table 15). Nevertheless, the amyloid 

score (0.47) of peptide M2 was close to the classification threshold (0.5) and its amyloidogenic pro-

pensity was very close to positive. As we will show later, these results were in line with our experi-

mental analyses.  

The amyloid propensities of the peptides were also investigated based on their structure. Struc-

tural models of octamers of R4 peptides were assessed using AlphaFold 2 (Table 16).  

Table 16 The results predicted by AlphaFold 2. Each model showed in the cartoon representation, the mutations drawn as 

Corey–Pauling–Koltun coloring (CPK), hydrogen bonds colored in dark blue. The protein is drawn in the cartoon repre-

sentation and the mutated amino acid is presented in the CPK representation. 

ER4 M1 
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SR4 M2 

 

 

  
M3 M4 

  



 80 

  

 

All predicted models represented cross-β conformation with the presence of a highly flexible, 

glycine rich, loop region. Similar arrangement could be observed in the CsgA model derived from the 

AlphaFold database (see Figure 15). Noticeably, no significant structural differences resulting from 

mutations could be observed in the models predicted by AlphaFold 2 (Table 16), which would imply 

identical structural and amyloid propensities of all modified peptides. This could be attributed to the 

fact that AlphaFold is often insensitive to single point mutations. The ArchCandy modeling method 

specifically devoted to amyloids, confirmed susceptibility of all studied peptides to form β-arch struc-

tural motifs, which indicates their potential to form amyloid conformations (Table 15). 

3.2.  Experimental characterization of mutants 

Experimental analysis included classical methods widely used in amyloid studies and a novel 

quantitative approach using the Kelvin probe. The general characteristics of the peptides’ secondary 

structure were first studied by CD. A random coil conformation with a minimum of ca. 200 nm was 

identified for M1 and ER4 peptides (Figure 23).  

 

Figure 23 Far-UV CD spectra of mutant fragments with initial R4 fragments on the day of the dissolving (final peptide 

concentration 500 μM). 
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The CD spectrum of SR4 showed a maximum at 201 nm and a single minimum at 216 nm, 

which can be assigned to the β-sheet conformation. Peptides M2, M3 and M4 showed hallmarks of the 

presence/formation of beta sheets. To obtain more detailed information about the peptide secondary 

structures, ATR-FTIR spectra were collected and analyzed in the Amide I and II region (1750 to 1490 

cm−1), based on the performed deconvolution (Figure 24 and Figure 60). It was observed that about six 

subcomponents of the Amide I band were assigned to: β-antiparallel (1695 cm−1), beta turn (1685 cm−1 

and 1675 cm−1), β-helix (1665 cm−1), β-sheet (1635 to 1625 cm−1), aggregates (1624 cm−1 to 1610 

cm−1) and other structures (i.e. extended unordered structures and random coil, as well as residual 

water). The percentage area of the sub-band corresponding to aggregates clearly distinguishes amyloi-

dogenic peptides from those which are not able to form fibrils under introduced conditions. For SR4 

the value of this parameter is 11%, while ER4 does not exhibit this band at all. This is in line with the 

fact that R4 from E. coli’s CsgA is generally considered to not have self-assembly properties, and as 

such was classified in previous study (see 2.2. ). In the case of mutant peptides, the highest value was 

calculated for M2 (25%) and lowest for M1 (0%).  

 

Figure 24 The percentage contribution of the Amide I band subcomponents to the total area (from 1750 to 1490 cm−1). 

Data based on deconvolution of ATR-FTIR spectra of M1 to M4, SR4 and ER4 peptide samples on the day of dissolving. 

Cpep = 500 µM.  
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The analysis of FT-Raman spectra corroborated the previously reported results (Figure 25). In 

the FT-Raman spectra of R4 fragments of CsgA, from both studied species, the Amide I band is located 

at ca. 1670 cm-1, which is characteristic of beta structures [201].  

 

Figure 25 Normalized FT-Raman spectra of studied fragments, smoothed with SG 35, in the wavenumber range of 1725–

1185 cm−1 (Amide I & III). 

However, in case of SR4 this spectral feature is more intensive and narrower, indicating fibril 

formation [130]. A similar FT-Raman signature was observed for M2 peptide, which proved its amy-

loidogenic propensity. The overall shape of the Amide I bands in other peptides differed significantly, 

suggesting more complex structures. Based on the spectroscopic techniques, all studied sequences 

adopted β-hairpin conformations, in accordance with our structural modeling results.  

The ThT fluorescence assay was utilized to evaluate the kinetics of the aggregation process (see 

Figure 26). The fastest aggregation was observed for the M1 peptide, with the shortest lag phase and 

a duration of 15 hours.  
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Figure 26 ThT curves for mutant sequences following the aggregation process. 

The ER4, M2, M3, and M4 fragments had a longer lag phase of approximately one hour, and 

the SR4 fragment had a lag phase of about two hours, which was longer than that of the M1 peptide. 

The rising value of the ThT end point intensity was observed in the following order: SR4 (250×103 

RFU)→M2 (194×103 RFU)→M4 (112×103 RFU)→ER4 (75×103 RFU)→M3 (55×103 RFU)→M1 

(42×103 RFU), this intensity is proportional to the amount of formed amyloid [38]. 

TEM was employed to study the morphology of the peptides and the impact of the mutations 

on the self-assembly process. TEM images (Figure 27) reveal amorphous aggregates in the case of the 

M1 peptide. For M3, TEM images revealed the presence of several interconnected clusters of oligomers 

with an average size/length of around 7 µm (Figure 61). In contrast, the M2 mutant was found to form 

long, rigid fibers, measuring 160–175 nm in width (Figure 61) and several micrometers in length. These 

observations are consistent with the typical characteristics of amyloids [5], which are known to have 

an overall length of many micrometers and consist of unbranched fibrils that are 5–15 nm wide. 
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Figure 27 Electron micrographs of mutants on the day of dissolving (left column: magnification of 10 000, right column: 

magnification of 40 000). Cpep = 500 µM. 

The most noteworthy structures were observed for peptide M4, which displayed snail-like, cir-

cular structures. As depicted in Figure 27, the M4 mutant formed a unique cellular structure character-

ized by a single fibril curling up into a spherical shape. The snail-like shape observed in the M4 pep-

tides is not a common characteristic of amyloid structures. However, previous studies have reported 

the presence of spherical structures in various forms such as the β-amyloid (amylospheroid) [202], 

prolactin-producing pituitary adenoma [203], [204], cytochrome c [205], and α-synuclein [206]. These 

reported structures have only had spherical shapes. First study reported the presence of spherical struc-

tures in various forms, such as highly toxic amylospheroids of Aß40 peptide, with dimensions in the 
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range of 10–15 nm [202]. Another example is a single sphere from cytochrome c, which was formed 

through laser trapping [205], with sizes of 4–26 µm. Additionally, spherical oligomers of α-synuclein 

with structures sized 2–6 nm were observed directly after dissolving. The incubation of these oligomers 

resulted in the observation of ring-like structures, which were characterized into two general classes, 

circular rings with diameters ranging from 35 to 55 nm and elliptical rings with widths between 35 and 

55 nm and lengths between 65 and 130 nm [206]. 

The M4 mutant fibrils were observed to form dense spherical clusters with an average diameter 

between 185 nm and 500 nm, indicating a unique morphology distinct from previously reported struc-

tures. 

The M1 fragment carries two mutations that interchange the positions of asparagine and aspartic 

acid residues (D17N/N22D). The mutations in the M1 fragment do not alter the overall amino acid 

composition of the peptide, thus the global properties remain unchanged. However, the mutations in-

duce the charge location in the β-harpin region of the peptide. The negative charge is shifted from a 

highly ordered fragment of the β-arch structure into the likely unstructured C-terminal region (see Fig-

ure 15). This change in charge distribution is expected to have an impact on the ionic environment of 

the peptide, potentially impeding the assembly process. In contrast, in the parent sequence (ER4), the 

negatively-charged aspartic acid residue is located in the main chain, leading to increased potential for 

electrostatic interactions with cations such as Na+ and K+ present in the buffer. In the previous study 

[163], it was reported that ER4 formed rigid, unbranched fibrils, although this occurred over a longer 

time scale. In contrast, the M1 fragment only formed amorphous structures. The absence of negatively 

charged aspartic acid residues in the M1 sequence may be the reason for the observed change in the 

aggregation process. 

In the case of M2, whose sequence is based on SE, the substitution of leucine with alanine 

(L15A) led to a more compact arrangement and faster aggregation (see Figure 26). This suggests that 

an aggregate form is more energetically favorable in comparison to the WT structure. This mutation 

(L15A) was designed based on the position of alanine in the ER4 sequence. The AmyloGram prediction 

score for this mutation was very close to the classification threshold (see Table 15). Based on all ex-

perimental studies, M2 appears to be a fibril-forming peptide. 

In the case of M3, a substitution of glycine to lysine (G6K) was introduced in order to investi-

gate the effect of adding a positive charge on the self-assembly properties of the peptide. Additionally, 

an asparagine was replaced with a negatively charged aspartate residue (N17D) to introduce electro-

static interactions between the lysine and the aspartic acid. An aspartate in the C-terminal region was 

also replaced with asparagine (D22N) to remove the charge on the terminal portion of the β-arch. As a 

result of these modifications, the peptide regained a positive charge on one arm of the core region of 
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the β-arch. The aggregation of M3 was found to be faster than that of the WT, SR4 sequence (see 

Figure 26). It was noted that the lag phase was approximately one hour shorter in the case of M3. It is 

well established that the introduction of charged amino acids in a sequence can accelerate the aggre-

gation of amyloids [163]. This is supported by a study on phenol-soluble modulin α3 (PSMα3), which 

is also a functional amyloid, that highlighted the crucial role of positive charges, particularly lysine 

amino acid in PSMα3. This amino acid is essential for its cytotoxicity, enables its interaction with the 

lipid membrane, and stabilizes the structure of cross-α fibrils [207]. In this case, the M3 peptide formed 

unstructured assemblies. Additionally, the ThT assay showed that the aggregation pathway was altered. 

In M4, glycine was replaced with lysine (G6K), which is positively charged at physiological 

pH. Lysine residues are known to play an important role in protein stability by forming electrostatic 

interactions, as they are mostly exposed on the surface of the protein [208]. Lysine residues are also 

known to electrostatically interact with negatively charged buffer molecules such as phosphate anions 

[209]. In this case, the charge was introduced on one of the arms of the β-arch structure, which forms 

the core of amyloid fibrils. As a result of this modification, unique snail-like structures were observed 

for the M4 peptide (see Figure 27). It is hypothesized that these structures may have formed due to 

interactions with ions. However, a more detailed examination on the atomic level is required to fully 

understand this process. In order to gain a deeper understanding of the structural effects of the selected 

mutations, the influence of Hofmeister salts on the morphologies of the studied peptides was investi-

gated.  

3.3.  MD simulations of ions interactions with M3 and M4 mutants 

In order to better understand the morphological diversity of the mutated peptides observed in 

experimental studies conducted in the presence of phosphate buffer, MD simulations were carried out. 

