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Summary 

Most functional amyloid proteins are evolutionarily optimized to assemble into a characteristic cross-b 

structure. Formation of functional amyloids are under stringent control to avoid the cytotoxicity that is 

associated with some on-pathway oligomers. Functional amyloids are found in all domains of life 

(Bacteria, Archaea and Eukarya) and serve different roles, e.g. in bacterial biofilm stabilization and 

formation. In this thesis, we identify a second – and presumably more widespread – major sheath 

protein (MspA) from the archaeal methanogen Methanospirillum hungatei. MspA forms hoop 

structures that make up the tubular and stable sheaths in which the individual bacteria live and divide.  

The thesis also takes a closer look at the functional amyloid protein FapC for which we investigate the 

importance of its three imperfect repeats – which are believed to be the main drivers of amyloid 

formation – in terms of providing stability to the resulting, mature fibrils. We find that removing two out 

of three repeats leads to a marked decrease in stability and in the number of residues that drive amyloid 

formation. Secondly, FapC and its repeat-free counterpart, FapC DR123, are investigated for their 

ability to interact with a-synuclein (a-SN), which is largely implicated in Parkinson’s disease (PD). 

Whereas we did not see any immediate effect of FapC, FapC DR123 – which display very irregular 

fibrillation – could delay a-SN fibrillation up to 4-fold. This inhibition was dependent on the ability of 

FapC DR123 to form disulfide-bonded higher-order species and mixed oligomers with a-SN. 

We also look for novel functional amyloid proteins in stool samples from both wild-type and transgenic 

PD rats because increasing evidence suggests that PD might originate in the gut and because cross-

seeding between amyloid proteins might be a disease mechanism. Despite their young age (3 months), 

we observe a change in microbiome composition between wild-type and PD rats. In addition, we identify 

two proteins which share many features with other functional amyloid proteins. They, however, did not 

affect a-SN fibrillation under the in vitro condition applied. 

In conclusion, this thesis provides insight into the identification and characterization of novel functional 

amyloid proteins. In addition, it discusses and investigates the likelihood of gut microbiome bacteria 

being involved in diseases like PD – possibly through formation of amyloid-containing bacterial biofilms 

– by investigating interactions between a-SN and various gut-relevant amyloidogenic proteins. 
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Summary in Danish 

De fleste funktionelle amyloider er evolutionært optimeret til at danne en karakteristisk cross-b struktur. 

Dannelse af disse amyloider er under streng kontrol, for at undgå den toksicitet, der er forbundet med 

visse oligomerer, der kan dannes undervejs. Funktionelle amyloider findes i alle tre biologiske domæner 

(bakterier, arkæer og eukaryoter) hvor de udfører forskellige opgaver, f.eks. i stabilisering og dannelse 

af bakteriel biofilm. I denne afhandling identificerer vi i den arkæiske Methanospirillum hungatei en ny 

udgave – som formodentlig er mere udbredt – af hylsterproteinet MspA. MspA danner ringstrukturer, 

der tilsammen danner rørformede og stabile hylstre, hvori bakterierne lever og deler sig.  

Afhandlingen ser også nærmere på det funktionelle amyloid-protein FapC og undersøger først 

vigtigheden af dets tre sekvensgentagelser – som i øvrigt menes at være de primære drivkræfter i 

amyloiddannelse – i stabiliseringen af de resulterende fibriller. Vi finder ud af, at stabiliteten og antallet 

af aminosyrer, der driver amyloiddannelse, falder markant hvis man fjerner to ud af de tre 

sekvensgentagelser. Dernæst undersøges FapC og en FapC mutant uden de tre sekvensgentagelser, 

FapC  DR123, for deres evner til at interagere med a-synuclein (a-SN), som er involveret i Parkinsons 

sygdom (PD). Mens vi ikke så nogen virkning af FapC, kunne FapC DR123 – som desuden viser meget 

uregelmæssig fibrillering – forsinke a-SN-fibrillering med op til 400%. Denne inhibering afhænger af, 

at FapC DR123 kan danne disulfid-koblede multimerer og blandede oligomerer med a-SN. 

Vi prøver også at identificere nye funktionelle amyloider i afføringsprøver fra både vildtype og transgene 

PD-rotter, fordi flere og flere beviser tyder på, at PD kan have oprindelse i tarmen, og fordi interaktioner 

mellem forskellige amyloid-proteiner er en mulig sygdomsmekanisme. På trods af deres unge alder (3 

måneder) observerer vi en ændring i mikrobiomsammensætningen, mellem vildtype- og PD-rotter. 

Derudover identificerer vi to proteiner der deler mange funktioner med andre funktionelle amyloider. 

De påvirker imidlertid ikke a-SN-fibrillering under de anvendte in vitro-betingelser. 

Denne afhandling giver indsigt i identifikation og karakterisering af nye funktionelle amyloider. 

Derudover diskuteres og undersøges sandsynligheden for, at tarmbakterier spiller en rolle i sygdomme 

som PD – muligvis gennem dannelse af biofilm, der indeholder amyloider – ved at undersøge 

interaktioner mellem a-SN og forskellige tarm-relevante amyloidogene proteiner. 
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Preface and study aim 

The project presented in this thesis is part of the consortium entitled Alpha-synuclein pathology 

propagation in Parkinson’s disease and quest for novel protective strategies (aSynProtec) which is a 

European collaboration between seven different partners (six universities and Lundbeck A/S) and one 

external collaborator. The overall aim of aSynProtec was to increase our understanding of a-synuclein 

(a-SN) amyloid formation and spreading in the search of new protective strategies for Parkinson’s 

disease (PD). I was part of a work package where the main focus was to elucidate the involvement of 

the intestinal microbiome in PD pathogenesis and investigate the overall hypothesis that functional 

amyloid proteins, produced by bacteria in our gut, can interact with a-SN in the enteric nervous system 

(ENS) and trigger aggregation of endogenous a-SN.	

The experimental work included in this thesis was conducted between August 2016 and March 2020 

(abruptly finalized by the Covid-19 pandemic) in the Protein Biophysics Group at the Interdisciplinary 

Nanoscience Center (iNANO), Aarhus University. While most of my studies have been Aarhus-based, 

all microbiome and mass spectrometry experimental work were done in Aalborg. Studies on C. elegans 

were done in collaboration with Anders Olsen initially at AU but later at AAU. 

The thesis is divided into three parts. In Part I, basic principles behind protein folding, aggregation and 

denaturation are introduced. This is followed by a description of the amyloid structure and examples of 

functional amyloid proteins. At the end of Part I, I present and discuss two published papers (paper II 

and paper V) that relates to these subjects. Part II introduces the neurodegenerative disease 

Parkinson’s disease (PD) and the PD-related protein a-synuclein in terms of structure and spreading. 

From this follows a description of the human microbiome and a discussion of how PD might originate 

in the ENS and how gut microbes might play a role in disease progression/initiation. Part II ends with a 

discussion of the relevant paper III and paper VI. Part III gives a presentation of some unpublished data 

and some future perspectives are discussed. 

In addition to the above-mentioned papers, I contributed to a book chapter (paper IV) about functional 

amyloids. While my contributions were largely restricted to the description of different functional 

amyloid proteins and systems, the chapter also presents an overview of bioinformatics methods useful 

for detecting aggregation-prone proteins/sequences and a discussion of the use of amyloid in 

nanomaterials. The book chapter is included at the end of the thesis but is not described or discussed 
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further. In addition, we published a short genome announcement of Sphaerisporangium cinnabarinum 

(paper I) which is also included at the end of the thesis but is otherwise only mentioned briefly in Part 

III. 

In accordance with GSST rules, parts of this thesis were also used in the progress report for the 

qualifying examination. 
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Part I 

1.1 Proteins in general 

A protein is a chain of amino acid residues folded up into a well-defined three-dimensional structure 

that allows it to perform its biological function. Proteins can contain ordered domains with secondary 

structure elements like a-helices and b-strands but also tertiary elements like b-sheets. In addition, 

proteins can also have unstructured domains with so-called random coil structure and some proteins, 

called intrinsically disordered proteins (IDPs), are even composed entirely from these disordered 

domains (for review see [1]). Whereas the peptide bonds holding together the amino acid residues are 

covalent, the protein secondary structures are instead stabilized by hydrogen bonds (H-bonds) between 

backbone carbonyl and amide groups. Additional interactions to stabilize the native, three-dimensional 

structure of proteins are non-covalent and include the hydrophobic effect combined with electrostatic 

and Van der Walls interactions.  

1.1.1 Protein folding and simple thermodynamics 

Immediately after translation, the unstructured polypeptide chain is surrounded by water molecules. 

Because the water molecules are excluded from the immediate hydrophobic surface of non-polar 

amino acids, they instead start forming a network with each other. As this restricts the water molecules, 

causing a loss in entropy, the hydrophobic residues are driven together to minimize the hydrophobic 

surface area and increase the volume where water molecules can exist [2]. As a result, the polypeptide 

chain collapses and allows for the formation of a protein core. In addition, as the different parts of the 

chain get in closer proximity, both local and non-local interactions are allowed to form and stabilize the 

native structure.  

1.1.1.1 The protein folding funnel 

To reach the native state, every intermediate conformation the protein attains must result in a lower 

free energy state of the protein as it has to counteract the loss in global conformational entropy. This is 

often illustrated by the folding funnel, originally introduced in 1992 (Fig. I-1) [3].  
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Fig. I-1. Protein folding funnel. During protein folding, the protein moves towards lower free energy at the expense of a decrease in 

conformational entropy. Modified from [4]. 

The process of folding is somewhat controlled, meaning that an amino acid chain does not at random 

search all possible configurations it can attain but only a small fraction of them [5, 6]. In a ‘local-before-

global’ approach smaller building blocks are formed – sometimes referred to as ‘foldons’ – that can 

cooperatively guide the folding process [7]. After formation of the first foldon, subsequent protein 

foldons are attained in a more guided way due to the structural elements provided by this first foldon. 

Eventually foldon-foldon interactions culminate in the final, native state [8-10].  

1.1.1.2 Protein stability 

The representation of the folding funnel in Fig. I-1 shows how the native state of a protein is the one 

conformation where the protein is thermodynamically most stable. However, perturbants like chemical 

denaturants (e.g. guanidinium chloride (GdmCl), sodium dodecyl sulfate (SDS), urea) or changes in the 

environment (temperature, pressure, pH) can all destabilize and ultimately unfold proteins. This 

unfolding can be either reversible (where the protein can re-fold into its native structure by the removal 

of the perturbant) or irreversible (leading to protein modifications or aggregation).  

For small globular proteins, protein unfolding is most often a reversible reaction and can be described 

using two-state kinetics [11-13]. By describing the unfolding reaction as an equilibrium between the 

native (N) state and the denatured (D) state(s), the conformational stability of such a protein can be 

described as ∆𝐺!"# = 𝑅𝑇 ∙ 𝑙𝑛𝐾$% where R is the gas constant, T is the temperature and Keq is the 
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equilibrium constant. DG can also be described in terms of enthalpy (DH) and entropy (DS) by the 

relationship DG = DH-T×DS. A popular way to determine the conformational stability of a protein is by 

either chemical or thermal denaturation. By monitoring the natively folded protein while titrating in 

denaturants or increasing the temperature it is possible to get a measure of how much perturbant is 

needed to disrupt the protein structure (Fig. I-2).  

 

Fig. I-2. Chemical and thermal denaturation of a protein. A fluorescent mutant (F13W*) of the three-helix bundle B domain of protein 

A (BdpA) was investigated experimentally against GdmCl (left) and increasing temperatures at a GdmCl concentration of 2.2 M 

(right) and compared to a three-helix model. Change in protein structure was followed using circular dichroism (CD) at 222 nm. 

Modified from [14]. 