Each simulation system comprised of three M3 or M4 peptides. The simulations were performed in the 

presence of 100 mM phosphate ions (K3PO4) or 100 mM sodium chloride (NaCl). However, it was 

observed that at a concentration of 100 mM K3PO4, a crystallization process of ions occurred (data not 

shown), thus the concentration of phosphate ions was decreased to 50 mM. 

The results of MD at the atomic scale revealed that PO4
3- molecules approached the lysine 

amino acids in close proximity within 1 μs of the simulation, as illustrated in Figure 28B & D. The 

RDF analysis between the phosphate atoms of PO4
3- molecules and the nitrogen atoms of lysine resi-

dues in the K3PO4 system revealed a prominent peak at 0.35 nm for the M3 and M4 trimers (Table 20), 

suggesting the formation of ion pairs, or strong electrostatic interactions between the two species. In 

contrast, the NaCl systems showed no significant peaks or clustering of PO4
3- molecules near lysine 

residues (Figure 28F & H). The observed clustering of PO4
3- molecules near lysine residues in the 
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K3PO4 system led to changes in the conformation of M4 trimers, while no such effect was seen in the 

NaCl system. This supports the hypothesis that this phenomenon may contribute to the snail-like con-

formation. 

Phosphate ion is a strong kosmotropic agent, one from the Hofmeister anion series [210]. The 

stabilizing effect of phosphate anions on the native structure of proteins is well known. Phosphate ions 

affect noncovalent water-protein interactions and have salting-out effects, promoting aggregation pro-

cesses and accelerating fibril formation, especially for proteins with intrinsic amyloidogenic propensity 

[73], [211], [212]. What is more, the salt ions, such as for example Na2SO4, Na2HPO4, NaCl, NaNO3, 

NaClO4, have a significant effect on the self-assembly process of proteins [72].  

Based on the MD simulations, we showed that the phosphate anions, naturally present in the 

buffers in our experiments, interact with positively charged amino acid residues on the protein surfaces 

[213]. Creating a solvation shell around the peptide core, which could distinctly affect its aggregation 

process, may have resulted in the spherical structures. Conversely, the shielding effect was not ob-

served for NaCl ions (Figure 28). 
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Figure 28 MD simulations of M4 and M3 trimers solvated in water with presence of phosphate ions (K3PO4) and sodium 

chloride (NaCl). The rows in the table represent the M3+K3PO4, M4+K3PO4, M3+NaCl, M4+NaCl systems, respectively. 

First column (A,C,E,G) shows initial state of simulation for all combinations. Final states of the simulations of all sys-

tems are shown on second column (B,D,F,H). The trimer in the cartoon representation (blue), the potassium (gold), so-

dium (yellow), chloride (blue) are drawn as small spheres. PO4
3- molecules are in VMD representation with the oxygen in 

red and phosphate in gold. Lysine is drawn in the licorice representation. Water is omitted for clarity. The analyses were 

performed over the entire length of a corresponding trajectory (1 μs). 
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Based on the performed analyses of bioinformatics predictors (Table 15), it can be observed 

that functional amyloids used as their input data, are problematic. Even tough, functional amyloids 

share structural characteristic similar to pathological amyloids, however, have various stability and 

life-time [7], what proved also this study. This is caused, for example, by the presence of repetitive 

units, which are known to play significant role in them. A lot of amino acids are conserved due to 

evolutionary function. Generally, in amyloid research relying on homology is not advisable, especially 

in the pathological amyloids. However it can be observed that also in the functional amyloids homology 

analyses could me misleading. Because even small mutation, such as single mutations may change the 

aggregation tendency of the peptide. 

3.4.  Characterization of aggregates with scanning Kelvin probe 

Furthermore, the potential of Kelvin's probe technique was evaluated for quantitative studies of 

amyloid fibril ordering. Figure 29A illustrates a representative image obtained using optical micros-

copy for a dehydrated ER4 peptide deposit on Au. Figure 29B shows the corresponding CPD surface 

distribution. It should be noted that the gradual change of the CPD at the rim of the deposit is attributed 

to the limitations of the spatial resolution of the SKP tip utilized in the experiments. Despite this, the 

CPD spatial distribution within the area of the peptide deposit is relatively homogeneous, with a rela-

tive standard deviation of less than 10%. Therefore, the mean CPD value calculated over the deposit 

area was employed to quantify the mean WF. 

  

Figure 29 Exemplary dehydrated ER4 deposit on Au-coated glass slide: A optical microscopic image. B CPD surface 

distribution. 

Figure 30A presents the mean WF values of the peptides, deposited on Au specimens. These 

values varied from 5.07 ± 0.35 eV (measured for M2) to 4.64 ± 0.33 eV obtained for ER4. The WF 
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gradually decreased in the following sequence M2→M3→M4→SR4→M1→ER4. However, it is 

worth noting that the difference in WF between M4 and SR4 is not statistically significant. As a result, 

the sequence of the results can also be arranged as M2→M3→SR4→M4→M1→ER4, reflecting the 

size order of peptide assemblies determined by TEM, as well as the complexity of their morphology. 

 

Figure 30 Mean WF with standard deviation error of dehydrated peptide deposits.  

The results of this study show a strong correlation between the findings of ATR-FTIR and the 

WF values obtained from Kelvin's probe technique. This correlation can be seen in the varied contents 

of secondary structures of the aggregates, which implies the following order: M2 (26%)→M3 

(13%)→SR4 (11%)→M4 (8%)→M1 (0%)→ER4 (0%). The WF values were found to be highest for 

fibrillar structures such as M2, SR4, and M3, followed by snail-like structures and finally amorphous 

structures (M1). The last position in this sequence was occupied by ER4, which had the slowest aggre-

gation rate. Additionally, it should be noted that while no numerical value exists to correlate the results 

of TEM and CPD, it can be inferred that the highest WF values are associated with fibrillar structures. 

In this study, the influence of charged amino acids on the essential aggregation properties of 

peptides was demonstrated, including aggregation rate, general structure, and morphology. Certain 

mutations were found to affect sub-molecular properties despite conservation of the CsgA protein mo-

tif. A new type of assembly in the form of spherically packed globular aggregates was discovered 

among the studied peptides, which was attributed to the effects of phosphate buffer ions on the local 

electrostatic interaction network of polypeptide chains. MD simulations revealed that interactions be-

tween positively charged amino acids and negatively charged phosphate moieties in the buffer contrib-

uted to the observed morphology and snail-like conformation. The addition of phosphate anions may 

also affect the aggregation pathways. 
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Amyloid material properties can be studied using various techniques, including bioinformatics 

tools like AmyloGram. In addition to traditional experimental methods, the Kelvin probe was tested 

for its ability to study amyloids, and the results showed that CPD obtained with the probe can provide 

quantitative information on the molecular characteristics of amyloid aggregates, which correlates well 

with other methods. Therefore, the Kelvin probe can be utilized for characterizing amyloid-based na-

nomaterials.  
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Chapter 4 Interactions of Aβ42 and hIAPP 

Thanks to all experimental experience gained during previous studies of amyloidogenic pep-

tides, the ability to conduct a study on pathological amyloids in more complex model systems could 

be considered. The focus of the carried out investigation was on the Aβ42 and hIAPP peptides. To 

mimic a more physiological environment, experiments and simulations were conducted in the presence 

of a lipid membrane as an extrinsic factor. The peptides were first studied separately, then together in 

a subsequent phase, to address somehow the cross-seeding phenomenon. Whenever possible, the re-

sults of the MD simulations were validated with experimental AFM analysis. 

Regarding my 3rd hypothesis: the presence of a lipid membrane affects aggregation of the native 

Aβ42 peptide, this examination was aimed to check the stability of Aβ42 peptide in the lipid membrane 

and its tendency to self-assemble in the lipid environment. Afterwards, we considered amylin in vari-

ous environments. Amylin consists of 37 amino acid sequences and is a hormone peptide. The expres-

sion of amylin, which is a part of 89 amino acid preprotein (22 amino acid signal peptide and two 

flanking peptides), occurs at the 12th chromosome. The signal peptide is cleaved in the endoplasmic 

reticulum (ER) and finally the conversion from proIAPP to IAPP takes place in the secretory vesicles 

[214]. Afterwards, hIAPP is stored in the secretory vesicles together with insulin [193]. However, the 

amylin aggregates have been found not only in post-mortem brains and pancreatic cells of patients, but 

also in the cerebrospinal fluid (CSF) [215], [216]. Several studies reported the coexistence of both Aβ 

and hIAPP in blood serum and CSF at nanomolar concentrations [217]. Additionally, it was shown that 

APP protein, tau and hIAPP, were altogether found in pancreas cells, by using RT-PCR and Western 

blot. Aβ was also colocalized with amylin in islet amyloid deposits [218]. Andreetto et al. investigated 

interactions between short hot spot regions of Aβ40/42 and hIAPP, and showed that the binding affin-

ities between them were within the nanomolar to low micromolar range [217]. The cross-seeding can 

occur, due to high sequence similarity, around 50% and 25% of identity. However, the question in 

which environment favors the interaction of amylin with Aβ42 remains unsolved. Herein, the final 

conformations from selected simulations of the single component systems were merged to study cross-

interaction between Aβ42 and hIAPP in the presence of the lipid membrane, in order to test my 4th 

hypothesis: the presence of another peptide/protein impacts the general fibrilization process. 

4.1.  Is a single Aβ42 peptide stable in the lipid bilayer? 

In this section we consider Aβ42 peptide embedded in the lipid environment, especially its 

extracellular part and its secondary structure changes within the time. A novel aspect of proposed 

mechanism of possible cross-talk between Aβ and amylin, starts from the prerequisite knowledge of 
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the Aβ peptide location. The main hypothesis of the amyloid cascade is schematically drawn in Figure 

6. It assumes that the “toxic aggregates” are formed by assembly of the Aβ peptides that left the lipid 

membrane, following the γ-secretase cleavage of APP. The mechanism how Aβ peptide leaves the 

neuronal membrane and enters the extracellular space remains elusive. As a result, it raised the question 

what is the driving force in the proteolysis chain, which triggers this process.  

Here, the hosting team in Nancy considers a novel hypothesis of aggregation of Aβ42 [219], 

that the oligomerization process occurs in the lipid membrane, is proposed (see Figure 31). This hy-

pothesis is an alternative to the currently studied models of AD patho-mechanisms. 

 

Figure 31 Alternative hypothesis: nascent Aβ peptide remaining inserted in the membrane and Aβ peptide oligomeriza-

tion occurring in the membrane. 

Results obtained from MD simulations carried out in this work showed that Aβ42 peptide em-

bedded in DOPC is stable during time scales exceeding 3.75 µs (see Figure 32). 

 

Figure 32 MD simulation of an Aβ42 peptide in a DOPC bilayer, at 0 (A), 2 (B), and (C) 3.75 µs. The lipid head groups 

phosphorus P (gold) and nitrogen N (blue) are drawn as small spheres. The acyl chains of the lipids are in blue, lines rep-

resentation. Water is omitted for clarity.  
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Though after ~700 ns, the extracellular part (1–27 amino acid long) of Aβ42, loses its helical 

structure, the intramembrane part remains in its helical form embedded within the membrane. The 

secondary structures changes during the whole simulation time are showed on Figure 33. 

 

Figure 33 Plot displaying of Aβ42 secondary structure trajectory in DOPC. Where colors denote to secondary structure: 

green – turn, yellow – extended configuration, olive – isolated bridge, pink – α-helix, blue – 310 helix, red – π-helix,  

white – random coil. 
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Figure 34 Plot of the fraction of the secondary structure of Aβ42 in each position of amino acid sequence during the sim-

ulation. 

In Figure 34, we can observe that the transmembrane part (residues 32 to 41) possesses the 

dominant helical structure of Aβ42 (about 100%). While, the extracellular part (1–27) has rather ran-

dom coil conformation. The KLVFFAE region is pointed out as the most essential for the self-assembly 

of Aβ peptide, called also as a core mutation region [220]. This mutation region (16–22 amino acid), 

did not exhibit high order (β-sheet) conformation, during 3.75 µs simulation time. These simulation 

results provide therefore valuable insights to consider not only for the study of the self-aggregation of 

the peptide, but also in cross-seeding, which involves the interaction of an approaching hIAPP peptide. 

The described results of MD simulations partially proved 3rd hypothesis, that Aβ42 is stable in the 

DOPC lipid membrane. As a result, we can infer that it is possible that the peptide oligomerization 

could start in lipid environment (see Figure 35). The proposed structure of the oligomers according to 

our modeling consists of the helical transmembrane part that holds a similar fold and oligomerization 

as, that of Aβ42 obtained from the solution NMR [221]. 

 

 

Figure 35 The proposed oligomerization hypothesis, the helical part inserted in the lipid membrane the S–shaped fibrillar 

part above the lipid head groups. 
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4.2.  Amylin stability in different environments 

The accessible conformation of native amylin originates from NMR structure, in which hIAPP 

was solvated in an SDS micelle [193]. This considers the presence of a heterogeneous media including 

a hydrophobic phase (SDS surfactant tails) and a hydrophilic one (SDS heads group) in contact with a 

solvent. Based on that, we carried out simulations in solution and in various conformations/position of 

amylin with respect to the lipid membrane: the hIAPP peptide was placed either on top of or within a 

DOPC bilayer in the cases studied. Additionally, the influence of ions was tested for the first instance 

especially NaCl versus CaCl2 in concentration 0.15 M. 

 

Figure 36 MD simulation of native amylin peptide in a 0.15 M NaCl solution: evolution of the fold as function of time 

(A) 0, (B) 300 ns, and (C) 8.12 µs. Water and ions are omitted for clarity. 

The MD simulation of the peptide in solution showed that the kinked conformation of amylin 

was quickly lost after removing position constrains, leading to a rather straight helical conformation 

(Figure 36B), that was stable for ~ 300 ns. Later, the N-terminal of the peptide lost its helicity to form 

a random coil conformation. Hence the results indicate that the amylin conformation is rather disor-

dered in solution (Figure 36C). It has also been reported by others [222], that amylin in solution lacks 

well-defined secondary and tertiary structures. 

The N and C terminal regions of the amylin peptide transition from a helical to a disordered 

structure. Interestingly, after 8.12 µs of simulation, the external fragment of Aβ42 bares similarities in 

both sequence and structure to the kinked hIAPP peptide (reported in Figure 36). The latest publication 

of Cao et al. showed in agreement with our finding that hIAPP 19–29 and Aβ 24–34 have 50% of the 

similarity in the structure [223].  

 Note however, that the sequence comprising residues 13 to 19 had a helical conformation 

throughout the whole simulation (Figure 37 & Figure 38). These amino acid positions are close to the 

core mutation region of amylin, which is at residues 20 to 29 (SNNFGAILSS). Interestingly, region 14 

to 20 is often linked to the cytotoxicity of hIAPP [224]. Additionally, Jaikaren et al. [225] pointed out 

that residues 8 to 20 and 30 to 37 are essential for amylin’s aggregation process. The last fragment 

forms fibers in aqueous solutions [225]. 
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Figure 37 A plot depicting the changes in secondary structure of amylin during simulation in solution. Where colors de-

note to secondary structure: green – turn, yellow – extended configuration, olive – isolated bridge, pink – α-helix, blue – 

310 helix, red – π-helix, white – random coil. 

 

Figure 38 Plot of the fraction of the secondary structure of amylin in each position of amino acid sequence during the 

simulation. 
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We carried out a second set of simulations to analyze the potential interaction of the peptide 

with a membrane. The scenarios evaluated included placement of the hIAPP peptide embedded within 

the bilayer and above a DOPC bilayer with two types of ions (NaCl and CaCl2). Firstly, the amylin 

was inserted in DOPC lipid membrane, the simulations were conducted with the presence of NaCl ions 

at 0.15M concentration. This environmental surrounding was similar to the NMR state of native amylin 

in SDS micelle [193]. Based on the obtained configuration we can observe that amylin lost it helicity 

at both N and C terminus (see Figure 39).  

 

Figure 39 MD simulation of native amylin embedded in a DOPC lipid bilayer, at (A) 0, (B) 1, and (C) 5.1 µs. The lipid 

head groups phosphorus P (gold), and nitrogen N (blue) are drawn as small spheres. The acyl chains of the lipids are in 

blue, lines representation. Water is omitted for clarity. 

However, in comparison to the behavior in solution (13 to 19), in the DOPC bilayer, helical 

structure was preserved between residues 8 and 20 (see Figure 36). This indicates that the peptide is 

more stable in an ordered fold in the lipid environment than in solution. Furthermore, after 200 ns, its 

conformation was changed from kinked to a straight helical. This study indicated that what is most 

stabilizing conformation of the peptide in its helical form is the instance where it interacts with a mem-

brane lipid head groups. 

Based on the analysis of the position of the peptide with respect to the lipid bilayer, we observed 

that amylin remained at the interfacial phase of the DOPC solution, undergoing fluctuations within the 

hydrophobic environment and close to the positively-charged choline moiety of the headgroups (see 

Figure 41). Compared to Aβ42, embedded amylin was found to be less stable in the lipid membrane. 
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Figure 40 A plot displaying the changes in secondary structure during the simulation of amylin embedded within a 

DOPC lipid bilayer. Where colors denote to secondary structure: green – turn, yellow – extended configuration, olive – 

isolated bridge, pink – α-helix, blue – 310 helix, red – π-helix, white – random coil. 

 

Figure 41 Values of Z coordinates of amylin, lower and upper membrane, in the time of simulation. Graph shows the real 

and smoothed values.  



 100 

Based on the analysis of the secondary structure fraction during a 5.1 µs simulation period, a 

higher proportion of β-sheet structures were observed in the lipid environment compared to solution 

(see Figure 42 ). This suggests that conformational changes occur more rapidly in the lipid environment 

due to the effects of crowding and interaction with the lipid membrane. 

 

Figure 42 Plot of the fraction of the secondary structure of amylin embedded in a DOPC, in each position of amino acid 

sequence during the simulation. 

We studied furthermore the behavior of amylin when placed just above a DOPC lipid membrane 

(see Figure 43). After approximately 100 ns, amylin that was initially placed above the lipid bilayer, 

entered into it and became stabilized in the interfacial phase of the DOPC lipid bilayer. Similar to the 

previous system, the conformation of amylin changed from a kinked to a straight helical shape, as 

illustrated in Figure 43B. 

 

Figure 43 MD simulation of native amylin above the DOPC lipid bilayer with NaCl ions, at (A) 0, (B) 2 µs, and (C) 5.24 

µs. The lipid head groups phosphorus P (gold) and nitrogen N (blue) are drawn as small spheres. The acyl chains of the 

lipids are in blue, lines representation. Water is omitted for clarity. 
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Figure 44 reveals that amylin is located in the interfacial phase near the lipid head groups. It 

shows greater stability in the hydrophobic (fatty acid) tail compared to its stability in solution. Similarly 

to the embeded amylin system, the straight amylin is located near the hydrophilic (phosphate) head. 

 

Figure 44 Values of Z coordinates of amylin placed above a DOPC lipid bilayer with NaCl ions, lower and upper mem-

brane in the time of simulation. Graph shows the real and smoothed values. 

The secondary structure fraction plot of amylin located above the DOPC, shown in Figure 45, 

reveals a predominant helical conformation (residues 8 to 25). The presence of amylin at the bilayer 

lipid/solvent interface can be attributed to the interaction of the positively charged histidine, which 

favors this peptides’ location.  

 

Figure 45 Plot of the fraction of the secondary structure of amylin placed above a DOPC lipid bilayer with NaCl ions, in 

each position of amino acid sequence during the simulation. 
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Additional MD simulations were performed with 0.15 M CaCl2 solution and amylin was posi-

tioned just above the DOPC bilayer (Figure 46A), as a complement to the concurrent experimental 

study carried out in CaCl2 buffer. Compared to NaCl ions, amylin appeared to is inserted deeper in the 

lipid bilayer (see Figure 47). 

 

Figure 46 MD simulation of native amylin above the DOPC lipid bilayer with CaCl2 ions, at (A) 0, (B) 4, and (C) 8.52 

µs. The lipid head groups phosphorus P (gold) and nitrogen N (blue) are drawn as small spheres. The acyl chains of the 

lipids are in blue, lines representation. Water is omitted for clarity. 

 

Figure 47 Values of Z coordinates of amylin placed above a DOPC lipid bilayer with CaCl2 ions, lower and upper mem-

brane in the time of simulation. Graph shows the real and smoothed values. 

Based on the secondary fraction analysis, the helical confirmation of amylin was conserved for 

kept residues 8 to 30. Only the few residues from N and C terminus adopted random coil conformations. 

Within 300 ns, amylin penetrated deeper into lipid`s hydrophobic tails in case of CaCl2 compared to 

NaCl buffer while it remained for microseconds at the interfacial region closer to the solution (see 

Figure 43).  
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Figure 48 Plot of the fraction of the secondary structure of amylin placed above a DOPC lipid bilayer with CaCl2 ions, in 

each position of amino acid sequence during the simulation. 

Altogether, the data obtained from the simulations carried out, provide important clues for con-

sidering potential scenarios for the study of cross-interactions between Aβ42 and hIAPP.  

The final conformations derived from the simulations performed were based on the simulation 

of Aβ42 embedded within DOPC with a disordered extracellular part, and amylin in the solution. The 

decision to consider these conformations was driven by the assumption that cross-interactions in the 

lipid bilayer may be restricted. One potential scenario is the type of interaction of Aβ42 with hIAPP in 

the CSF [217]. 

4.3.  Cross-interaction Aβ42 and amylin  

First, we performed an extensive examination of sequence and structural similarities between 

the two peptides. The native forms of Aβ42 and amylin were compared with their fibrillar structures. 

The regions between Aβ40/42, which potentially could interact with hIAPP, are: Aβ(19–22), Aβ (27–

32) and Aβ(35–40) (see Figure 49) [217]. What is more, it is proved that Aβ(27–32) and Aβ(35–40/42) 

are core regions of Aβ-tau hetero-assembly [226]. The regions in the extracellular part, considering the 

proposed here, novel aspect of amyloid cascade hypothesis, are more possible to interact with amylin.  
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Figure 49 Possible interactions between Aβ42 peptide and hIAPP, where: the core mutation region is blue, the transmem-

brane part of Aβ42 – green, the amino acid in hIAPP strongly interacting with micelles – red (based on: [217]). Model 

native structures of Aβ42 peptide and hIAPP. 