The conformational stability DGD-N and, ultimately, the m-value can be determined from experiments 

like those in Fig. I-2. The steepness of the transition is related to the cooperativity of unfolding and is 

described by the m-value. m-values have also been shown to correlate strongly with accessible surface 

area (ASA) and – thereby – protein size [15]. Because the m-value describes how the free energy of 

unfolding depend on denaturant concentrations, it can be thought of as a measure of denaturant 

potency; the larger the m-value, the stronger the denaturant [15]. Assuming that the free energy of 

unfolding depends linearly on denaturant concentration, the relationship is given by ∆𝐺!"# = ∆𝐺!"#& +

𝑚!"# ∙ [𝑑𝑒𝑛] where ∆𝐺!"#&  is the stability of the protein in water (i.e. in the absence of denaturant). 

∆𝐺!"#&  can then be found as the y-intersect (found by extrapolation) and the m-value as the slope from 

a plot of ∆𝐺!"# vs [den].  

1.1.1.3 Denaturants 

Chemical denaturants like urea, GdmCl and SDS are widely used molecules for protein unfolding 

experiments [16-19] (Fig. I-3).  
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d 

Fig. I-3. Molecular structures of three commonly used denaturants – urea, GdmCl, SDS – and of formic acid (FA). FA solubilizes 

and denatures globular proteins and can dissolve fibrous proteins and amyloid fibrils. 

GdmCl and urea are believed to destabilize proteins by interacting directly with the protein [20-23] or 

by modifying the structure of the surrounding water molecules [24] (or maybe a combination of the two 

[25]). One suggested mechanism is that the strong water-water interactions ‘push’ these weakly 

hydrated molecules onto the less hydrated areas of the proteins (i.e. hydrophobic residues exposed 

upon protein unfolding) [26, 27]. SDS have been known for half a century to bind to most proteins in a 

binding ratio of 1.44 g SDS/g protein (or one molecule SDS per two amino acid residues). This 

ultimately results in an extended polypeptide chain, i.e. protein denaturation [28, 29]. The interactions 

between SDS and proteins are most often a combination of hydrophobic interactions and electrostatics 

[19, 30] although proteins completely free of charged residues can also be unfolded in SDS [31]. In 

general, proteins containing considerable b-sheet structures are particularly resistant towards SDS 

denaturation [18] while a/b and all a-helix proteins unfolds more rapidly [32-34].  

Besides chaotropic agents (like GdmCl and urea) and detergents (like SDS), organic solvents are also 

known to affect protein stability and solubility [35, 36]. With only a single carbon atom, FA is the simplest 

carboxylic acid (see Fig. I-3) and it has a pKa of 3.75 at 20°C [37]. As a polar protic solvent, the FA 

molecule can participate in H-bonding or alternatively donate its acidic H atom. It has – together with 

trifluoroacetic acid (TFA) – been shown to be superior in solubilizing both native, heat denatured and 

S-carboxymethylated and reduced lysozyme and bovine serum albumin (BSA) [36, 38]. In addition, high 

concentrations of FA (> 70% v/v) dissolves larger protein complexes like silk proteins [39], collagen 

[40] and wool keratin [41-43] by disrupting intramolecular H-bonds, interacting with hydrophobic 

residues and by protonation of the proteins. Another widespread application for FA has been in the 

dissolution of amyloid protein structures – both pathological amyloids, as those found in 

neurodegenerative disease like Alzheimer’s disease (AD) and Parkinson’s disease (PD) [44, 45], but 
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also functional amyloid fibrils [46-50]. These amyloids are rich in b-sheet structures and are often stable 

enough to resist solubilization in SDS [51, 52]. Amyloids will be discussed in (much) more detail in 

section 1.2. 

1.1.2 Protein misfolding and aggregation 

Even though a protein amino acid sequence is evolutionarily optimized to fold into its native state, the 

process sometimes fails and results in protein misfolding and aggregation. Aggregation is the process 

where identical molecules self-associate to form higher order multimers with lower solubility, eventually 

leading to protein precipitation. By studying aggregation kinetics of different peptides/proteins and their 

mutants, algorithms can predict and identify regions in protein amino acid sequences that are 

especially aggregation-prone [53, 54]. These sequences are often highly hydrophobic, near neutral in 

charge and with high propensities to form b-strands and b-sheets [53, 55, 56]. Interestingly, IDPs 

generally contain few hydrophobic amino acids and instead have a high net charge (usually with the 

same charge, causing repulsion between the different residues), justifying how they can be 

unstructured and vulnerable without aggregating [57]. 

1.1.2.1 Different types of protein aggregates 

A protein is especially vulnerable towards misfolding and aggregation whenever it has exposed 

hydrophobic amino acids, e.g. when folding through partially folded intermediates [58, 59]. Aggregation 

can also be induced by destabilizing mutations (for review see [60]) or when the protein has been 

(partly) unfolded due to changes in environmental conditions like temperature, pH or ionic strength 

[61]. Other factors affecting aggregate formation is the nature of the amino acid sequence, protein 

concentration and the presence of post-translational modifications (PTMs), co-solutes and ligands. 

Aggregates formed by destabilization and/or partially unfolding of the protein are referred to as 

amorphous and their formation is often irreversible under native-like conditions (for review see [62]).  

In contrast to irreversible aggregation, some proteins are believed to intentionally form reversible 

aggregates in response to cellular ques like stress. This is a way for the cells to quickly respond to these 

changes and restore cell metabolism. One example is the yeast pyruvate kinase Cdc19 which forms 

aggregates upon conditions of stress, allowing for the proteins to be taken up into stress granules. This 

way the protein avoids degradation and can participate in restoring viability after the stress is over [63].  
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A third group of protein aggregates are amyloid fibrils. These structures have a characteristic cross-b 

structure, high structural stability and bind specific dyes like Congo Red (CR) and thioflavin T (ThT).  

1.2 Amyloids 

Amyloid fibrils are a highly ordered and b-sheets-enriched state of proteins. Amyloids (meaning ‘starch-

like’) have been known for more than 150 years to be composed of protein [64] although it was initially 

believed to be a carbohydrate. Although highly associated with various diseases like AD and PD [44, 

45], a number of amyloidogenic proteins have been identified where the amyloid fibril structure is the 

native and functional (i.e. intentional) state. These proteins are commonly referred to as functional 

amyloids and have now been found in all domains of life (reviewed in [65]) (functional amyloids will be 

discussed in more detail in the section 1.2.3).  

1.2.1 The amyloid structure 

Amyloid fibrils typically have an elongated and unbranched morphology (Fig. I-4, left) and can be up to 

several micrometres in length while widths have been found to be between 5 and 12 nm [66]. 

Structurally, amyloids are recognized by their characteristic cross-b structure where b-strands are 

oriented perpendicular (in-register) to the fibril axis and combine to form b-sheets that run in the 

direction of the fibril axis (Fig. I-4, middle). These b-sheets form the spine of the amyloid fibril. The 

distance between individual b-strands is almost precisely 4.75 Å while the layers of b-sheets are spaced 

with ~ 10 Å. Altogether this gives a characteristic x-ray fibre diffraction pattern with a 4.75 Å	meridional 

reflection and an ~ 10 Å	equatorial reflection [67] (Fig. I-4, right). 

 

Fig. I-4. The amyloid fibril and the cross-b structure. Left, in vitro-formed fibrils made from the Ab40 peptide. Middle, graphic 

illustration of the cross-b motif with the b-strands arranged into sheets. The b-strands run perpendicular to the fibril axis while the 

b-sheets run in the direction of the fibre. Right, graphic illustration of the x-ray diffraction pattern that corresponds to the 

characteristic cross-b structure. Modified from [68-70]. 
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b-sheet formation does not rely on a distinctive peptide sequence as in the case of protein folding. This 

means that many different – if not all – peptides and proteins can form the cross-b structure under 

(in)appropriate conditions [71]. The long fibrils have a highly repetitive structure which enables binding 

of dyes like ThT and CR. Upon binding, these molecules increase their fluorescence signal [72, 73]. In 

addition, binding of CR to amyloid fibrils should ideally give rise to green birefringence when 

microscopically analysed between crossed polarizing filters [74, 75]. The cross-b structure also gives 

rise to a very characteristic amide I peak in the 1615-1630 cm-1 region when fibrils are analysed with 

Fourier Transform Infrared Spectroscopy (FTIR) [76].  

Despite the large size of amyloid fibrils – often comprising several thousand molecules and with up to 

gigadalton molecular weights – high-resolution techniques like NMR [77], X-ray diffraction [52, 78] and 

especially cryo-EM [68, 79] have been successful in providing more insights into the amyloid structure. 

One approach has been to identify the peptides that make up the spine of the amyloid fibrils and use 

these to form microcrystals which can then be used to uncover how the individual b-strands arrange 

and which groups are interacting. The two b-sheets of the amyloid spine have been shown to form a 

steric zipper interface completely devoid of water [80]. The steric zipper can be categorized based on 

the orientation of the b-strands (parallel or antiparallel), the b-sheets surfaces that pack together (face-

to-face or face-to-back) and the orientation of the two b-sheets relative to each other which can be 

either parallel (up-up) or anti-parallel (up-down). From these categorizations, eight different symmetry 

classes of steric zippers can be defined theoretically [80, 81] (Fig. I-5).  

 

Fig. I-5. High-resolution amyloid microcrystal structures. Peptides from different amyloid proteins have been shown to form 

microcrystals that all fall within eight different steric zipper classes. No class 3 structure have been experimentally observed and it 

is therefore not included in the figure. In each class example, the view is either along (top) or perpendicular (bottom) to the fibril 

axis. Adapted with permission from [69]. 
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Most high-resolution structures of amyloid fibrils have been determined for disease-associated proteins 

like amyloid-b (Ab) and a-synculein (a-SN). This is also recapitulated in Fig. I-5 where only the class 1 

example (Sup35) is a functional amyloid protein. Recently, however, the structure was determined for 

three peptides derived from the functional amyloid protein CsgA (which is involve in curli-formation in 

E. coli – more on that in section 1.2.3) and they were all found to form fibrils with steric zippers 

belonging to class 1 [78]. In addition, high-resolution structures have also been obtained for a number 

of peptides collectively known as phenol-soluble modulins (PSMs). PSMs are produced by the 

pathogenic bacterium Staphylococcus aureus and form functional amyloids that are involved in 

inflammation, virulence and biofilm scaffolding [82, 83]. Two of the peptides, PSMa1 and PSMa4, were 

shown to form microcrystals belonging to the class 1 steric zipper [84] while the full-length PSMa3 

peptide (22 residues) revealed an unprecedented amyloid spine interface that was composed entirely 

of a-helices  [85]. This structure was named the cross-a structure and it was shown that these fibrils 

also bound ThT. Similar to the b-strands in the steric zipper, the a-helices stack perpendicular to the 

fibril axis and form a dry interface [85]. To add to the complexity of PSMa3, it was shown that it encodes 

a fibril-forming short peptide, LFKFFK, which forms fibrils composed of b-sheets.  

1.2.2 Lag-dependent kinetics of amyloid formation 

Amyloid fibril formation – going from monomeric proteins to huge multiprotein complexes – have been 

heavily studied. Because binding of ThT and CR results in an enhanced fluorescence signal [72, 73] 

amyloid formation can be followed in real time. This has revealed how the fibrillation process consist of 

three overall phases: lag phase, elongation/growth phase and plateau/steady-state phase (Fig. I-6A).  

 

Fig. I-6. Formation of amyloid fibrils. (A) A classical sigmoid amyloid fibril formation curve with an initial lag phase (populated largely 

by monomeric proteins) followed by an elongation phase and an end plateau phase (mature fibrils). (B) The initial formation of the 

minimal nucleus (small, pink assemblies) from the native protein (blue spheres) is energetically unfavourable and might result in 
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the formation of unstable intermediates (red spheres) while (C) the subsequent extension of the growing fibril is energetically 

favourable. (A) Fibrillation data is of 1 mg/mL a-SN, (B) and (C) are modified from [86]. 