We found that high sequence similarity being one of the factors needed for cross-interaction is 

confirmed. However, we still wonder which structures should be considered in this process, the fibrillar 

or native ones. If we look at the structural similarities of fibrillar forms of these peptides, they possess 

a typical S-shape fibrillar pattern (see Figure 50), characteristic for amyloid fibrils [227].  
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Figure 50 Sequence pair alignment of Aβ42 and hIAPP peptide, where: region with the highest sequence similarity is in 

grey-orange color, the transmembrane part of Aβ42 – yellow, the extracellular part of Aβ42 – green, the amino acid in 

hIAPP strongly interacting with micelles – blue. The solution NMR structure of Aβ42 dimers and the cryo-EM structures 

of hIAPP dimers. Colored according to the above description. Frontal and top view. 

 

In the case of amylin, the fibril structure was obtained through the use of cryo-EM, which was 

performed at pH 6.0 [194]. Aβ42 structure was acquired by means of solution NMR at pH 7.4 [220]. 

MD simulations (> 5.41 µs) were carried out to gain further insight into the interaction of Aβ42 

with amylin in the presence of lipid membrane. Initially, we used the CHARMM36 force field. Figure 

51 shows that amylin changes conformation to adopt β-sheet folds while interacting with the extra 

cellular segment of Aβ42. We recall that amylin when considered alone and placed above the DOPC 

lipid bilayer entered the interfacial hydrophobic part of the membrane and remained helical. In simu-

lation presented herein which studies the cross-interactions. Amylin did fluctuate near the lipid head 

groups (see Figure 52), yet the presence of an embedded Aβ42 changed its behavior. 
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Figure 51 MD simulation of amylin (green) and Aβ42 (purple) in the presence of DOPC lipid bilayer, at (A) 0, (B) 2.5, 

and (C) 5.41 µs (CHARMM-36). The lipid head groups phosphorus P (gold) and nitrogen N (blue) are drawn as small 

spheres. The acyl chains of the lipids are in blue, lines representation. Water is omitted for clarity. 

 

Figure 52 Values of Z coordinates of amylin placed above a DOPC lipid bilayer in the cross-interaction system, lower 

and upper membrane in the time of simulation (CHARMM-36). Graph shows the real and smoothed values. 

The results of fraction of secondary structure changes showed that transmembrane part of Aβ42 

possessed helical conformation, and its extracellular part had random coil characteristics with a minor 

proportion of β-sheets (see Figure 53A). On the other hand, the amylin lost it helicity and possessed 

random coil conformation with a fair high proportion of β-sheets at 0.6% (see Figure 53B), especially 

at these positions: 25 to 29. Those residues are a part of core mutation region, and the β-sheet confor-

mation is characteristic for amyloid proteins. 
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Figure 53 Plot of the fraction of the secondary structure of Aβ42 (A) and amylin placed above (B) a DOPC lipid bilayer 

in the cross-interaction system (CHARMM-36), in each position of amino acid sequence during the simulation. 

Based on the contact maps, which take into account distances between alpha-carbons in amylin 

and Aβ42, the shortest distances were assessed for about 30 Å. The minimal distance was obtained for 

residues 11–26 of Aβ42 and 21–31 residues of amylin. This area contains the core mutation and highest 

sequence similarity region. Without this region, peptide loses its aggregation propensity. The alpha-

carbon distance between amylin and Aβ42 is too large for them to form a hetero-aggregate. To form 

hydrogen bonds, the distance needs to be around 6 Å. 
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Figure 54 Amylin and Aβ42 contact map in simulation using CHARMM-36 force field. 

The performed simulation of cross-interaction between Aβ42 and amylin in CHARMM-36 

force field, proved that the amylin`s tendency to form β-sheet conformation is higher in the presence 

of Aβ42 peptide. In contrast, in isolated amylin or Aβ42, formation of β-sheet structures is less proba-

ble.  

We further modelled the same systems, using the CHARMM-36m force field, designed to ex-

amine specifically disordered proteins. This force field has indeed been recently highly recommended 

to study amyloid proteins [228]. Figure 55, reports the results of this investigation. Amylin adopted 

indeed a β-sheet structure and was periodically in close proximity to extracellular part of Aβ42. 

 

Figure 55 MD simulation of amylin (green) and Aβ42 (purple) in the presence of DOPC lipid bilayer, at (A) 0, (B) 1.5, 

and (C) 3.59 µs (CHARMM-36m). The lipid head groups phosphorus P (gold) and nitrogen N (blue) are drawn as small 

spheres. The acyl chains of the lipids are in blue, lines representation. Water is omitted for clarity. 

Amylin was partially inside lipid membrane until 800 ns (Figure 56), then it fluctuated on lipid-

water interface. Incorporation of Aβ42 resulted in a modification of this behavior. 
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Figure 56 Values of Z coordinates of amylin placed above a DOPC lipid bilayer in the cross-interaction system, lower 

and upper membrane in the time of simulation (CHARMM-36m). Graph shows the real and smoothed values. 
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Figure 57 Plot of the fraction of the secondary structure of Aβ42 (A) and amylin placed above (B) a DOPC lipid bilayer 

in the cross-interaction system (CHARMM-36m), in each position of amino acid sequence during the simulation. 

Based on the contact map, which shows distances between alpha-carbons in amylin and Aβ42, 

the shortest distances were about 20 Å (see Figure 58). The minimal distance was obtained for residues 

6–11 of Aβ42 and 11–16 residues of amylin. This region includes the extracellular part of Aβ42 and 

the region with highest sequence similarity between amylin and Aβ42 (see Figure 50). The results of 

this investigation indicated that in the CHARMM-36m force field, the alpha-carbon atoms of amylin 

and Aβ42 were found to be in proximity to each other to a greater extent compared to the CHARMM-

36 force field. The mean separation between β-sheet structures in amyloid fibrils is quantified to be 

approximately 10 Å . 
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Figure 58 Amylin and Aβ42 contact map in simulation using CHARMM-36m force field. 

To conclude, both MD studies of cross-interaction between Aβ42 and amylin tend to support 

the 4th hypothesis stated in this thesis: the presence of another peptide/protein impacts the general 

fibrilization process. The analyses of MD simulations results demonstrated that the integration of na-

tive Aβ42 into a lipid bilayer environment enhances amylin's tendency towards forming β-sheet struc-

tures, compared to previous evaluations of both peptides individually.  

Hence, the presence of Aβ42 may be treated as environmental and physiological factor that 

contributes to a peptide’s/protein’s tendency to aggregate.  

4.4.  Experimental analyses  

The proposed 3rd and 4th hypotheses were additionally validated experimentally by AFM. First, 

we investigated the interaction of Aβ42 with simple POPC/DPPC phospholipid model membrane. The 

results obtained from MD simulations showed that Aβ42 is stable within the membrane suggesting that 

its oligomerization process may occur in the membrane. This process could lead to formation of amy-

loid fibrils and lead to a destabilization or destruction of the lipid membrane. Evidently, due to diffi-

culties in sampling the long-time scales of conformational transitions in amyloids, MD investigations 

are of limited use. Accordingly, we sought experimental validation of the hypotheses these simulations 

led us to consider. We have in particular used the AFM technique as a reporter of morphological 

changes of supported lipid bilayers (SLBs), consisting of POPC (liquid phase) and DOPC (gel phase) 

lipids (see Figure 59), in which Aβ42 peptides were embedded according to the protocol detailed in 

section 1.11.  Overall our results indicated that the 20 µM of Aβ42, incorporated into lipid membrane, 

is sufficient to cause significant damage to the membrane's structure and organization (see Table 17).  
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Figure 59 Topography image of SLB formed from POPC/DPPC on the top, model representation of two lipid domains 

on the bottom. 

To fully understand the behavior of Aβ42 embedded within the SLB, and possibly the peptides 

self-assembly process within lipids, the evolution of monomeric form of Aβ42 was studied (see Table 

17). The dynamics of lipid domains and impact of 20 µM Aβ42 were followed during 290 minutes. 

Based on the registered topographical images, we can observe that progression of the membrane dam-

age occurred within minutes (compare the same region of SLB scan after 20 versus 100 minutes, Table 

17). Directly after cooling down SLB and starting the visualization process, we can see holes in the 

lipid membrane (see image at 0 minutes, blue arrows). The rearrangements of the liquid and gel phases 

can be also observed. What is more, a lot of damages (holes) can be noticed within the lipid membrane,  

(dark domains ~10–100 nm, corresponding to the mica substrate) mainly located within the liquid 

phase, e.g. the POPC domains as well as cracks in the DPPC gel phase domains (bright areas). Assum-

ably, as shown in a recent publication [141]. On the topographical images of SLB with embedded 

Aβ42, remaining peptides adsorbed on the surface of the SLB appear as bright dots more or less oli-

gomerizing (large bright spot). These are believed to be deposits (few nanometer high) of free peptides. 
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Table 17 Evolution of monomeric form of Aβ42 peptides embedded in POPC/DPPC SLB at room temperature. Topogra-

phy images from AFM with cross-section plots corresponding to the yellow lines of AFM images. Regions marked with 

yellow rectangle are showed in higher magnification on subsequent pictures. The peptides Aβ42 indicated with yellow 

arrows and holes in blue color. Cpep = 20 µM. 

0 minutes 10 minutes 20 minutes 

   
30 minutes 90 minutes 100 minutes 

   
110 minutes 120 minutes 130 minutes 

   
140 minutes 150 minutes 160 minutes 
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170 minutes 180 minutes 190 minutes 

   
200 minutes 210 minutes 220 minutes 

   
230 minutes 240 minutes 250 minutes 
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260 minutes 270 minutes 280 minutes 

   
290 minutes 

 
 

In the second part of this AFM study, monomerized hIAPP at 20 µM concentration was added 

to preformed SLBs with incorporated Aβ42, after cooling the lipid membrane. These samples should 

allow investigation of the cross-interaction between Aβ42 and hIAPP, and check whether significant 

differences can be observed in the membrane disruption (see Table 18). Quite interestingly, the AFM 

scans show that within 10 minutes of visualization, a long fibril of 1 nm height can be observed on top 

of the liquid phase (second image in Table 18). However, based on the time evolution, we can observe 

that after 30 minutes it detached from membrane surface and probably went back to the buffer solution. 

Additionally, in the liquid-disordered phase, there were much more monomers and they were much 

brighter than in previous system, with Aβ42 alone. At ~150 minutes, on the AFM image, we can ob-

serve that the cluster of peptide’s deposits was formed or rearrangements of gel phase occurred (marked 

with orange arrows). As time progressed, the ongoing disintegration of the gel phase and peptide mol-

ecules becomes increasingly evident. The molecules diffusing in the liquid phase of the membrane, 

tended to accumulate at the edges of this phase. This phenomenon was not observed neither in the 

system of SLB with embedded Aβ42 (see Table 17). The presence of hIAPP peptide had an effect on 

the progression of the lipid membrane damage, which may have resulted from the cross-interaction 

with Aβ42.  



 116 

Based on this observation, our fourth hypothesis had been partially assess. Unlike the SLB with 

embedded Aβ42, larger lipid membrane disorganization was observed in the presence of hIAPP peptide 

on top of the SLB.  

However, one should point out that the exact mechanism is still unclear and further analysis is 

needed. Previous studies showed that lipid-peptide interaction play crucial role in the self-assembly 

process of Aβ40 and hIAPP [229]. Seelinger et al. studied cross-interaction of Aβ40 and hIAPP in the 

presence of complex (raft-like) biomembrane model. They found that within 3 hours hIAPP penetrated 

the lipid head group region of the disordered domain, then later, hIAPP penetrated deeper, as mani-

fested by the change of hydrocarbon chain region thickness (X-ray Reflectivity and Grazing Incidence 

Diffraction Measurements). They reported no interactions within the ordered domains. Besides, the 

interaction of Aβ40 was also studied and it revealed effects similar to those induced by hIAPP, though 

more impactful. An equimolar mixture of Aβ40 and hIAPP was injected in the solution at the air-water 

interface in a Langmuir film. The dominant for cross-interaction effect was comparable to only Aβ40 

interaction. However, the effect of mixture escalated over the time. The continuous decrease in electron 

density of the head group over time and the increasing thickness of the head group, are related to 

oligomer formation. However, the process of hIAPP oligomerization induced by the membrane is de-

layed by the presence of both peptides in the mixture, as evidenced by the retarded increase of the 

electron density in the lipid chain region. The decreasing electron density in the lipid head group area 

can be interpreted as an increased disorder of the packing of lipid molecules in the monolayer. The 

mechanism of cross-interaction of Aβ40 and hIAPP, proposed by Seelinger et al., showed that peptides 

interacted mainly with the disordered domain of the raft like lipid membrane, creating heterofibrils 

[229].  

  



 117 

Table 18 Evolution of monomeric form of Aβ42 embedded in POPC/DPPC and hIAPP peptides added to the SLB at 

room temperature. Topography images from AFM with the cross-sections plots corresponding to the yellow lines of AFM 

images. Regions marked with yellow rectangle are showed in higher magnification on subsequent pictures. The peptides 

indicated with yellow arrows and holes in blue color. Cpep = 20 µM. 
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To summarize, this study shows that the incorporation of 20 µM Aβ42 in SLBs formed from 

POPC/DPPC lipids results in the disruption of the lipid bilayer. The disruptions were observed as holes 

in SLB (see Table 17). The time evolution also showed disorganization in the ordered and disordered 

phases, likely caused by the interaction with the Aβ42 peptides. On the topological AFM images, only 

monomers and oligomers were observed, mainly in the liquid phase (POPC). The peptides present in 

the membrane have a helical part embedded with the bilayer and probably self-assemble to form the 

boundaries of liquid domain that detach from the bilayer producing hence holes and defects. These 

results provide additional support for the 3rd hypothesis, stating that the presence of the lipid membrane 

affects the aggregation of the native Aβ42 peptide. 

In the second part of this experimental validation, an equimolar concentration of amylin was 

added on top of the SLB to investigate how the presence of another peptide influences the fibrillization 

process of Aβ42. AFM investigation revealed that the presence of amylin caused more disruption of 

the membrane. Additionally, for a brief moment, fibrils were visible on top. The disruption process of 

the lipid membrane was much more pronounced in the presence of both Aβ42 and amylin than in the 

sole presence of embedded Aβ42. The only evidence that the presence of another peptide impacts the 

general fibrillization process (4th hypothesis) is the higher height value of monomers and oligomers 

(cross-section plots in Table 18). The only observed side effect of the interaction is the higher mem-

brane disruptions and various disorganizations in the liquid and ordered phases of SLB. In this exper-

imental setup, Aβ42 and amylin cannot be specifically identified. To explore the exact effect further, 

fluorescence staining/chemical labelling needs to be utilized for each of the peptides
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Discussion 

The primary objective of this thesis was to examine and evaluate the influence of different 

internal and external factors on the process of amyloidogenic peptide aggregation. Better understating 

how such conditions can alter or even inhibit the aggregation pathways would facilitate the advance-

ment of drug development. Moreover, it underscores the potential challenges arising from the ambigu-

ity of experimental outcomes in the context of amyloid investigations. 

Firstly, the effect of the solvent on the peptides’ tendency to aggregate was studied. Short hex-

apeptide sequences exhibit a distinct aggregation propensity in response to external factors, like the 

solvent used, compared to longer sequences (up to 23 amino acid), as shown in preliminary studies. 

Sequences of 6 amino acids are having a backbone with substantial flexibility and more space to adopt 

specific conformation, taking into account the interaction with solvent molecules. One of the factors, 

which influences such phenomena is the concept of symmetry-breaking transitions. Symmetry-break-

ing transitions happen when there is a comparable energy difference between ordered and disordered 

structures, which results in the spontaneous formation of patterns with spatial modulation [230]. This 

concept is especially characteristic for IDPs proteins/peptides such as Aβ or hIAPP. Particularly, in 

case of D2O solvent, which changes the classification of R2 fragment of S. enterica. This repeat has a 

modulation role in whole CsgA protein [161]. For R2 fragment in NaOH+PBS, fibrils were not ob-

served. Based on the secondary structure analysis, this fragment had dominant β-turn confirmation 

(Table 13). In D2O, the dominant conformation was attributed to intermolecular aggregates, a signature 

typical for amyloids structures. Additionally, TEM micrographs proved the presence of regular, 

straight fibrils (Figure 18). Based on that, the R2 fragment could be classified as amyloid or non-

amyloid, depending on applied conditions, which proves the first hypothesis. This issue might occur 

in various experimental methods, that require the use of such solvent, as for example in spectroscopic 

methods. Note that D2O has only 1% stronger hydrogen bonds than H2O [66].  

This raises the question whether it is only the solvent effect, or maybe it is the effect of ions 

present in the solvent. Stephens et al. showed that the presence of NaCl ions decrease the water mobility 

within the solvation shell and increases the aggregation of α-synuclein. On the other hand, in case of 

CsI ions, the mobility in the solvation shell is increased and the aggregation process of α-synuclein 

decreases [231]. The research also revealed that after changing the H2O to D2O, the aggregation process 

was increased due to the solvent, and that the ions can influence the behavior and impact of solvent. In 

contrast to IDPs, for globular β-lactoglobulin [232] replacing H2O with D2O does not have a significant 

impact on the process of heat-induced denaturation and aggregation. The use of D2O instead of H2O 

results in a higher conformational stability, as indicated by a temperature shift of approximately 3°C 
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towards higher values in the differential scanning calorimetry thermograms, as well as a reduced rate 

of overall aggregation [232].  

Based therefore on the research presented and the results obtained, we might suggest that the 

influence can be mainly linked to the overall structure of the peptide/protein. It is well-established that 

cells possess a full set of proteolytic tools to regulate protein homeostasis, or proteostasis, under diverse 

environmental conditions. To maintain cellular health, it is vital to regulate the balance between protein 

production and clearance. If this balance is disrupted, it can result in the accumulation of certain pro-

teins, leading to pathological conditions [233].  

What is more, not only the type of the solvent, but also the type of ions present, and their con-

centration, are important to consider. The study of the mutant sequences of R4 fragments of CsgA 

protein highlighted the influence of the phosphate buffer ions on the peptides’ morphology. The ions 

affected the local electrostatic interactions involving the polypeptide chains. The MD simulations re-

vealed that the interactions of positively charged amino acids with negatively charged phosphate moi-

eties in the buffer contributed to the morphology (Table 20). Non-specific ion enrichment may occur 

in the proximity of protein moieties that bear charges opposite to those of the ions. Hence, the dimers 

structures observed in the simulation may have contributed to the snail-like conformation of the M4 

peptide (Figure 27). Possibly, the addition of phosphate anions could also affect the aggregation path-

ways, however it was not checked in this study. The effect of Hofmeister ions is known for 130 years 

[234], however the impact of salt selection in solvents on proteins remains unclear. Dogra et al. [235] 

has shown that ions have a significant impact on both the aggregation rate and the nanoscale structure 

during assembly of the repeat domain, a proteolytic subproduct of the human Pmel17 protein. Pmel17 

is a functional amyloid that contains a pH-responsive intrinsically disordered region [236], which was 

investigated. Additionally, ions affect the autocatalytic amplification processes via a fascinating dual 

Hofmeister effect. The propensity for oligomerization is notably higher when exposed to kosmotropes 

in comparison to chaotropes. In addition, recent investigations into the aggregation mechanism of Aβ 

and α-synuclein have revealed that the regulation of the secondary nucleation processes is highly de-

pendent on the interplay between electrostatic interactions and salt concentration [237], [238]. In this 

study, the simulation of hIAPP when placed in solution above the lipid membrane showed that in the 

system with NaCl ions, the amylin interacts mainly with lipid head groups, while with CaCl2 ions, 

amylin penetrated deeper inside the bilayer hydrophobic core (Figure 44 and Figure 47). Interestingly 

this result is consistent with experiments conducted by Sciacca et al. which showed that Ca2+ ions 

promote shallow membrane insertion of hIAPP [239]. 

The next factor that should be considered in the amyloid classification is the usage of a few 

experimental method, to support the classification. Here, two IR modes (transmission and ATR), which 
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can give misleading results even in various measurement modes, were compared. Proteins exhibit an 

affinity for adsorption onto the surface of the ATR crystal, which subsequently induces alterations in 

their structural conformation. As a result, this process may accelerate the aggregation of studied pep-

tide/protein (Table 11).  

Additionally, in this thesis, the suitability of the Kelvin probe for analyzing amyloids was in-

vestigated. The results indicated that the CPD measured with this probe can offer quantitative insights 

into the molecular features of amyloid aggregates, which are consistent with those obtained using other 

analytical techniques. As a result, the Kelvin probe has the potential to be employed as an effective 

tool for characterizing amyloid-based nanomaterials. 

The next important studied factor is the amino acid sequence, with the special emphasis on how 

the sequence properties affect the amyloid aggregation propensity. This is in line with the second hy-

pothesis: aggregation propensity of closely related homologous functional amyloids may be different. 

The R4 fragments of two bacteria strains showed a greater degree of gate-keeper residue modification 

(Figure 21). It is noteworthy that charged residues are predominantly present in the C terminal regions 

of peptides that have a tendency to aggregate (Figure 15). Our study provides further evidence for the 

significance of charge distribution, as demonstrated by the altered aggregation propensity of the R4 

fragment. The R4 sequence derived from E. coli has two charged amino acids (6K and 17D) located 

outside of the terminal or linker region. However, in its aggregating counterpart form from S. enterica, 

these charged amino acids are lacking. The substitution of amino acids at positions 17 and 21 results 

in a shift in the charge distribution. This, along with the loss of charge at position 6, leads to the for-

mation of a structure where all charged amino acids are located on one side of the folded peptide and 

outside the core of the predicted β-arch. These substitutions are likely to increase the amyloidogenic 

potential of the R4 fragment from S. enterica. The kinetic analysis of ThT revealed an exceedingly 

rapid aggregation of R4 derived from S. enterica without a lag phase, which sharply contrasted with 

the ThT study results of R4 derived from E. coli, that did not display any aggregation (Figure 20). The 

results of the ATR-FTIR spectroscopy were consistent with these results, exhibiting a higher preva-

lence of aggregates in R4 from S. enterica and random coils in E. coli. In turn, previous research had 

reported that ER4 does not aggregate under similar conditions [161]. R4 from E. coli also forms amy-

loid fibrils, but the process is notably slower than that of R4 from S. enterica. 