Amyloid fibril formation happens by a nucleation-dependent polymerization process [87]. The lag 

phase describes the time it takes to form and grow sufficient amounts of minimal nucleuses – a process 

that is energetically unfavourable and might transition through unstable intermediates [86, 88] (Fig. I-

6B). Nuclei are the smallest protein aggregates to where the addition of monomers, resulting in growth, 

is faster than the dissociation back into monomers [88]. After formation of the fibril nuclei, elongation 

by the addition of monomers becomes an energetically favourable process and happens rapidly, 

reinforced by the ability of (some) fibrils to fragment or template secondary nucleation and thereby 

increase the number of fibril ends that can be elongated [88] (Fig. I-6C). Elongation will continue as 

long as there are monomers enough to add to fibril free ends. However, the monomer will eventually 

reach an equilibrium between incorporating into the insoluble fibrils and dissociating from fibrils [89]. 

1.2.2.1 The lag phase 

Essentially, the lag phase describes the period where the monomeric protein is the dominating species 

and where detectable species are formed but are still in too low concentration to be observed. Different 

molecular events take place concurrently during this phase (Fig. I-7).  

 

Fig. I-7. Model showing amyloid fibril formation by primary nucleation, secondary nucleation and fragmentation. If the fibrillation 

process starts from a monomeric sample, the first polymerization steps happens by primary nucleation where monomers go 

together to form nuclei than can be elongated into fibrils. From here, existing fibrils are elongated by the addition of monomer to the 

growing ends (middle part). Although some polymerization reactions are driven entirely by primary nucleation (left side of the figure), 

secondary pathways like secondary nucleation and fragmentation (right side of the figure) are important for the polymerization of 

other proteins. Both of these events increase the number of fibril free ends by growing new fibrils from the surface of existing fibrils 

or by breaking up formed fibrils, respectively. Modified from [90]. 
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In the very beginning of the fibrillation process, the first nuclei are formed entirely by primary nucleation 

(assuming that the starting solution contains monomeric protein only). However, it does not take long 

before these nuclei grow and – literally – form the bases for secondary nucleation and fragmentation. 

In fact, fibrils have been detected in low concentration even in the early beginning of the lag phase [91]. 

The length of the lag time is dependent on the rate constants of both primary nucleation, secondary 

nucleation and elongation and also on the degree of fragmentation [88]. In addition, different intrinsic 

and extrinsic factors are also important (reviewed in [88]). Examples include mutations in the amyloid 

protein that affect the length of the lag phase and has e.g. been shown for several disease-associated 

mutations in the Ab peptide [92].  

Many short-lived small species are formed during the lag phase (and also during elongation) but they 

are always in low concentrations and can be difficult to isolate. One approach has been to radioactively 

label the fibrillating protein and then isolate oligomeric species with size-exclusion chromatography 

(SEC) at different time points during fibrillation [93]. This study, performed on the Ab42 peptide, showed 

how the concentration of oligomers never exceeded 1.5% of the initial monomer concentration. 

Oligomers formed by a-SN have also been heavily investigated and many different a-SN oligomers 

have been described [94-103]. Of these, much focus has been on a particularly compact oligomer which 

consists of ~ 30 monomers (corresponding to a molecular weight of ~ 400-450 kDa) and is resistant 

towards proteinase K [99, 104-107]. This oligomer has considerable amounts of b-sheet structure [99, 

101, 105] but interacts poorly with ThT [99] and therefore its formation is not detected in classical ThT 

fibrillation experiments.  

1.2.2.2 The elongation and plateau phases 

After forming sufficient nuclei, fibrils grow by the continuous addition of protein monomers. During the 

elongation/growth phase, the monomer and fibril concentrations are roughly similar, compared to the 

lag phase where the monomer predominates and to the plateau phase where the fibrils are the 

prevalent species [88]. The course of the reaction during the elongation phase is dependent not only 

on the secondary nucleation rate constant but also on fragmentation [93]. Fragmentation is dependent 

only on fibril concentration and is often a consequence of heavy shaking of the sample during fibrillation 

(often to minimize the lag phase). However, it can also happen under low-shaking conditions where it 

is largely depending on the stability of the formed fibrils [108].  
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1.2.2.3 Seeds 

Amyloid are known to be self-replicating. This means that already formed fibrils can act as catalysts by 

templating the recruitment and conversion of additional monomeric proteins. Adding seeds (often 

formed by sonicating pre-formed fibrils) will therefore shorten the lag phase and rapidly increase the 

number of aggregates [89, 109]. In a bulk assay like the ThT assay in Fig. I-6A, seeds will increase the 

slope of the elongation phase compared to the non-seeded reaction if the fibrillation process is 

depending on secondary processes (see Fig. I-7). Primary nucleation, on the other hand, is dependent 

solely on monomer concentration and is therefore not affected by the addition of seeds [89].  

1.2.3 Functional amyloids 

As mentioned previously, a group of proteins have the amyloid fibril structure as their native state. 

These proteins are collectively referred to as functional amyloids and can be found in mammals as well 

as in bacteria and archaea where they e.g. play structural or signalling roles or are involved in protein 

storage (reviewed in [65]). Features such as the repetitive nature and the high structural stability of the 

amyloid structure are some of the qualities that make them an attractive protein fold. This has been 

exploited by the archaeal methanogens Methanosaeta [49] and Methanospirillum [110] (Paper II) which 

live and divide within tubular sheaths that are composed entirely of functional amyloids and therefore 

withstand high concentrations (6 M) of urea and GdmCl [111]. Another useful property of amyloids is 

that, compared to in the monomeric state, incorporation into the cross-b structure can create new 

binding sites/specificities, allowing for the amyloid structure to retain surrounding molecules. This is 

e.g. seen for small quorum-sensing molecules which are important for bacteria to communicate and 

coordinate behaviour. These molecules have been shown to move through biofilms by transiently 

interacting with functional amyloids [112]. 	

The most well-described functional amyloid is the curli fibrils which were initially identified as part of E. 

coli and Salmonella biofilms [50, 113] where they account for up to 85% of the matrix material [114]. 

Curli fibrils are important for biofilm formation, adhesion and virulence [47]. Even though curli fibrils are 

composed of primarily the amyloidogenic CsgA protein, their formation requires the interplay between 

a number of Csg proteins. These proteins act as a fibrillation nucleator (CsgB), a transcriptional 

regulator (CsgD) [115], an outer membrane pore protein (CsgG), an assembly protein that keeps the 

curli fibrils cell-associated (CsgF) and chaperones (CsgC, CsgH, CsgE) (reviewed in [116]). All Csg 
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proteins, except CsgD, contain signal peptides and are transported across the bacterial inner 

membrane via the SecYEG pathway [47]. 

More recently, a functional amyloid system was identified within the gram-negative Pseuodomonas 

genus [117]. These fibrils are known as functional amyloid in Pseudomonas (Fap) and are important 

biofilm constituents because they increases stiffness and hydrophobicity of the biofilm and thereby the 

biofilm’s resistance towards mechanical stress and dehydration [118, 119]. The Fap fibrils are formed 

primarily by the protein FapC but are, similar to the curli system, dependent on a number of different 

Fap proteins (FapA-F) which are all transported across the inner membrane [120] to perform roles 

equivalent to those just described for the Csg proteins (reviewed in [121]). However, despite their 

obvious similarities, the curli and the Fap systems are not evolutionary related and the Fap system is 

much younger and much less widespread than the curli system [122, 123].  

1.2.3.1 Sequence determinants of curli and Fap formation 

The sequences of CsgA, CsgB, FapC and FapB contain imperfect repeats. CsgA and CsgB contain 

five imperfect repeats (R12345) of 19-23 residues each [124, 125] while FapC and FapB contain three 

repeats (R123) of 33-34 and 17 residues each, respectively [119]. These repeats are believed to be the 

main drivers of fibril formation [126, 127] as many of the CsgA/B repeats, when expressed as individual 

peptides, can form amyloid-like fibrils (R1/R5 of CsgA and R1/R2/R4 of CsgB). In addition, R1 and R5 

of CsgA have been shown to be very important for CsgA polymerization in vivo as bacteria that produce 

CsgA mutants without either R1 (CsgA DR1) or R5 (CsgA DR5) are completely devoid of extracellular 

fibrils [128]. Interestingly, replacing R1 with R5 (CsgA R52345) and vice versa (CsgA R12341) can 

restore fibril formation, showing how these two repeats can be functionally redundant [129]. 

Furthermore, it has been shown that the CsgA DR5 protein is extremely bad at self-polymerizing in 

vitro [128], indicating the importance of R5 in the CsgA fibrillation process. Both CsgA and FapC 

repeats have highly conserved Gln, Asn, Gly and Ala residues [119, 125]. Some of these Gly and Asp 

residues in CsgA have been shown to act as gate-keeper residues for CsgA fibrillation [129] (Fig. I-8, 

pink residues). In addition, both proteins have a conserved Gln/Asn-X10-Gln/Asn motif [130] which has 

been suggested to be responsible for the highly similar morphology of curli and Fap fibrils [117] (Fig I-

8). 
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Fig. I-8. Alignments of the amino acid sequences of the five imperfect repeats (R12345) in CsgA from E. coli K12 and the three 

imperfect repeats (R123) in FapC from Pseudomonas sp. UK4. Conserved amino acids across the repeats are coloured grey while 

gate-keeper residues in CsgA are coloured pink. A conserved Gln/Asn-X10-Gln/Asn motif in both CsgA and FapC is boxed in black. 

Residues in CsgA predicted to form b-strands by solid-state NMR (Ser43-Tyr50 and Ser55-Thr61) are underlined with orange [131]. 

Modified from [116] and [132]. 

Each repeat in both CsgA and FapC have been suggested to form a b-strand-turn-b-strand motif [116, 

121, 131, 133] and the presence of two b-strand segments in CsgA R1 was recently confirmed with 

solid-state NMR [131] (Fig. I-8, orange underlining). Predictions suggest that the width of the fibril core 

is 4.5 nm and 3 nm for FapC and CsgA, respectively, probably reflecting the differences in the lengths 

of the repeats [121, 133].  

One major difference between CsgA and FapC is that the repeats are connected by two long linkers in 

FapC [117] but only by short turns of 4-5 residues in CsgA [127]. The role of these long FapC linkers is 

still unknown and they are not predicted to insert into the amyloid core [121]. However, the linkers in 

FapC from Pseuodmonas sp. UK4 have some regions with high predicted amyloidogenicity (L.F.B.C, 

J.S.N and D.E.O, in review) and it has been shown that a FapC mutant protein completely devoid of 

repeats (FapC DR123) is still capable of forming ThT-positive fibril-like aggregates [108, 132]. FapC 

DR123 fibrillation, however, is irregular and not very reproducible and the stability of the formed fibrils 

is drastically reduced compared to fibrils formed from wild-type (wt) FapC (L.F.B.C, J.S.N and D.E.O, in 

review). In addition, it has been shown how the tendency of the fibrils to fragment is tightly connected 

with the number of the repeats present in the protein [108].  
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1.3 Results and discussion part I 

This section will mainly cover results presented in paper II and paper V. These two articles centre 

around two different functional amyloid proteins; the major sheath protein (MspA) formed by 

Methanospirillum hungatei JF-1 and FapC from Pseudomonas sp. UK4. 

1.3.1 Paper II 

My contributions to this paper were gathering previously collected data (e.g. dissolution of sheaths and 

attempts of recombinantly expressing MspA), writing the original draft and being responsible for review 

and editing. I also did sheath purification, FTIR characterization and bioinformatics. 