Further investigation of the impact of designed mutations on the aggregation propensity of self-

assembling peptides has yielded significant effects in the mutant sequences. These effects were evi-

denced by various analytical techniques. Notably, the positioning of charged amino acids within the 

peptide sequence exerts a discernible influence on essential aggregation properties, e.g. aggregation 

rate, overall structure, and morphology. While the general motif of CsgA protein remains conserved, 
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the sub-molecular characteristics are evidently sensitive to specific mutations. Moreover, the study has 

uncovered a novel type of assembly, characterized by spherically packed globular aggregates, in addi-

tion to the typical fibrillar structures formed by the self-assembling peptides. The introduced substitu-

tions and additional presence of ions modulate the aggregation propensity of studied peptides. Espe-

cially, when in the case of charged amino acids, we take into account the protonation state in the spe-

cific environment [240]. As an example, introduction in the STVIIE peptide, a positively charge amino 

acids (Lys +, Arg+, His+) at the first position, induce fibril formation [158]. Lopez de la Paz et al. 

pointed out that in case of amyloids, the charge amino acids are located at the edges of the sequence. 

Their findings underscore the crucial role of electrostatic interactions in the supramolecular self-as-

sembly of peptides/proteins into fibrils, proposing that the preferential formation of amyloid fibrils in 

peptides/proteins could be attributed to particular charge states of the polypeptide chain. Charged 

amino acids are crucial in the interaction with lipid membranes. For example, the hIAPP peptide's 

binding affinity to the lipid membrane is modulated by the protonated state of histidine, at 18th position 

[241], [242]. 

The last phase of the study was related to the presence of the lipid membrane, in which the 

stability of Aβ42 in DOPC lipid membrane was checked (Figure 32). The MD simulations and AFM 

investigations partially assessed the 3rd hypothesis of this thesis. Note that APP, the Aβ42 precursor 

and γ-secretase (lipophilic proteins) are localized in the mitochondria [243], [244]. Furthermore, APP 

is secreted within the lipid membrane [245]. Additionally, APP is supposed to be processed in the 

plasma membrane or in the endosomal system [244]. Starting from the premise that nascent Aβ42 is 

located within a lipid membrane, atomistic simulations carried out have shown that the peptide remains 

embedded in a DOPC lipid membrane, which suggests that the aggregation of these peptides might 

occur within the membrane (Figure 31). AFM experimental studies of Aβ42 incorporated within 

POPC/DPPC SLB, showed that the latter display drastic damage. The peptides are mainly found in the 

disordered phase (POPC), which was also supported by other studies [141], [229]. On the other hand, 

some other research suggests that the fibrils found in tissue samples collected from AD patients are 

attached to lipid particles, primarily cholesterol, phospholipids, and ganglioside GM1 [246].  

Our study of the cross-interaction between Aβ42 and hIAPP revealed that the secondary struc-

ture exhibited a higher β-sheet content (Figure 53 and Figure 57) in comparison to isolated (Figure 34 

and Figure 48). This can be attributed to the fact that these two peptides were interacting since in close 

proximity, assessing therefore the fourth hypothesis was partially supported by this study. Furthermore, 

AFM investigations have demonstrated that the SLB was more affected in the presence of Aβ42 and 

amylin, compared to the damage caused by Aβ42 alone. The exact impact on the Aβ42 structure is 

difficult to assess. The existence of Aβ42 can be regarded as an environmental and physiological 
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element that triggers the aggregation process. Altogether, investigating the physiological conditions, 

that trigger the formation of protein-based amyloid fibrils in the brain, has been a challenging endeavor. 

In conclusion, a standardized protocol for studying amyloid peptides/proteins does not exist. 

The choice of experimental conditions must depend on the physicochemical properties of the sequence, 

such as the charge, pI, and hydrophobicity index. It is also crucial to acquire knowledge about the 

physiological conditions in the case of pathological amyloids and the conditions in which the pep-

tide/protein is expressed in the case of functional amyloids, such as specific temperature or pH. These 

two pieces of information serve as starting points for the experimental investigation. It is crucial to 

emphasize that certain experimental techniques may impose specific conditions, such as solvent or 

concentration, which must be considered when designing the experimental setup. For instance, when 

studying longer sequences (over 20 amino acids) in deuterium oxide, the effect of the solvent must be 

taken into account, as it might accelerate the self-assembly process. The deuteration process, which 

involves replacing hydrogen atoms in peptides/proteins with deuterium atoms, is not fully understood. 

Deuterium oxide have a number of applications in peptide/protein research such as neutron scattering 

or spectroscopic techniques. What is more, the same effect can be found with the Hofmeister ions.  

In more complex systems, such as those involving lipid membranes or the presence of addi-

tional peptide, a multitude of additional factors must be considered, which can greatly influence the 

aggregation tendency of the studied peptide/protein. In order to obtain a better understanding of the 

role specific factors, it is important to undertake a systematic study, beginning with simpler models 

and gradually introducing and observing the effects of additional factors. Such an approach will ensure 

that the validation process is comprehensive and provides a robust understanding of the system under 

investigation. 
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Summary 

The results of the study indicate the importance of collecting consistent data from experiments 

conducted under various conditions. Additionally, different experimental methods may yield different 

results for the same peptides, with this effect being more noticeable for certain sequences. Bioinfor-

matics predictors are quite resilient to data incompatibilities, but their performance may be disrupted 

if the influence of experimental conditions and insignificant differences in homologous sequences is 

not taken into account. It is essential to thoroughly acknowledge the non-identical nature of experi-

mental conditions, particularly when constructing machine learning-based bioinformatics predictors. 

Therefore, it is crucial to consider these factors when planning experimental research, as appro-

priate selection of experimental conditions can help modulate the peptide's tendency to aggregate. 

Future perspectives 

There are numerous opportunities for further research into the impact of intrinsic and extrinsic 

factors on the tendency of amyloids to aggregate. Especially, in the case of proposed novel mechanism 

of the oligomerisation of Aβ42, and the interaction with hIAPP, further investigation is necessary. 

Particularly, to evaluate the influence of several factors, such as lipid composition, cholesterol's func-

tion, and the presence of gangliosides, all of which have demonstrated implications for both the pro-

gression and pathology of the disease, and on the morphological alterations that have been observed. 

Increasingly, scientific research indicates that prevailing force fields are unsuitable for investi-

gating short, non-helical structures, such as the peptides analyzed in this thesis. Owing to their inherent 

structural flexibility, conventional experimental techniques can not accurately capture the diverse 

structural features of IDP with confidence, as noted in the study conducted by Mu et al. 2021 [247]. It 

is evident that further investigations are necessary to utilize force fields that are specifically designed 

for IDPs, examples: CHARMM36IDP, Amber14IDP [248], [249]. Additionally, it would be interesting 

to study how various properties of the lipid head group (such as charges), solvent characteristics, pro-

tonation state of the peptide influence the cross-interaction of Aβ and hIAPP. It could aid in better 

comprehending the various factors that influence the outcome of simulations. 
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Appendix 

 

Figure 60 Normalized ATR-FTIR spectra of air-dried films of mutants and R4 fragments with sub-bands obtained from 

the curve fitting procedure in the amide bands region (1750–1490 cm-1). 
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Table 19 The results obtained from CamSol for mutants and R4 fragments of CsgA. In red marked introduced mutations. 

Name Sequence 
Variant intrinsic 

solubility score 
Solubility profile 

ER4 
SEMTVKQFGGG-

NGAAVDQTASN 
1.64 

 

M1 
SEMTVKQFGGG-

NGAAVNQTASD 
1.64 

 

SR4 
SDITVGQYGG-

NNAALVNQTASD 
1.57 

 

M2 
SDITVGQYGG-

NNAAAVNQTASD 
1.65 

 

M3 
SDITVKQYGG-

NNAALVDQTASN 
1.60 
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M4 
SDITVKQYGG-

NNAALVNQTASD 
1.50 

 

 

The solubility plot shows profile, in which regions with scores larger than 1 denote highly sol-

uble regions, while scores smaller than -1 poorly soluble ones (one score per residue in the protein 

sequence). 
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1. ThT fluorescence assay.  

The aggregation kinetic curves obtained for studied peptides represent classic example of a  

ThT-monitored kinetic curves and so were fitted by the sigmoidal curves using the following equation 

(1)[250]: 

 (1) 

where, Y is the fluorescence intensity as a function of time t, yi and yf are the intercepts of the initial 

and final baselines with the y-axis, mi and mf are slopes of the initial and final baselines, t½ is the time 

needed to reach halfway through the elongation phase and τ is the elongation time constant. The ap-

parent rate constant, kapp, for the growth of fibrils is given by 1/τ, and the lag time is defined as tlag = 

t½ –2τ. 

ThT fluorescence assay was used to assess the kinetics of the aggregation process. We observed 

a typical sigmoidal nucleation-polymerization curve for M2, M4, M1 peptides. The fluorescence curve 

for peptides SR4, ER4 and M3 cannot be fitted by equation 1. However, after the lag phase, the curve 

has a more complex shape (SR4, ER4). In the case of peptide M3 the increased fluorescence before the 

elongation process can be observed. This can mean that some phase transition can occur, that transition 

may correspond to the change of self-assembly pathway of the studied peptide. 
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Figure 61 Electron micrographs with the marked size (in nm) of mutants on the day of the dissolving (left column: mag-

nification of 10 000, right column: magnification of 40 000). Cpep = 500 µM. 
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Table 20 The RDF plots of M3 and M4 mutants. 

M
3

 

  

M
4

 

  

 

List of Figures 

Figure 1 Schematic representation of tertiary amyloid fibril structure (dimers) from solution Nuclear 

Magnetic Resonance of amyloid-β(42) (PDB: 2NAO). In blue the hydrogen bonds between beta-

sheets. ................................................................................................................................................... 21 

Figure 2 Schematic representation of the folding energy landscape and aggregation process. The 

intramolecular contacts correspond to the amino acid interactions within single protein chain of 

globular proteins (dark blue surface), of intrinsically disordered peptide/proteins (green surface). The 

intermolecular contacts involve interactions between various polypeptide chains (pink surface). Based 

on [19]. ................................................................................................................................................. 23 

Figure 3 Schematic representation of the aggregation mechanism, where kn1, kn2, k-, kon, koff, k+ 

represent rate constants. Adapted from [9], [24]. ................................................................................. 24 

Figure 4 The sigmoidal curve of kinetics of the aggregation process. Based on [40]. ....................... 25 

Figure 5 Experimentally investigated amyloid cross-interactions. The number of arrows correlates 

with a number of publications (also regarding different motifs). Based on AmyloGraph, comprehensive 

database of interactions between amyloid proteins. ............................................................................. 30 



 154 

Figure 6 Schematic representation of the classic proteolytic process of APP, the Aβ precursor, leading 

to the amyloid cascade hypothesis. ...................................................................................................... 32 

Figure 7 Exemplary image of the edge of the coffee-ring formed by the peptide SFLIF. .................. 35 

Figure 8 Bioinformatic approaches and methods for amyloid predictions. Adapted from [148]. ...... 41 

Figure 9 (A) Exemplary, normalized ATR-FTIR spectrum of ISFLIF in the Amide I’ (1700–1600 cm-

1) region. Peptide dissolved in D2O on the day of dissolving and after 7 days of incubation at 37°C. 