This paper is in many ways an extension to the article ‘The tubular sheaths encasing Methanosaeta 

thermophila filaments are functional amyloids’ where a functional amyloid protein (MspA) is for the first 

time identified in Archaea [49]. In paper II we investigated the related Methanospirillum hungatei 

because both methanogens live within characteristic tubular sheaths. The sheaths are composed of 

individual rings and are extremely stable towards high concentrations of denaturants [49, 134, 135]. 

That the sheaths are composed of amyloid fibrils were indicated by their binding to the amyloid-specific 

antibody WO1 [136]. Similar to M. thermophila, we found that the sheaths of M. hungatei are composed 

of a single protein. For the sake of consistency, this protein was also named MspA. However, where M. 

thermophila MspA is a 60.9 kDa protein, we found that the corresponding MspA protein in M. hungatei 

is smaller (377 residues, 40.6 kDa) and that they only share 23% sequence similarity. In addition,	no 

homologs exist for the M. thermophila MspA while MspA from M. hungatei has a number of homologs 

in related strains: we identified 16 homologs in Methanospirillum lacunae and 7 homologs in 

Methanospirillum stamsii in addition to 6 internal homologs. This suggests that this MspA protein is a 

more widespread sheath protein. 

Although the two proteins are different, they share some interesting features with each other and with 

other functional amyloid proteins. Purified sheaths from M. thermophila and M. hungatei both give rise 

to characteristic peaks of ~ 1624 cm-1 and 1618 cm-1, respectively, when analyzed with FTIR, 

confirming the extended b-sheet (cross-b) structure of the sheaths. Both proteins also contain 

amyloidogenic hotspots (identified bioinformatically) and imperfect repeats throughout their sequence. 

Two long, imperfect repeats of ~ 80 residues with more than 30% conserved residues (mostly Asn, Gly 

and Ala) were identified for M. hungatei MspA. These repeats are much longer than for CsgA (19-23 
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residues) and FapC (33-34 residues). However, as each repeat in both CsgA and FapC is believed to 

form a b-strand-turn-b-strand motif [116, 121, 131, 133], we speculate that these longer repeats in 

MspA might represent multiplications of this motif. Similar to FapC and CsgA, MspA was found to 

contain a signal peptide, suggesting secretion of the protein. Even though the mspA gene was not 

found to be part of an operon structure, as we know it from the curli and Fap systems [117, 137], it 

cannot be excluded that chaperones and other accessory proteins are involved in transport of MspA 

through the cytoplasm and across the cell membrane that surrounds individual cells [138].  

A hypothetical model was proposed for the sheath arrangement of the M. thermophila MspA (Fig. I-9). 

 

Fig. I-9. Hypothetical model of how the MspA proteins arrange and form disulfide bonds within the sheaths. Modified from [49]. 

In this model, individual hoops are composed of circulated MspA amyloid fibrils and the hoops are 

connected through intermolecular disulfide bonds. The ‘looser’ boundaries between hoops allows for 

small molecules to penetrate. Based on the great similarities between the two MspA proteins we 

believe that this model can be applied for the M. hungatei MspA as well. Even though MspA from M. 

thermophila contains three Cys residues at positions 261, 291 and 298 (RefSeq accession number: 

YP_843493) while M. hungatei MspA only has one Cys residue at position 271, both proteins are 

capable of forming the necessary intermolecular disulfide bonds. The presence of disulfide bonds was 

confirmed by the need for a reducing agent like dithiothreitol (DTT) to disassemble the sheaths into 

monomers shown by us and others [111, 134]. Because amyloid proteins are eminent at self-

assembling it is suggested that the sheath filaments grow by incorporation of additional MspA 

molecules, possibly using existing sheath structure as a nucleus/template to ensure fast and efficient 

amyloid formation. The exact mechanism, however, is still unclear.  
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Unfortunately, it was not possible for us to recombinantly express the M. hungatei MspA protein. The 

ability of the protein to form fibrils in vitro and the amyloid nature of these fibrils could therefore not be 

analyzed. The unsuccessful purification in E. coli BL21(DE3) cells (despite several attempts) might be 

explained by high toxicity induced by this extremely aggregation-prone protein. However, due to all of 

the abovementioned similarities with the M. thermophila MspA (which has been expressed 

recombinantly and show amyloid characteristic x-ray diffraction patterns, CD spectra and TEM 

images), we are still convinced that the M. hungatei JF-1 MspA is a new functional amyloid protein. 

1.3.2 Paper V 

My contributions to this paper was writing the original draft and now being responsible for review and 

editing (the paper is currently in review at Journal of Biological Chemistry). In addition, I designed and 

conducted the assessment of FapC fibril stability towards formic acid which included purification and 

fibrillation of all FapC mutant proteins. 

Paper V is based on the frequent use of concentrated formic acid (FA) to dissolve both pathological 

(disease-associated) [44, 45] and functional amyloid fibrils [46-50]. We wanted to use FA to investigate 

how the three imperfect repeats (R123) of FapC contribute to the stability of the mature fibrils. It is 

known that the repeats are important for the fibrillation kinetics of the protein [108] but it has not been 

investigated how this correlates with the actual stability of the end-product fibrils. We used a set of 

FapC mutant proteins where the repeats were removed in a stepwise fashion to give proteins missing 

either one (FapC DR1, FapC DR2, FapC DR3), two (FapC DR12, FapC DR13, FapC DR23) or all three 

repeats (FapC DR123). All mutant proteins and the wt FapC were fibrillated in the presence of ThT 

and the mature fibrils were then dissolved in different concentrations of FA to determine the [FA]50% 

value (i.e. the FA concentration required to dissolve half of the fibril mass). Comparing the [FA]50% 

values for the different FapC proteins revealed that the impact of R1 on the fibril stability is modest 

compared to the contributions from R2 and R3 (Fig. I-10). 
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Fig. I-10. The FapC imperfect repeats are essential for fibril stability. The percentage of total protein amount present in supernatant 

after FA treatment is shown as a function of FA concentration. The arrow shows the decreasing fibril stability when the number of 

repeats is reduced. 

We showed that the decline in stability is a consequence of less residues driving amyloid formation: 

around 60 residues are involved for the wt and the FapC DR1, FapC DR2, FapC DR3 mutants while 

this number decreased abruptly to around 40 residues for the FapC DR12 and FapC DR13 mutants. 

The results obtained for the FapC DR23 were rather confusing (which has also been pointed out by the 

reviewers) and we are going to repeat this experiment. 

The general denaturation potency of FA was established by investigating its ability to destabilize S6, 

lysozyme and ubiquitin by using near-UV CD thermal unfolding and isothermal denaturation (25°C) 

measured by intrinsic aromatic fluorescence. The experiments were performed in pairs of FA and HCl 

solutions that had been adjusted to have the same pH value. This allowed us to determine the isolated 

destabilizing effect of the FA molecule by subtracting the destabilization caused by the low pH alone. 

We found a nice linear correlation between the change in the free energy of unfolding (DDG) and FA 

concentration for all three proteins and we could therefore determine the m-value for unfolding in FA, 

mFA. Because the mFA values also correlated linearly with the number of residues in the different 

proteins, we could compare the denaturing power of FA to that of GdmCl based on literature values. 

This revealed that GdmCl is three times as powerful a denaturating agent than FA on a per-mole basis 

which seems counterintuitive as GdmCl is less effective at solubilizing functional amyloid fibrils 

compared to FA. Interestingly, molecular dynamics simulations have suggested that GdmCl denature 

proteins through long-range electrostatics and that it initially destabilizes a-helices while having a 

harder time disrupting b-sheets [139]. This could explain why GdmCl has a hard time dissolving amyloid 

fibrils.	We suggest that the efficiency of FA is because it stabilizes the transition state – and thereby 
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reducing the transition state activation barrier – or the denatured state or a combination of both. 

However, one of the take-home messages from this study is that even though FA is the simplest 

carboxylic acid, the mechanism by which it is able to dissolve functional amyloid fibrils is really not 

simple at all.		

To gain more knowledge of the mechanism, we also investigated the destabilizing effects of the FA-

derivatives formate (ionized) and formamide (amidated). Formate could not destabilize lysozyme, 

indicating the importance of the protonation in FA, while formamide had some denaturation potency. 

This, however, was ~ 3-fold lower than for FA, indicates that the -OH group have some advantages 

over the -NH2 group in solvating functional groups found in proteins. However, further experiments are 

needed to fully appreciate this observation.
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Part II 

2.1 Neurodegenerative diseases 

Age-related diseases like Alzheimer’s (AD) and Parkinson’s disease (PD) are affecting more and more 

people in the aging population. They belong to a group of disorders commonly referred to as 

neurodegenerative diseases and they are characterized by the formation of protein amyloid deposits in 

the brains of patients. These deposits are in PD referred to as Lewy bodies (LBs) and Lewy neurites 

(LNs) and are composed mainly of the protein a-synuclein (a-SN) [140] while they in AD are called 

plaques or tangles and are made up of Ab peptides and tau [141]. Many neurodegenerative diseases 

have either a specific family link or occur sporadically – the sporadic form, however, accounts for more 

than 90% of cases for both AD and PD [142]. The familial forms are often recognized by mutations 

within or multiplications of the disease-specific proteins and they often cause early onset of the 

diseases which are otherwise normally observed at an average age of 62 for PD [143] and 75 for AD 

[144, 145].  

PD is mostly recognized for motor symptoms like bradykinesia, tremor, rigidity and gait disturbances. 

These symptoms are a consequence of the death of dopaminergic neurons in the substantia nigra pars 

compacta (SNc) which is a brain region involved in movement control. However, a number of non-

motor symptoms have also been reported in PD and evidence suggest that these non-motor symptoms 

antedate the motor symptoms and they are therefore believed to be important in terms of early 

diagnosis and treatment [146]. Common non-motor symptoms in PD include hyposmia (smell loss), GI 

dysfunction (e.g. constipation, increased intestinal permeability and GI inflammation), anxiety and 

depression (reviewed in [147] and [148]). 

2.1.1 Alpha-synuclein (a-SN) 

The main player in PD, a-SN, was initially identified in bovine brains 30 years ago [149] and was later 

found to be the main component of LBs and LNs [140]. It is a 14 kDa IDP which has been found to be 

natively unfolded under physiological conditions in vivo [150, 151]. In the presence of negatively 

charged lipid membranes, however, a-SN adopts a conformation dominated by a-helical content [152]. 

Even though a-SN is considered to be a neuron-specific protein, it is also expressed in other cell types 

such as the gut enteroendocrine cells (EECs) [153]. The physiological role of a-SN is not entirely 
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understood but it has been suggested that it is involved with synaptic vesicle trafficking and especially 

vesicle recycling [154, 155]. a-SN can structurally be divided into three domains: a highly charged (net 

positive) N-terminal domain, a middle non-amyloid-b component (NAC) region and an acidic C-

terminal domain (Fig. II-1). 

 

Fig. II-1. Structural organization of a-SN into three domains: the N-terminal (1-60), NAC (61-95, marked in bold) and C-terminal 

(96-140) domains. The seven imperfect repeats, which are found throughout the a-SN sequence, are boxed in pink. Modified from 

[156]. 

The NAC region was initially identified as a part of AD amyloid plaques [157] and has shown to be 

highly hydrophobic and capable of forming fibril-like structures when expressed as an isolated peptide 

[158]. Throughout the a-SN sequence, seven repeats can be found with the overall consensus 

sequence KTKEGV [157] (Fig II-1, pink boxes). These repeats – particularly the Lys residues – are 

proposed to play a role in interacting with negatively charged membrane headgroups and in embedding 

the helical a-SN within these membranes [152, 159-161].	