(B) Exemplary, normalized ATR- FTIR spectrum of ISFLIF in the Amide I (1700–1600 cm-1) region. 

Peptide dissolved in NaOH+PBS at various incubation times. Cpep=500 µM. .................................. 57 

Figure 10 Exemplary ATR-FTIR spectrum of YTVIIE peptide in concentration: 200 μM and 500 μM 

in the wavenumber range of 1725–1590 cm−1 (Amide I). Additionally, rescaled spectrum of 200 μM .

 .............................................................................................................................................................. 58 

Figure 11 Exemplary, normalized ATR-FTIR spectrum of TKPAES in the Amide I (1700–1600 cm-

1) region. Peptide dissolved in NaOH+PBS after 30 days of incubation at 37°C and one year. Cpep = 

500 µM. ................................................................................................................................................ 59 

Figure 12 Microscopic image (x15) on the left, spectral map obtained by IR microscopy on the right. 

PBS Crystals are visible in square and star-like shapes on the microscopy image. Peptides aggregates 

are present in the remaining part of the dehydrated drop. .................................................................... 59 

Figure 13 The representative µIR spectra of the selected classifications in the wavenumber range of 

1725–1475 cm−1. [124] ........................................................................................................................ 61 

Figure 14 PCA plots of: A and C, ATR-FTIR spectra, B and D, µIR spectra. Amyloids marked with 

red cross, non-amyloid with blue dot, and ambiguous sequences with green square. Modified from 

[124]. .................................................................................................................................................... 63 

Figure 15 On the right: pairwise sequence comparison of the CsgA fragments from E. coli and S. 

enterica bacteria. The variations in amino acid composition were represented by light purple 

highlighting. Modified from [163]. On the left: structural model of CsgA protein from E. coli (strain 

K12) predicted by AlphaFold and available in the AlphaFold database. ............................................. 66 

Figure 16 Far-UV CD spectra of CsgA fragments on the day of the dissolving. A Spectra of E. coli 

fragments. B Spectra of S. enterica fragments. Cpep = 500 μM. [163] ............................................... 68 

Figure 17 Normalized ATR-FTIR spectra of E. coli fragments, with the second derivatives spectra, in 

the wavenumber range of 1725–1590 cm-1 (Amide I). (A) on the day of the dissolving. (B) after one 

month of incubation at 37 °C. Cpep = 500 μM. [163] ......................................................................... 69 

Figure 18 Electron micrographs of CsgA fragments after dissolving (magnification of 40 000) First 

row dissolved in NaOH+PBS, second row dissolved in heavy water. Cpep = 500 μM. ..................... 71 



 155 

Figure 19 Normalized ATR-FTIR and µIR spectra of CsgA fragments of S. enterica in the Amide I 

(1700–1600 cm-1) region. Peptide dissolved in NaOH+PBS and D2O directly after dissolving. Cpep = 

500 µM. ................................................................................................................................................ 72 

Figure 20 ThT fluorescence curves over time for R4 fragments, with gray dots representing E. coli and 

blue dots representing S. enterica. Cpep = 500 µM. ............................................................................ 73 

Figure 21 Comparison of the physicochemical properties of the amino acids in the R4 fragments of E. 

coli and S. enterica. .............................................................................................................................. 74 

Figure 22 Schematic representation of mutant sequences with introduced mutations, marked with red 

squares. ................................................................................................................................................. 77 

Figure 23 Far-UV CD spectra of mutant fragments with initial R4 fragments on the day of the 

dissolving (final peptide concentration 500 μM). ................................................................................ 80 

Figure 24 The percentage contribution of the Amide I band subcomponents to the total area (from 

1750 to 1490 cm−1). Data based on deconvolution of ATR-FTIR spectra of M1 to M4, SR4 and ER4 

peptide samples on the day of dissolving. Cpep = 500 µM. ................................................................ 81 

Figure 25 Normalized FT-Raman spectra of studied fragments, smoothed with SG 35, in the 

wavenumber range of 1725–1185 cm−1 (Amide I & III). .................................................................... 82 

Figure 26 ThT curves for mutant sequences following the aggregation process. ............................... 83 

Figure 27 Electron micrographs of mutants on the day of dissolving (left column: magnification of 10 

000, right column: magnification of 40 000). Cpep = 500 µM. ........................................................... 84 

Figure 28 MD simulations of M4 and M3 trimers solvated in water with presence of phosphate ions 

(K3PO4) and sodium chloride (NaCl). The rows in the table represent the M3+K3PO4, M4+K3PO4, 

M3+NaCl, M4+NaCl systems, respectively. First column (A,C,E,G) shows initial state of simulation 

for all combinations. Final states of the simulations of all systems are shown on second column 

(B,D,F,H). The trimer in the cartoon representation (blue), the potassium (gold), sodium (yellow), 

chloride (blue) are drawn as small spheres. PO4
3- molecules are in VMD representation with the oxygen 

in red and phosphate in gold. Lysine is drawn in the licorice representation. Water is omitted for clarity. 

The analyses were performed over the entire length of a corresponding trajectory (1 μs). ................. 88 

Figure 29 Exemplary dehydrated ER4 deposit on Au-coated glass slide: (A) optical microscopic 

image. (B) CPD surface distribution. ................................................................................................... 89 

Figure 30 Mean WF with standard deviation error of dehydrated peptide deposits. .......................... 90 

Figure 31 Alternative hypothesis: nascent Aβ peptide remaining inserted in the membrane and Aβ 

peptide oligomerization occurring in the membrane. ........................................................................... 93 



 156 

Figure 32 MD simulation of an Aβ42 peptide in a DOPC bilayer, at 0 (A), 2 (B), and (C) 3.75 µs. The 

lipid head groups phosphorus P (gold) and nitrogen N (blue) are drawn as small spheres. The acyl 

chains of the lipids are in blue, lines representation. Water is omitted for clarity. .............................. 93 

Figure 33 Plot displaying of Aβ42 secondary structure trajectory in DOPC. Where colors denote to 

secondary structure: green – turn, yellow – extended configuration, olive – isolated bridge, pink – α-

helix, blue – 310 helix, red – π-helix, white – random coil. .................................................................. 94 

Figure 34 Plot of the fraction of the secondary structure of Aβ42 in each position of amino acid 

sequence during the simulation. ........................................................................................................... 95 

Figure 35 The proposed oligomerization hypothesis, the helical part inserted in the lipid membrane 

the S-shaped fibrillar part above the lipid head groups. ....................................................................... 95 

Figure 36 MD simulation of native amylin peptide in a 0.15 M NaCl solution: evolution of the fold as 

function of time (A) 0, (B) 300 ns, and (C) 8.12 µs. Water and ions are omitted for clarity. ............. 96 

Figure 37 A plot depicting the changes in secondary structure of amylin during simulation in solution. 

Where colors denote to secondary structure: green – turn, yellow – extended configuration, olive – 

isolated bridge, pink – α-helix, blue – 310 helix, red – π-helix, white – random coil. .......................... 97 

Figure 38 Plot of the fraction of the secondary structure of amylin in each position of amino acid 

sequence during the simulation. ........................................................................................................... 97 

Figure 39 MD simulation of native amylin embedded in a DOPC lipid bilayer, at (A) 0, (B) 1, and (C) 

5.1 µs. The lipid head groups phosphorus P (gold), and nitrogen N (blue) are drawn as small spheres. 

The acyl chains of the lipids are in blue, lines representation. Water is omitted for clarity. ............... 98 

Figure 40 A plot displaying the changes in secondary structure during the simulation of amylin 

embedded within a DOPC lipid bilayer. Where colors denote to secondary structure: green – turn, 

yellow – extended configuration, olive – isolated bridge, pink – α-helix, blue – 310 helix, red – π-helix, 

white – random coil. ............................................................................................................................. 99 

Figure 41 Values of Z coordinates of amylin, lower and upper membrane, in the time of simulation. 

Graph shows the real and smoothed values. ........................................................................................ 99 

Figure 42 Plot of the fraction of the secondary structure of amylin embedded in a DOPC, in each 

position of amino acid sequence during the simulation. .................................................................... 100 

Figure 43 MD simulation of native amylin above the DOPC lipid bilayer with NaCl ions, at (A) 0, (B) 

2 µs, and (C) 5.24 µs. The lipid head groups phosphorus P (gold) and nitrogen N (blue) are drawn as 

small spheres. The acyl chains of the lipids are in blue, lines representation. Water is omitted for clarity.

 ............................................................................................................................................................ 100 

Figure 44 Values of Z coordinates of amylin placed above a DOPC lipid bilayer with NaCl ions, lower 

and upper membrane in the time of simulation. Graph shows the real and smoothed values. .......... 101 



 157 

Figure 45 Plot of the fraction of the secondary structure of amylin placed above a DOPC lipid bilayer 

with NaCl ions, in each position of amino acid sequence during the simulation. ............................. 101 

Figure 46 MD simulation of native amylin above the DOPC lipid bilayer with CaCl2 ions, at (A) 0, 

(B) 4, and (C) 8.52 µs. The lipid head groups phosphorus P (gold) and nitrogen N (blue) are drawn as 

small spheres. The acyl chains of the lipids are in blue, lines representation. Water is omitted for clarity.