Several PTMs have been reported for a-SN, including acetylation, truncation, nitration, oxidation, 

phosphorylation and ubiquitination. Inside cells, a-SN is constitutively N-terminally acetylated [151] 

while the other PTMs are less abundant. Within LBs, however, a-SN is often found to be 

phosphorylated – primarily on the serine residue at position 129 – and detection of phosphorylated a-

SN is therefore often used as a marker for aggregated protein [162, 163]. Evidence suggest that this 

S129 phosphorylation of a-SN within LBs might be a late event (i.e. happen after LB formation) 

because S129 has been shown to correlate with disease severity and accumulate only at advanced 

stages [164, 165]. In addition, kinases that can phosphorylate fibrillar form of a-SN [166-168] have 

shown to co-localize with LBs [169, 170].  
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2.1.1.1 a-SN oligomers 

During amyloid formation, a-SN can assemble into oligomers. Many different a-SN oligomers have 

been reported [94-103] and they have been shown to form in vivo [171] and to disrupt membranes, 

induce reactive oxygen species (ROS) formation and cause cell death when added to cells in culture 

[99-103]. This suggests that a-SN oligomers are the primary toxic species and that they are responsible 

for the death of SNc dopaminergic neurons in PD (reviewed in [172]). It has also been shown that b-

sheet rich a-SN oligomers can spread from neuron-to-neuron and neuron-to-astrocyte in a toll-like 

receptor (TLR) 2-dependent process [173] and that a-SN oligomers are more toxic to dopaminergic 

cells than a-SN fibrils [102]. Interestingly, oligomers of different amyloidogenic proteins share a 

common structure, suggesting that they might share a common mechanism of pathogenesis [174]. 

That oligomers are the major cytotoxic species is, however, still controversial because fibrils seem to 

be necessary for seeding and can also be coupled to cytotoxicity [175-180]. 

2.1.2 Spreading of PD pathology 

In 2003 a six-stage PD pathology model was proposed by Braak, Braak and Del Tredici [181]. They 

describe how PD – in the form of LB pathology – spread within the brain from initial sites in the olfactory 

bulb and the dorsal motor nucleus (DMN) of the vagus nerve to the neocortex. From the initial sites, 

spreading happens in a caudo-rostral, predictable manner and affects regions that are anatomically 

connected through nerve cell axons [182]. Within these regions, only a subset of susceptible nerve cells 

manifests the LB pathology. Why some cells are particularly vulnerable is still a matter of debate, but it 

appears that they can be recognized by having long and partly unmyelinated axons and high energy 

demands [183]. 

2.1.2.1 Prion-like spreading of a-SN 

Spreading of a-SN is believed to happen by a prion-like mechanism where aggregated (also often 

referred to misfolded1 or pathological) a-SN acts as a template to cause aggregation of monomeric a-

SN (reviewed in [184] and [185]) (Fig. II-2).  

 
1 Since a-SN is intrinsically disordered, the term ‘misfolded a-SN’ can be confusing and will not be used 
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Fig. II-2. Simplified illustration of prion-like spreading of a-SN in PD. Upon release from infected cells, non-infected cells can 

internalize aggregated a-SN. In the recipient cell, aggregated a-SN then recruits endogenous, monomeric a-SN, causing these 

molecules to aggregate as well. Modified from [184]. 

Spreading of aggregated a-SN in humans was initially identified in 2008 by the presence of LB 

pathology in dopaminergic neurons that had been transplanted into PD patient brains more than 10 

years earlier [186-188]. Since then, the phenomenon of host-to-graft spreading of a-SN have been 

investigated – and confirmed – in a number of mouse and rat models [189-192]. It has also been shown 

that injecting LB extracts (but not extracts containing only soluble a-SN or LB extracts depleted for a-

SN) from PD patients into the striatum of monkeys results in progressive neurodegeneration and a-SN 

spreading to more distant brain regions [193]. Similar studies – with similar outcomes: spreading of a-

SN, development of LB/LN pathology, loss of SNc dopaminergic neurons and motor deficits – have 

been conducted by introducing brain-derived or synthetic a-SN fibrils into the brains of transgenic (Tg)2 

mice [194, 195], Tg rats [180, 196] or wt mice [179, 193, 197]. Together these studies show that (1) 

aggregated human a-SN can seed endogenous mouse, rat or monkey a-SN and that (2) aggregated 

a-SN can propagate to other parts of the brain.  

Injection of a-SN species into the brains of rodents results in uptake of a-SN into neurons close to the 

injection site [178, 179, 193, 194, 196]. Examples of a-SN uptake mechanisms are receptor-mediated 

endocytosis [198-200], endocytosis of extracellular vesicles [201], direct translocation across the cell 

membrane (only observed for the monomer) [198] or transfer between cells through tunnelling 

nanotubes [202-204]. Although fibrils of all sizes (from 80 nm to > 1 µm) bind to the surface of SH-

SY5Y cells, there seems to be an inverse relationship between fibril length and uptake as fibrils longer 

 
2 In this thesis the term ‘Tg’ always refers to animal models overexpressing human wt or A53T a-SN 
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than 400 nm seem unable to enter cells through endocytosis [205]. In addition, shorter fibrils seem to 

generally correlate with increased cell cytotoxicity compared to longer fibrils [175, 176, 196, 205]. 

2.1.2.2 Spreading from the enteric nervous system (ENS) 

In addition to the olfactory bulb, a-SN can also be detected in ENS neurons in the pre-clinical (before 

any treatment) phase of PD [206]. The ENS is primarily found within the lining of the gastrointestinal 

(GI) tract [207] and ENS neurons are located largely within two plexuses called Auerbach’s and 

Meissner’s. Whereas Auerbach’s plexus forms a continuous network throughout the entirety of the GI 

tract, Meissner’s plexus is largely restricted to the intestines [207]. Spreading of PD pathology from the 

ENS to the central nervous system (CNS) is believed to happen primarily through the vagus nerve [208, 

209]. This is supported by recent studies showing that vagotomy is associated with a decreased risk of 

developing PD in humans [210, 211] and can prevent spreading of a-SN aggregates from the GI tract 

to the DMN in mice [209, 212].  

For PD spreading to initiate in the olfactory bulb or the ENS, a-SN initially have to aggregate in these 

locations. One suggested mechanism is that a-SN aggregation might be induced by certain bacteria in 

the gut and/or their metabolites (reviewed in [213]). It is well known that the gut communicates with 

the brain (and vice versa) through the so-called gut-brain-axis and that this communication is crucial to 

host homeostasis. The early occurrence (up to decades before the appearance of motor symptoms 

[214]) and the high prevalence of GI dysfunction in PD patients [215, 216], indicating microbiome 

dysbiosis, make the microbiome extremely relevant to study in relations to PD initiation, propagation 

and progression. In addition, gut microbiota could represent a potential target for treatment. 

2.2 The microbiome 

All the microbial cells that colonize the human body is collectively referred to as the human microbiome. 

The largest portion of the microbiome is found in the human GI tract where they complement the 

human biology by e.g. harvesting nutrients from otherwise inaccessible food sources and by 

synthesizing essential amino acids and vitamins (reviewed in [217]). Most bacteria are found in the 

distal part of the GI tract; the cecum and colon is home for an estimated 1011 colony forming units/mL 

(CFU/mL) bacteria [218] while the acidic environment in the stomach houses less than 1000 CFU/mL 

bacteria [219]. In the small intestine the bacterial count increases from 102-104 CFU/mL in the 

duodenum to 103-107 in the ileum [219] (Fig II-3). 
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Fig. II-3. Overview of the bacterial count in the GI tract. All numbers are in units of CFU/mL. Modified from [220]. 

The microbiome of each person is unique [221] and is largely established during the first years of life. 

During primarily the first six months (or until the introduction of solid foods), infants have highly 

heterogenous microbiota – but still overall individual-specific – that undergo abrupt shifts over time 

[222]. After that, the microbiota composition eventually shifts towards a more stable, adult-like 

microbiome. Sanger-sequencing of faecal samples from 35 adult individuals have shown that bacteria 

make up the largest majority of species in the human gut microbiome and that especially those 

belonging to the phyla Firmicutes and Bacteroidetes dominate [223] (Fig II-4). 

 

Fig. II-4. Relative abundance of bacteria on the phyla level based on faecal samples from 35 individuals (6 different nationalities). 

Modified from [223]. 
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Factors like gender, age and diet are known to affect the composition of the human microbiome [224, 

225] but exactly how differences in microbiome composition between different people arise and how 

they are regulated and sustained are still largely unknown. Hopefully projects like the Human 

Microbiome Project [226] – which focuses on increasing our of knowledge of the human microbiome, 

how it is established and how it contributes to human physiology – can shed more light on some of 

these questions.  

2.2.1 The microbiome in disease  

That the healthy human microbiome display enormous variability can make it difficult to identify disease 

markers. However, some conditions are more of less directly linked with microbiome composition. One 

example is infections with the opportunistic pathogen Clostridium difficile which causes diarrhoea. This 

bacterium can colonize the colon (often following antibiotic treatments) and cause massive 

inflammation and lesions. Another disease with a strong link to the microbiome is inflammatory bowel 

disease (IBD). This disease has shown to have a consistent microbiome signature – enrichment for 

Actinobacteria and Proteobacteria and depletion of Bacteroidetes and Firmicutes – allowing for 

precise classification of the disease based solely on high-quality sequencing of the 16S rRNA gene 

from faecal samples [227].  

2.2.1.1 The microbiome composition is altered in PD patients 

Because GI dysfunction is such a prevalent non-motor symptom in PD patients [215, 216], the 

microbiome composition of PD patients have been receiving more and more attention. Since 2015, 17 

studies have compared the microbiome composition of PD patients with that of healthy controls and 

all of them find significant3 differences [228-244] (recently also reviewed in [245]). The specific 

outcomes of each of these studies are summarized in Appendix 1. There are some discrepancies 

across the different studies (also pinpointed by [233] and [245]) like the abundance of Lactobacillus (a 

significant increase was reported in studies [228, 230, 233, 237, 239, 240, 242, 244] while a decrease 

was seen in study [229]), the reduction in Prevotellaceae (significant in study [228, 238, 240-242], non-

significantly reduced in studies [229-231, 234, 239] and not reduced in the rest of the studies) and the 

abundance of Bacteroidetes (increased in study [231] while reduced in study [229, 230, 238, 240, 242]). 

Akkermansia (and Verrocomicrobiae in general) are consistently shown to increase across studies 

 
3 ‘significant’ in this section always means P<0.05 unless otherwise stated 
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([228, 231-233, 238, 239, 241, 242, 244]) and so are Bifidobacteriaceae ([228, 236, 239, 240, 244]). 

Several studies ([231, 233, 236, 237, 244]) also show a decrease in Lachnospiraceae although one 

study [238] finds an increase (in this study, however, only 10 PD patients were investigated).  

One major issue with these microbiome studies is that they do not control for the same confounders 

when they analyse their microbiome data. While general confounders such as gender, diet and age are 

known to affect microbiome composition [224, 225], conditions related to – or a consequence of – PD 

(e.g. medication, GI dysfunction and disease duration) could very well do the same. This inevitably 

affects which bacterial genera that are able to reach statistical significance. As a response to this, Hill-

Burns et al. investigated a total of 39 potential confounders and ended up controlling for 13 of them as 

they were slightly different (P<0.1) between the PD and the control groups. Another study by Barichella 

et al. also adjusted for 13 confounders (similar but not identical to Hill-Burns) in their data analysis [244]. 

Both studies confirmed that the microbiome composition is significantly changed in PD patients 

compared to healthy controls. Interestingly, both studies also showed that microbiomes of PD patients 

were enriched in pathways that degrade xenobiotics [233], indicating that pesticides might play a role 

in PD. This link between pesticides and PD has previously been discussed – for reviews read [246] and 

[247].  

All of the above-mentioned studies are cross-sectional and are performed on clinically diagnosed PD 

patients. As diagnosis requires the presence of motor symptoms [248], the disease is already very 

advanced at the time of sample collection. To determine how the microbiome changes during the pre-

clinical and the clinical phases of PD, longitudinal studies are required. One such study has been 

performed in a rotenone-induced PD mouse model [249]. The results, however, were rather unclear 

and additional longitudinal studies are therefore needed to elucidate how the microbiome of PD 

patients (or patients to be) changes over time.  

2.2.1.2 How gut microbiota affect PD 

Intestinal inflammation and increased intestinal permeability are hallmarks of PD and could provide an 

‘easy entry’ for gut microbes [215, 250]. In fact, a study of nine untreated (but recently clinically 

diagnosed) PD patients show that they have higher numbers of E. coli bacteria and increased a-SN 

staining in GI tract mucosa compared to healthy controls [215]. It has been shown how gut microbiota 

are required for Tg mice to develop a-SN brain pathology and motor deficits [251]. Treating these mice 

with antibiotics could ameliorate the symptoms while re-colonization would promote them. In addition, 
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neuroinflammation and motor symptoms could be induced alone by orally feeding germ-free mice with 

the microbial metabolites short-chain fatty acids (SCFAs) [251]. Another bacterial metabolite, the 

endotoxin lipopolysaccharide (LPS), have been shown to accelerate a-SN aggregation in vitro and 

cause the formation of a-SN fibrils that are different in terms of morphology and toxicity compared to 

a-SN fibrils formed in the absence of LPS [252, 253]. LPS is produced by many gram-negative bacteria 

and has shown to cause selective degeneration of SNc dopaminergic neurons [254, 255]. In addition, 

it also causes SNc pathology and motor deficits when injected into the stomach of wt mice [256, 257] 

and the brains of wt rats [258, 259].  

2.2.1.3 Interactions between microbial products and gut enteroendocrine cells (EECs) 

Even though the GI tract has protective mucus layers that separate the epithelial cells from the gut 

microbiota, this can be compromised by cell damage and inflammatory cytokines (reviewed in [260]) 

and thereby allow gut lumen bacteria to interact with both intestinal epithelial cells and EECs. EECs 

are a specialized group of cells found in the lumen of the GI tract where they exist in close proximity to 

nerve fibres [207]. Interestingly, these cells produce α-SN [153] and it was recently shown how some 

EECs interact directly with neurons and thereby provide a direct connection between the gut and the 

brain [261, 262].  

Both intestinal epithelial cells and EECs express different TLRs [263]. One of these receptors is TLR2 

which is known to recognize pathogen-associated patterns and is a part of the innate immune system 

(reviewed in [264]). Together with TLR1, TLR2 recognizes the functional amyloid curli, leading to an 

inflammatory response upon binding [265-267]. Signaling from EECs to ENS neurons can therefore be 

modulated through TLR binding, possibly through induction of cytokine production [266]. In fact, 

colonizing germ-free wt mice with curli-producing E. coli have shown to cause an increase in cytokine 

production in the proximal large intestine [268]. In addition, biofilm-relevant complexes of DNA and 

curli can trigger an immune response in wt mice when given systematically [269]. Interestingly, 

inhibiting TLR2 in Tg mouse models can ameliorate PD pathogenesis and motor deficits while 

overexpressing TLR2 increases neuroinflammation in both Tg and wt mice [173, 270]. In this regard it 

should be mentioned that cell-released b-sheet-rich α-SN oligomers are also able to bind to TLR2 and 

might also contribute to the observed effects [270, 271]. The mechanism by which agonist binding to 

TLR2 in neurons cause an accumulation of α-SN aggregates and neuronal neurotoxicity have been 

proposed to be a result of macroautophagy inhibition [270] (Fig. II-5). 
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Fig. II-5. Mechanism of how TLR2 binding of an agonist can lead to accumulation of α-SN aggregates and neurotoxicity in neurons. 

Reproduced with permission from [270]. 

Altogether this points to a central role for TLR2 in PD pathology as (1) TLR2 is upregulated in PD 

patients [173, 271], (2) agonist binding can cause a build-up of α-SN aggregates [270] and (3) TLR2 

can facilitate neuron-to-neuron and neuton-to-astrocyte transmission of α-SN toxic oligomers [173].	In 

addition to curli and b-sheet	rich	α-SN oligomers, Ab40 and Ab42 amyloid fibrils can also bind to TLR2 

and induce inflammation [267], suggesting that TLR2 is a general amyloid-recognizing receptor. 

2.2.2 Functional amyloids and PD 

Although the above-mentioned studies indicate that curli might promote PD development or 

progression through TLR2-dependent mechanisms, this still needs to be fully established. However, 

that curli-producing bacteria can induce or worsen PD pathology have been shown on several 

occasions. It has e.g. been shown that a Tg C. elegans PD model develop more α-SN aggregates if they 

are fed with curli-producing E. coli compared to a curli knockout E. coli mutant [272]. In the same study 

they also orally infected aged rats with curli-producing E. coli and observed an increase in neuronal α-

SN deposition in bowel, striatum and hippocampus and an enhanced immune response in the brain 

compared to rats that were infected with curli-deficient E. coli. Similar experiments have been 

performed in a germ-free Tg mouse model where mice were either mono-colonized with E. coli +/- curli 

or transplanted with a complex fecal microbiota (human donor) that had been supplemented with E. 



 29 

coli +/- curli [268]. In both cases it was observed that exposure to curli correlated with increased α-SN 

pathology in gut and brain, GI dysfunction and motor deficits [268]. Importantly, introducing curli-

producing E. coli in wt mice does not affect motor functions, suggesting that curli require additional 

predisposing factors (like α-SN overexpression) to cause disease [268]. Nicely in line with all of the in 

vivo studies just described, the major component of curli, CsgA, has also been found to accelerate α-

SN aggregation in vitro [268].  

2.2.2.1 Evidence of biofilm in the intestinal tract 

Functional amyloids are highly abundant in bacterial biofilms [273, 274] suggesting that biofilm in the 

GI tract could be a possible site for interactions between biofilm-associated functional amyloid proteins 

(like curli) and α-SN-producing cells (like EECs). The ability to form biofilm is considered to be a general 

attribute of bacteria. Not only does biofilm formation protect bacteria from antimicrobials, antibiotics 

and host defences, it also allows for them to more easily share nutrients and communicate with each 

other (reviewed in [275]). Bacterial biofilms are matrixes composed of mainly polysaccharides, DNA 

and proteins and they therefore share many features with the mucus layers of the GI tract which are 

also rich in polysaccharides and proteins. Distinct bacterial communities inhabit these mucus layers 

and they have been shown to differ from their lumen-residing counterparts in terms of transcriptional 

patterns and proliferation rates [276, 277]. This is similar to bacteria living within a biofilm contra as 

planktonic cells as these are also highly different in terms of gene expression [278]. Mucus glycans 

have been suggested to be an attachment site for bacteria that express polysaccharide-binding 

proteins [279] and could at the same time act as a nutrient source. ‘Allowing’ certain bacteria to form 

biofilm-associated communities in the GI tract would also benefit the host as microbiome commensals 

bacteria are known to be an important player to fight off pathogens (reviewed in [280]). 

Colonization of the healthy GI tract involving biofilm formation is probably most relevant for the colon 

where the bacterial count is highest (~ 1011 [218]) and transit times are longer than in the small 

intestine. However, colonic biopsies – which would reveal any biofilm formation – are mostly performed 

to confirm diseases like cancer, Crohn’s disease or ulcerative colitis and they are therefore not routinely 

performed on healthy individuals. However, some studies have been performed on the healthy human 

appendix and have shown the presence of biofilm and microcolonies [277, 281-283]. In the GI tract of 

mice, biofilm has also been observed on top of small intestinal epithelial cells [284] (Fig. II-6). 
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Fig. II-6. Scanning electron microscopy image of the mouse distal small intestine. The surface protrusions are epithelial cell villi with 

biofilm remnants (arrows) from the mucus layer that normally overlies the epithelial cell layer. Scale bar: 100 µm.	Reproduced with 

permission from [284]. 

In addition, biofilm have been detected on medical devices like feeding tubes [285] and on food 

particles from human fecal samples [286], confirming that GI tract bacteria are highly capable of 

forming biofilms.  

2.2.2.2 Cross-interactions between amyloid proteins as a disease mechanism 

It is possible that the production of functional amyloids by bacteria in the GI tract induce α-SN 

aggregation indirectly through TLR2-mediated processes (Fig. II-5). However, uptake of functional 

amyloids or secretion of α-SN by cells in the GI tract could also permit direct interactions and allow for 

cross-seeding events to happen. Because the tertiary structure (epitope) of amyloid fibrils is so well 

conserved, it has been suggested to be able to template other amyloid proteins through a molecular 

mimicry mechanism [287]. This kind of cross-seeding, where fibrils or seeds formed by one 

amyloidogenic protein accelerate fibril formation by another amyloidogenic protein has been observed 

in vitro on several occasions. Examples are cross-seeding between seeds of prion protein (PrP) purified 

from scrapie-affected animals and Ab42 [288], between CsgA seeds and Ab40 [78], between FapC seeds 

and Ab42 (Javed et al., unpublished) and between seeds of a-SN and both Ab40 and Ab42 [289]. 

Interestingly, even monomeric CsgA can accelerate a-SN fibrillation [268]. In vivo, many 

neurodegenerative diseases also show considerably overlap between different amyloidosis, including 

AD with a-SN pathology and vice versa (reviewed in [290]). In addition, it has been shown that amyloid 
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fibrils formed from different ‘precurser’ proteins interact with a highly conserved set of proteins (the 

amyloid interactome) like apolipoproteins, immunoglobulins and proteins involved in blood coagulation 

and that they also preferentially interact with other amyloidogenic proteins [66]. Altogether this suggest 

that different amyloidogenic proteins can mutually promote aggregation of each other and that cross-

seeding and cross-aggregation could be a highly relevant mechanism in diseases involving amyloid 

deposition. 

2.3 Results and discussion part II 

This section will focus largely on the results obtained in paper III and paper VI. These two studies both 

investigate the interplay between functional (FapC or microbiome proteins) and pathological (a-SN) 

amyloid proteins. 

2.3.1 Paper III 

My contributions to this paper was study design, writing the original draft and obtaining many of the 

results. All experiments were designed and performed by me and/or my Bachelor student Kirstine Friis 

Jensen. The paper was submitted just before I started my maternity leave and review and editing of the 

paper was therefore handled by Kirstine and Professor Daniel Otzen.  

In paper III we investigated the interplay between a-SN and the functional amyloid protein FapC (and 

a repeat-less mutant hereof). This was done to get more insight into cross-interactions between 

amyloid proteins, both in general and as a disease mechanism. In the paper we state that the genus 

Pseudomonas spp. is relatively abundant in the healthy gut. This is, admittedly, a stretch. The statement 

was based on a study by Monstein et al. where they take out biopsies from two parts of the stomach 

(the corpus and the antrum) in five healthy individuals and find that Pseudomonas spp. is relatively 

abundant. This, however, does not change the fact that Pseudomonas are not normally found to be a 

dominant member of the respiratory tract and oral cavity unless under conditions of infection [291]. 

Because of their biofilm-forming properties, Pseudomonas strains like the pathogenic P. aeruginosa 

can colonize the lungs and cause lung infections in cystic fibrosis patients (reviewed in [292]). Also, 

many other bacteria that encode the fap operon are pathogens, some of which are involved in 

gastroenteritis and diarrhoea (like Aeromonas caviae and Laribacter hongkongensis) [293, 294]. We 

therefore realize that Pseudomonas are largely environmental but argue that they can still be relevant 

in a gut-related context under some (disease) conditions. 
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We investigated how removing all the imperfect repeats of FapC (giving the mutant protein FapC 

DR123) affected not only fibrillation kinetics but also the ability of the protein to interact with a-SN. To 

our surprise, FapC DR123 was able to form ThT-positive fibrils even though the imperfect repeats have 

long been believed to be the main driver of fibril formation [121]. This is not necessarily wrong for the 

wt FapC fibrils, but a separate model needs to be developed for FapC DR123. We believe that in the 

absence of the ‘true’ drivers for fibril formation (the repeats), the linkers are responsible for driving fibril 

formation because – as we also show in paper V (Fig. S6) – the linkers also contain regions of high 

amyloidogenicity. Fibrillation of FapC DR123 results in fibrils which are smaller and much more 

fragmented than their wt FapC counterparts, although they still give an amyloid-characteristic FTIR 

peak around 1620 cm-1.   