 ............................................................................................................................................................ 102 

Figure 47 Values of Z coordinates of amylin placed above a DOPC lipid bilayer with CaCl2 ions, lower 

and upper membrane in the time of simulation. Graph shows the real and smoothed values. .......... 102 

Figure 48 Plot of the fraction of the secondary structure of amylin placed above a DOPC lipid bilayer 

with CaCl2 ions, in each position of amino acid sequence during the simulation. ............................ 103 

Figure 49 Possible interactions between Aβ42 peptide and hIAPP, where: the core mutation region is 

blue, the transmembrane part of Aβ42 – green, the amino acid in hIAPP strongly interacting with 

micelles – red (based on: [217]). Model native structures of Aβ42 peptide and hIAPP. ................... 104 

Figure 50 Sequence pair alignment of Aβ42 and hIAPP peptide, where: region with the highest 

sequence similarity is in grey-orange color, the transmembrane part of Aβ42 – yellow, the extracellular 

part of Aβ42 – green, the amino acid in hIAPP strongly interacting with micelles – blue. The solution 

NMR structure of Aβ42 dimers and the cryo-EM structures of hIAPP dimers. Colored according to the 

above description. Frontal and top view. ........................................................................................... 105 

Figure 51 MD simulation of amylin (green) and Aβ42 (purple) in the presence of DOPC lipid bilayer, 

at (A) 0, (B) 2.5, and (C) 5.41 µs (CHARMM-36). The lipid head groups phosphorus P (gold) and 

nitrogen N (blue) are drawn as small spheres. The acyl chains of the lipids are in blue, lines 

representation. Water is omitted for clarity. ....................................................................................... 106 

Figure 52 Values of Z coordinates of amylin placed above a DOPC lipid bilayer in the cross-interaction 

system, lower and upper membrane in the time of simulation (CHARMM-36). Graph shows the real 

and smoothed values. ......................................................................................................................... 106 

Figure 53 Plot of the fraction of the secondary structure of Aβ42 (A) and amylin placed above (B) a 

DOPC lipid bilayer in the cross-interaction system (CHARMM-36), in each position of amino acid 

sequence during the simulation. ......................................................................................................... 107 

Figure 54 Amylin and Aβ42 contact map in simulation using CHARMM-36 force field. .............. 108 

Figure 55 MD simulation of amylin (green) and Aβ42 (purple) in the presence of DOPC lipid bilayer, 

at (A) 0, (B) 1.5, and (C) 3.59 µs (CHARMM-36m). The lipid head groups phosphorus P (gold) and 

nitrogen N (blue) are drawn as small spheres. The acyl chains of the lipids are in blue, lines 

representation. Water is omitted for clarity. ....................................................................................... 108 



 158 

Figure 56 Values of Z coordinates of amylin placed above a DOPC lipid bilayer in the cross-interaction 

system, lower and upper membrane in the time of simulation (CHARMM-36m). Graph shows the real 

and smoothed values. ......................................................................................................................... 109 

Figure 57 Plot of the fraction of the secondary structure of Aβ42 (A) and amylin placed above (B) a 

DOPC lipid bilayer in the cross-interaction system (CHARMM-36m), in each position of amino acid 

sequence during the simulation. ......................................................................................................... 110 

Figure 58 Amylin and Aβ42 contact map in simulation using CHARMM-36m force field. ........... 111 

Figure 59 Topography image of SLB formed from POPC/DPPC on the top, model representation of 

two lipid domains on the bottom. ....................................................................................................... 112 

Figure 60 Normalized ATR-FTIR spectra of air-dried films of mutants and R4 fragments with sub-

bands obtained from the curve fitting procedure in the amide bands region (1750–1490 cm-1). ...... 148 

Figure 61 Electron micrographs with the marked size (in nm) of mutants on the day of the dissolving 

(left column: magnification of 10 000, right column: magnification of 40 000). Cpep = 500 µM. .. 152 

 

List of Tables 

Table 1 The assignment of the curve's minima and maxima to secondary peptide/protein structures.

 .............................................................................................................................................................. 33 

Table 2 The assignment of Amide I bands components to secondary structures of proteins in water and 

heavy water. Based on [118]–[121]. .................................................................................................... 34 

Table 3 General assignment of amide bands to secondary structures in FT-Raman spectrum. Based on 

[130], [131]. .......................................................................................................................................... 36 

Table 4 Glossary of techniques described above for amyloid studies. Based on [111]. ..................... 39 

Table 5 List of hexapeptides studied in this thesis. In the parentheses, the proteins’ accession number 

in the UniProt database. ....................................................................................................................... 44 

Table 6 Sequence and source information of CsgA fragments ........................................................... 45 

Table 7 Sequence and source information of CsgA fragments (the introduced mutations are bolded and 

underlined) ........................................................................................................................................... 46 

Table 8 Sequence and source information of the pathological amyloids. ........................................... 46 

Table 9 The number of molecules and the initial size of the simulation box in the investigated systems.

 .............................................................................................................................................................. 54 

Table 10 Reference set of sequences and their amyloid propensity by different experimental methods 

(yes – identified as amyloid, no – non-amyloid, yes* – oligomer, s – strong band, m – medium band, 

w – weak band, br – broad band, sh – shoulder band, band maxima in bold). [124] ........................... 61 



 159 

Table 11 Test sequences and their amyloid propensities (yes – identified as amyloid, no – non-amyloid, 

yes* – oligomer, s – strong band, m – medium band, w – weak band, br – broad band, sh – shoulder 

band, band maxima in bold), compared with the original database annotation, which is in disagreement 

with AmyloGram classification. [124] ................................................................................................. 62 

Table 12 Prediction results of amyloidogenicity. Where 0 denotes non-amyloid, 1 stands for amyloid. 

[163] ..................................................................................................................................................... 67 

Table 13 The assignments of secondary structures in the range of Amide I (ν(CO) 76%, ν(CN) 11%, 

δ(CCN) 8%, β(NH) 5%) of CsgA fragments of S. enterica studied by ATR-FTIR and µIR in D2O and 

NaOH+PBS solvents. Where: sh – shoulder band, m – medium band, the most band intense local 

minimum in bold. Cpep = 500 μM. ...................................................................................................... 70 

Table 14 Biochemical characteristics of the studied peptides (the introduced mutations are bolded and 

underlined): the net charge, pI, the grand average of hydropathicity index (GRAVY), the solubility as 

measured by CamSol and results of AmyloGram predictions. ............................................................ 77 

Table 15 Results predicted by various bioinformatic tools. Where * denotes to amorphic aggregate, 

and ** to slower aggregation. Peptides classified as non-amyloidogenic are marked in yellow, score 0. 

Amyloidogenic peptides are marked in green, score 1. Light green represents peptides with score close 

to the classification threshold. .............................................................................................................. 78 

Table 16 The results predicted by AlphaFold 2. Each model showed in the cartoon representation, the 

mutations drawn as Corey–Pauling–Koltun coloring (CPK), hydrogen bonds colored in dark blue. The 

protein is drawn in the cartoon representation and the mutated amino acid is presented in the CPK 

representation. ...................................................................................................................................... 78 

Table 17 Evolution of monomeric form of Aβ42 peptides embedded in POPC/DPPC SLB at room 

temperature. Topography images from AFM with cross-section plots corresponding to the yellow lines 

of AFM images. Regions marked with yellow rectangle are showed in higher magnification on 

subsequent pictures. The peptides Aβ42 indicated with yellow arrows and holes in blue color. Cpep = 

20 µM. ................................................................................................................................................ 113 

Table 18 Evolution of monomeric form of Aβ42 embedded in POPC/DPPC and hIAPP peptides added 

to the SLB at room temperature. Topography images from AFM with the cross-sections plots 

corresponding to the yellow lines of AFM images. Regions marked with yellow rectangle are showed 

in higher magnification on subsequent pictures. The peptides indicated with yellow arrows and holes 

in blue color. Cpep = 20 µM. ............................................................................................................. 117 

Table 19 The results obtained from CamSol for mutants and R4 fragments of CsgA. In red marked 

introduced mutations. ......................................................................................................................... 149 

Table 20 The RDF plots of M3 and M4 mutants. ............................................................................. 153 


	Table of contents
	Acknowledgements
	Funding
	List of publications
	Conference presentations
	List of abbreviations
	Abstract
	Résumé
	Streszczenie
	Introduction
	1.1.  Amyloids
	1.2.  Aggregation process
	1.3.  Kinetics of the aggregation process
	1.4.  Intrinsic and extrinsic factors affecting amyloids’ aggregation
	1.4.1.  Amino acids sequence
	1.4.2.  Concentration
	1.4.3.  Solvents
	1.4.4.  pH and net charge
	1.4.5.  Ions’ contribution
	1.4.6.  Temperature
	1.4.7.  Presence of another peptide or protein
	1.4.8.  Protein-membrane interaction
	1.4.9.  Other factors

	1.5.  Experimental methods in amyloid studies
	1.5.1.  Circular dichroism spectroscopy
	1.5.2.  Infrared spectroscopy
	1.5.2.1. Attenuated Total Reflection-Fourier Transform Infrared
	1.5.2.2. Infrared Microscopy

	1.5.3.  Fourier Transform-Raman spectroscopy
	1.5.4.  Chemometric analysis
	1.5.5.  Thioflavin-T
	1.5.6.  Electron microscopy
	1.5.7.  Atomic force microscopy
	1.5.8.  Scanning Kelvin Probe

	1.6.  Computational methods in amyloid studies
	1.6.1.  Bioinformatics predictors
	1.6.2.  Molecular dynamics simulations

	1.7.  Introduction summary

	Research hypotheses
	Materials and Methods
	1.8.  Peptides
	1.8.1.  Hexapeptides
	1.8.2.  CsgA fragments
	1.8.3.  Mutants of R4 fragments of CsgA
	1.8.4.  Pathological peptides

	1.9.  Synthesis
	1.9.1.  Hexapeptides
	1.9.2.  CsgA fragments
	1.9.3.  Mutants of R4 fragments of CsgA
	1.9.4.  Pathological peptides

	1.10.  Dissolving protocols
	1.10.1.  Hexapeptides
	1.10.2.  CsgA fragments
	1.10.3.  Mutants of R4 fragments of CsgA
	1.10.4.  Pathological peptides

	1.11.  Supported lipids bilayers
	1.12.  Experimental methods
	1.12.1.  Circular dichroism
	1.12.2.  Vibrational spectroscopy
	1.12.2.1. Attenuated Total Reflection—Fourier Transform Infrared
	1.12.2.2. Infrared microscopy

	1.12.3.  FT-Raman
	1.12.4.  Thioflavin T fluorescence assay
	1.12.5.  Microscopy
	1.12.5.1. Atomic Force Microscopy
	1.12.5.2. Transmission Electron Microscopy

	1.12.6.  Off-null detection scanning Kelvin probe

	1.13.  Computational methods
	1.13.1.  Bioinformatics predictors
	1.13.1.1. Hexapeptides
	1.13.1.2. CsgA fragments
	1.13.1.3. Mutants of R4 fragments of CsgA

	1.13.2.  Theoretical and computational simulations
	1.13.2.1. Mutants of R4 fragments of CsgA – structure modeling
	1.13.2.2. Mutants of R4 fragments of CsgA – MD
	1.13.2.3. Pathological peptides – MD



	Results
	Chapter 1 Hexapeptides
	Chapter 2 Functional amyloids – CsgA fragments
	2.1.  Fragments characterization
	2.2.  Experimental analysis of fragments from different bacteria
	2.2.1.  Solvent influence


	Chapter 3 Mutants of R4 fragments
	3.1.  Theoretical characterization of designed peptides
	3.2.  Experimental characterization of mutants
	3.3.  MD simulations of ions interactions with M3 and M4 mutants
	3.4.  Characterization of aggregates with scanning Kelvin probe

	Chapter 4 Interactions of Aβ42 and hIAPP
	4.1.  Is a single Aβ42 peptide stable in the lipid bilayer?
	4.2.  Amylin stability in different environments
	4.3.  Cross-interaction Aβ42 and amylin
	4.4.  Experimental analyses

	Summary
	Future perspectives
	Bibliography
	Appendix
	List of Figures
	List of Tables