Due to the increased focus on cross-interactions between amyloidogenic proteins (see section 2.2.2.2), 

we wanted to investigate if any interactions could be observed between the FapC proteins and a-SN. 

Fibrillation of both FapC and a-SN have been shown to be modified by the curli chaperone CsgC, 

indicating that they share a similar fibrillation mechanism [295-297]. Possible interactions between 

FapC (both wt and mutant) and a-SN were initially investigated with dot blots. We observed binding 

between both FapC proteins and all species of a-SN (monomers, oligomers, fibrils).	 Interestingly, 

however, only monomeric FapC DR123 could inhibit a-SN fibrillation as assessed with ThT fibrillation 

assays. The inhibition was optimal at a-SN:FapC DR123 mg/mL ratios of around 1:0.1, reflecting that 

above a certain FapC DR123 concentration, the protein preferentially interacts with itself and no longer 

with a-SN. We observed that FapC DR123 and a-SN formed mixed hetero-oligomers which are 

probably responsible for delaying a-SN fibrillation by trapping a-SN molecules. No complexes were 

formed between a-SN and wt FapC. We also observed that the inhibitory effect of FapC DR123 was 

completely abolished in the presence of the reducing agent DTT. The FapC protein contains two 

cysteine residues in the C-terminal part of the protein (the CXXC motif) but we did not find these to be 

important in the fibrillating of wt FapC. For the FapC DR123 mutant, however, disulphide bond 

formation is responsible for delaying fibril formation as adding DTT to the monomeric FapC DR123 

solution gives a much faster fibrillation (lag phase reduced from ~ 12 hours to <2 hours). No differences 

between the slow-formed FapC DR123 fibrils containing disulfide bonds (no DTT present) and the fast-

formed, reduced fibrils (DTT present) could be observed with FTIR or when accessing their stability 

towards dissolution in urea. In conclusion, we found that the long lag phase of FapC DR123 fibrillation 



 33 

– during which disulfide bonds are formed – allows for the protein to interact with and inhibit a-SN (Fig. 

II-7). 

d 

Fig. II-7. Inhibition of a-SN (blue) fibrillation by FapC ∆R123 (orange). During the long lag phase of FapC ∆R123 fibrillation the 

protein forms dimers, trimers and oligomers with disulfide bond linkages (yellow stars). These disulfide-bonded species delay not 

only fibrillation of FapC ∆R123 itself but also that of a-SN. 

Even though the FapC mutant protein is not biologically relevant, we still find its interactions with a-

SN interesting because they shine some light on how retardation of fibrillation due to ‘entrapment’ of a 

protein in off-pathway oligomers suddenly enables interactions with a completely different fibrillating 

protein. This could be relevant in vivo if conditions here retard fibrillation or promotes the formation of 

specific intermediates with changed reactivities. 

2.3.2 Paper VI 

My contributions to this paper was writing the original draft and being responsible for all faecal sample 

handling (DNA purification, formic acid treatment, SDS-PAGE, reduction, alkylation and in-gel 

digestion) for the LC-MS/MS analysis. The V1-V3 16S rRNA amplicon sequencing was done by me in 

collaboration with Morten S. Dueholm. I did all purification and biophysical characterization of Pr12 and 

Pr17 based on preliminary results by Saeid Hadi Alijanvand.  

In paper VI we were looking for novel functional amyloid proteins in faecal samples from young (3 

months) Tg rats that overexpress human a-SN [298]. This PD animal model has been thoroughly 

characterized and it recapitulates some of the changes that are seen in both early and late stages of 

PD in human patients: early smell deficits and subtle motor impairments that get progressively worse. 

Already at 3 months of age, a-SN oligomers and insoluble a-SN deposits can be found in the cortex. 



 34 

At this early stage the rats are also slightly impaired in their ability to traverse first a narrow beam (first 

day) and a grid (second day) and their olfactory discrimination is disrupted [298]. No significant 

decrease in dopaminergic neurons in the striatum or the SNc is detected at 3 months. Altogether the 

faecal samples used in this paper should reflect early stage PD.  

We were able to detect some changes in the microbiome composition, supporting that the change in 

microbiome composition in PD patients is an early event, but these did not reach statistical significance. 

We observed increases in Lachnospiraceae while Lactobacillus, Bacteroides and Prevotellaceae were 

decreased in PD compared to wt samples (Fig. II-8). 

d 

Fig. II-8. Heatmap (OTU level) of microbial composition across the six different samples. Changes between wt and PD samples are 

boxed in black. 

These results contradict many of the previously published studies on changes in microbiome 

composition in PD patients which generally see an increase in Lactobacillus [228, 230, 233, 237, 239, 

240, 242, 244] and a decrease in Lachnospiraceae [231, 233, 236, 237, 244]. The decrease in 

Bacteroides [229, 230, 238, 240, 242] and Prevotellaceae [228, 238, 240-242] is consistent with 

previous results. These discrepancies are most likely a consequence of our extremely low sample size 

(n=3 for each group) and that these young animals only show subtle symptoms of PD. 	

To identify amyloid proteins in these stool samples we used an approach with FA treatment combined 

with label-free quantitative LC-MS/MS [46] (Fig. II-9). 
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Fig. II-9. Workflow for direct identification of amyloid proteins using FA and LC-MS/MS. Adapted from [46]. 

The amyloid structures should not dissolve unless subjected to high FA concentrations. Hits are 

classified as proteins that give a sigmoidal signature when protein abundance is plotted against [FA] 

(right side of Fig. II-9). We did the experiment for each of the six samples in technical triplicates. 

Searching the MS data4 against the non-redundant NCBI database, we identified more than 6000 

proteins across the six samples – of these, 367 classified as hits based on at least one of the three 

technical triplicates (Table II-1). 

Table II-1. Identified proteins using the nr NCBI database 

 PD1 PD2 PD3 WT1 WT2 WT3 Total 

Proteins identified 1214 1314 1145 1048 1183 447 6351 

Protein hits 110 49 22 89 73 24 367 
 

Because we wanted to combine the MS results with bioinformatics, we included all hits in the following 

analysis. The two most promising candidate proteins were identified based on (1) presence of a signal 

peptide, (2) high amyloidogenicity and (3) length suitable for recombinant expression. We designed 

pET30a vectors for each of these two proteins and were able to successfully express them in 

BL21(DE3) cells. Purification was done using a protocol developed for purification of amyloidogenic 

proteins where the proteins are maintained in 8 M GdmCl throughout all purification steps to keep 

 
4 This data is available through the website http://www.ebi.ac.uk/pride using username: reviewer57540@ebi.ac.uk and 
password: 9O0NGuLI	
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them monomeric. Both proteins are uncharacterized according to the Uniprot database and we 

therefore named them Pr12 and Pr17 based on the molecular weight of the purified products. 

Following desalting into buffer, the proteins aggregated immediately without any lag phase. Although 

this indicates amorphous aggregation, the aggregates were found to bind ThT which instead indicates 

amyloid formation. Also, the resulting aggregates gave rise to amyloid-characteristic FTIR peaks 

between 1622 and 1627 cm-1 for both proteins. The aggregates of Pr17 (but not Pr12) showed some 

resistance towards FA with a [FA]50% value of 32.7 ± 3.7%. Although this is relatively low it has been 

shown that other functional amyloids, such as the TasA fibrils produced by Bacillus subtilis, dissolve 

already at 20% FA [48] and we therefore cannot exclude that a given protein is an amyloid based on 

the FA stability alone. With that said, TEM analysis of the protein aggregates did not reveal long, 

straight fibres, as we normally observe for functional amyloid proteins, but instead only showed few thin 

fibres for Pr17 and more amorphous aggregation for Pr12 at pH 6. At pH 4, both Pr12 and Pr17 

aggregates had a mesh-like appearance. Altogether, Pr17 (and to some degree also Pr12) share many 

features with other functional amyloid proteins, validating the approach of FA treatment followed by 

LC-MS/MS combined with large-scale bioinformatics analysis for identification of novel amyloids in 

(very) complex samples. However, despite the amyloidogenic nature of Pr12 and Pr17 and their 

localization in the microbiomes of PD Tg rats, we did not find any evidence that the two proteins affect 

a-SN aggregation in vitro.  

To improve this paper, it would be nice to include a non-hit protein as a negative control and investigate 

this in parallel with Pr12 and Pr17. This is especially important because the behaviour of Pr12 and Pr17 

is so similar across the different studies: the immediate aggregation, the very similar aggregate 

morphology and the stability of both types of aggregates towards proteinase K. We know that all protein 

sequences can misfold into various aggregates but where amyloid aggregation has been heavily 

investigated, amorphous aggregation is a more diffuse phenomenon. For example, we do not have a 

clear picture of how stable such an aggregate structure is (e.g towards urea or proteinase K) and to 

which degree we would expect it to contain b-strand or b-sheet structures. It would therefore be nice 

to confirm that we do not observe similar behaviours of a protein that we do not consider as a potential 

functional amyloid candidate protein. In addition, investigating the structure of the Pr12 and Pr17 

aggregates with x-ray diffraction could confirm the cross-b structure indicated by the FTIR analysis.	
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2.3.2.1 Metagenome construction 

To assess the microbial composition in the six samples, we sequenced the V1-V3 region of the 16S 

rRNA gene. However, even though 16S rRNA sequencing is a powerful tool for microbiome analysis it 

has limitations like resolution and high dependency on existing databases [245]. We, therefore, need 

other (or supplementary) methods to be able to fully characterize (and fully understand) the gut 

microbiome. Metagenome construction of microbiome communities is a promising approach because 

it allows one to extract information about all genes (and possibly also gene functions) and thereby 

correlate taxonomy with function.  

Using the extracted DNA from the six microbiome samples (PD1-3 and WT1-3) we constructed such 

a metagenome. The metagenome provides us with a powerful reference database. This is important 

because we cannot be sure that the protein sequences that we identify as potential amyloid proteins 

already exist in any of the available databases. In addition, the metagenome allows us to extract 

genome information about specific bacterial species if they show up interesting in terms of amyloid 

production. We therefore hope that the metagenomic data will allow us to determine which bacteria 

that produce functional amyloids and whether or not these proteins are part of dedicated operons and 

contain amyloid-characteristic sequence determinants.  

These recent data have not yet been included in paper VI and are only described in this section. By 

searching the same MS data against the new metagenome reference database, we identified ~ 3000 

proteins but only 62 hits (Table II-2). 

Table II-2. Identified proteins using the metagenome reference database 

 PD1 PD2 PD3 WT1 WT2 WT3 Total 

Proteins identified 706 523 721 433 553 158 3094 

Protein hits 20 3 3 17 19 0 62 
 

For nine of these hit proteins, at least two of the replicates gave a sigmoidal signature when protein 

abundance was plotted against FA concentration (Table II-3).  
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Table II-3. Hit proteins identified using the metagenome as reference database 

Sample Protein Protein annotation 

PD1 1 Uronate isomerase 

  2 Inosine-5'-monophosphate dehydrogenase  

  3 Chromosome partition protein Smc  

  4 Outer membrane protein SusE  

WT1 1 DNA-directed RNA polymerase subunit alpha  

  2 Hypothetical protein 

  3 Outer membrane protein 41  

  4 DNA-directed RNA polymerase subunit alpha 

WT2 1 Hypothetical protein 
 

Sequences for these proteins are attached as Appendix 2. Due to time limitations, we did not dig deeper 

into these proteins. To verify if any of these proteins form amyloid fibrils, they would need recombinant 

expression and biophysical characterization as performed for Pr12 and Pr17 in this paper. In addition, 

fibrils should be analysed with x-ray diffraction to confirm the cross-b structure. 
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Part III – Unpublished results and concluding remarks 

In this section I will present the results of a few side projects that I have been working on. These results 

did not make the cut to be written into draft articles but – especially considering the time and efforts I 

spend working on them – I still think they deserve mentioning. 

3.1 Identifying the amyloid protein in Sphaerisporangium cinnabarinum 

Sessile growth within a biofilm is a common feature of bacteria [275]. Because many functional amyloid 

proteins play biofilm-associated roles (e.g. curli and fap fibrils, TasA from Bacillus subtilis [48] and PSMs 

from Staphylococcus [82]), it makes sense to look for new functional amyloid proteins in biofilms.  

Jordal et al. have shown that the amyloid-specific antibody WO2 binds to bacterial colonies of 

Sphaerisporangium cinnabarinum (DSM 44094) (previously Streptosporangium) and 

Corynebacterium glutamicum (DSM 20300) [274]. We wanted to identify the protein responsible for 

this binding. Both strains were obtained from DSMZ (https://www.dsmz.de) and grown overnight (ON) 

on ATCC medium 3 (C. glutamicum) and medium 172 (S. cinnabarinum) agar plates at 37°C and 28°C, 

respectively. I then labelled the bacteria with another amyloid-specific probe, CDy11, to confirm the 

presence of amyloid structures [299]. This probe was initially developed to bind to biofilms formed by 

Pseudomonas aeruginosa but was also found to bind biofilms formed by curli-producing E. coli and 

Salmonella typhimurium, indicating that it recognizes a generic amyloid epitope. C. glutamicum and S. 

cinnabarinum were washed off in 50 mM Tris (pH 8) with 0.02% sodium azide and diluted to OD600 = 1. 

The bacteria were then pelleted (13,500 rpm, 5 min) and resuspended in either buffer alone or buffer 

containing 10 mg/mL proteinase K (Sigma). After 1 or 24 hours of incubation at room temperature 

(RT), the CDy11 probe was added to the bacteria (except for a negative control). The cells were 

incubated with the probe for 30 min before visualization using a confocal microscope (Fig. III-1). 
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Fig. III-1. CDy11 binding to S. cinnabarinum (top row) and C. glutamicum (bottom row). Bacteria were visualized without CDy11 

added (A), with CDy11 added (B) or with CDy11 added after treated for 24 hours with high concentrations of proteinase K (C).  

The CDy11 probe clearly bound to both bacterial strains (Fig. III-1B). Binding was diminished (but not 

abolished) for S. cinnabarinum by incubating the cells for 24 hours (but not for 1 hour, data not shown) 

with high concentrations of proteinase K (Fig. III-1C, top). No difference was observed for C. 

glutamicum upon proteinase K treatment (Fig. III-1C, bottom). This indicates that the CDy11-binding 

component of at least S. cinnabarinum is protein-based. No autofluorescence was observed for any of 

the bacteria in the absence of CDy11 (Fig. III-1A). We also tried to pre-incubate the bacteria with 5 mM 

EGCG to test if this could remodel the amyloids (as has been observed for FapC, a-SN and Ab fibrils 

[300, 301]) and thereby abolish binding of the probe. We, however, did not see any effect of EGCG 

treatment for any of the bacteria (data not shown). Unfortunately, we did not test the probe on an 

amyloid-negative control such as the curli-deficient E. coli strain SM2257 [274]. 

The cells, after growing ON on agar plates, were also visualized using TEM. Because we could only see 

fibril-like structures for S. cinnabarinum (Fig. III-2), we decided to not move forward with C. glutamicum.  
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Fig. III-2. Visualization of S. cinnabarinum after ON growth on ATCC medium 172 agar plates. Both large flagella (arrows) and small 

fibrillar structures surrounding the bacteria can be seen. TEM images were obtained by Gunna Christiansen. 

3.1.1 Purification of native fibrils from S. cinnabarinum 

I then tried to purify these fibrils. Cells were grown on agar plates for three days in the hope that longer 

incubation times would increase the amount of biofilm produced. The cells were washed off in 10 mM 

Tris (pH 8), spun down (10.000*g, 10 min, 4°C) and the pellet was subsequently frozen in liquid 

nitrogen. The cell pellet was then thawed, resuspended in 30 mL 10 mM Tris (pH 8) and homogenized 

using a glass piston homogenizer before subjected to sonication for 2*3 min (10 s on/off cycles) at 30% 

power with 5 min incubation at RT in between. 50 µL amylase, 50 µL cellulase and 1 mL enzyme mix 

(2 mg/mL RNase, 2 mg/mL DNase, 4 mg/mL lysozyme, 20 mM MgCl2 and 0.4% (v/v) Triton X-100) 

were then added  to the sample and it was incubated for 1 hour at 37°C followed by ultracentrifugation 

(30.000 rpm, 30 min, 4°C). The pellet was resuspended in 10 mM Tris (pH 8) and ultracentrifugation 

was repeated to remove remnants from the enzymatic digestion. The pellet was then resuspended in 

10 mM Tris with 2% SDS and incubated at 95°C for 15 min before ultracentrifugation (30.000 rpm, 30 

min, 20°C). The hot SDS treatment was repeated twice and the pellet was subsequently washed twice 

in milliQ (MQ) water (with ultracentrifugations in between) and finally resuspended in 2 mL MQ. The 

purified fibrils were investigated with both TEM and FTIR. Only a few fibrils (but a whole lot of bacteria) 

could be observed with TEM (Fig. III-3A). FTIR showed a cross-b characteristic peak at 1625 cm-1 but 

it also showed another peak at 1653 cm-1 which could indicate the presence of a-helical structure [302] 

(and thereby possible protein contaminants) (Fig. III-3B). In order to identify the fibril-forming protein, 

we lyophilized 2*20 µL of purified fibrils and treated them with either MQ or 100% FA before re-
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lyophilization. The lyophilized material was resuspended in a special loading buffer containing 8 M urea 

(75 mM Tris (pH 6.8),0.6% (w/w) SDS, 15% (v/v) glycerol, 8 M urea, 50 mM DTT and bromophenol 

blue) before subjected to SDS-PAGE. From the gel it was seen that something dissolved in FA that 

was insoluble in MQ. Even though a smear was seen throughout the FA lane, a few bands appeared 

sharper, forming a ladder-like appearance (Fig. III-3C). 

 

Fig. III-3. TEM, FTIR and formic acid-treatment of purified fibrils from S. cinnabarinum. A few distinct bands can be observed after 

treating the purified fibrils with FA (arrows) even though the lane was heavily smeared. 

Speculating whether these four bands could be monomer and multimers of our protein of interest, the 

bands were in-gel digested with trypsin, micro-purified and analysed on an Orbitrap thermo Q Exactive 

Plus MS. The results were searched against both the SwissProt and the TrEMBL databases. 

Unfortunately, we were not able to identify the amyloid-forming protein based on these results. 

3.1.2 Trying to identify amyloid proteins using formic acid and MS analysis  

Because CsgA, CsgB and FapC have been identified directly from cell lysates of E. coli SM2258 and 

Pseudomonas sp. UK4, respectively, using label-free quantitative MS [46] (Fig. II-10) we wondered 

whether this approach could help us identify amyloid proteins in S. cinnabarinum cell lysates. Initially, 

because no genome was available for S. cinnabarinum, we first constructed a high-quality draft genome 

(paper I) [303]. This was done to have a database to search against when analysing the MS data from 

the FA treatments. The FA treatments were performed as previously described in paper VI and in [46]. 

Based on the MS analysis, 641 proteins were identified and hereof 32 proteins were considered to be 

hits based on the sigmoidal signature of at least one of the three triplicates. However, to remove false 
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positives, we only moved forward with proteins where at least two of the three replicates showed the 

signature, leaving only three proteins (Fig. III-4). 

d 

Fig. III-4. Hit proteins obtained from FA-treatment followed by MS analysis of samples from S. cinnabarinum. The three proteins 

are ribosomal RNA small subunit methyltransferase I (rsmI) (UniProt gene ID: 1rsmI), proteasome accessory factor Paf A2 (PafA2) 

(UniProt gene ID: DBB34_00995) and the ABC transporter (ABC trans) (UniProt gene ID: DBB34_12195). The number in 

parenthesis is the number of replicates that agree on the sigmoidal signature.  

All three proteins – although not immediately recognized as amyloid proteins – were investigated with 

AmyloGram [304]. This amyloidogenicity tool predicted all three proteins to be amyloid with probability 

scores of 0.8508, 0.9148 and 0.8213, respectively. With a cutoff (probability threshold) of 0.5, the 

fraction of amyloid residues was 0.35, 0.29 and 0.21 (Fig. III-5), while changing this cutoff to 0.75 

instead gave fractions of 0.07, 0.07 and 0.03, respectively. 

Fig. III-5. AmyloGram predictions of amyloidogenic regions within rsmI (top), PafA2 (middle) and ABC trans (bottom). A cutoff of 

0.5 was used.  
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Due to limited time, we did not attempt recombinant expression of these proteins. Also, with sizes of 

296 (rsmI), 545 (PafA2) and 417 amino acids (ABC trans) this might not be trivial to do. In conclusion 

we were not able to identify the amyloid-forming protein of S. cinnabarinum but we have narrowed it 

down to a few potential candidates. 

3.2 Purification of native curli fibrils for cryo-EM analysis  

Because amyloid fibrils are long, insoluble and can be polymorphic, many structural methods are 

struggling to provide atomic resolution information of these structures. Cryo-EM, however, is showing 

very promising and have already provided some high-resolution structures of amyloid fibrils [68, 79]. 

We therefore tried to purify native curli fibrils to a degree where they could be suitable for cryo-EM 

analysis. We used a purification protocol derived from Dueholm et al. [119] but with some modifications. 

In short, E. coli SM2258 (curli-overexpressing) were grown for 4.5 days at 28°C on CFA (1% casamino 

acids, 0.15% yeast extract, 0.005% MgSO4, 0.0005% MnCl2, 2% agar) agar plates. The cells were 

washed off the plates, pelleted (6000*g, 20 min, 4°C) and frozen in liquid nitrogen. Two different 

approaches were used to lyse the cells: the cell pellet was either resuspended in 10 mM Tris (pH 8) 

with one protease inhibitor tablet (Roche) added and sonicated (4*10 s at 20% power) or resuspended 

in 50 mL lysis buffer (1 M NaCl, 1% SDS, 0.4% (v/v) Triton X-100, 0.035% b-mercaptoethanol, 1 

protease inhibitor tablet, 10 mM Tris, pH 8). The cell pellet was incubated for 1 hour at RT in the lysis 

buffer before it was homogenized by three cycles of freeze-thawing using dry ice and a water bath at 

37°C and subjected to ultracentrifugation (30.000 rpm, 30 min, 20°C). The pellet was then washed 

twice in MQ (each time with ultracentrifugation in between) before digestion with enzymes for 1 hour 

at 37°C. The sonicated sample was digested with enzymes right after sonication. Both samples were 

then boiled twice for 15 min in the presence of 2% SDS and finally washed three times in MQ as 

previously described for S. cinnabarinum (section 3.1.1). The purified fibrils were investigated with 

formic acid treatment, FTIR and TEM (Fig. III-6). 



 45 

 

Fig. III-6. FA-treatment (A), FTIR (B) and TEM images (C) of purified curli using either sonication or lysis buffer. For the TEM 

images, the ‘sonicated’ sample is X8000 while the ‘lysis buffer’ sample is X25000 magnification. TEM images were obtained by 

Gunna Christiansen. 

TEM analysis showed that the sample from the sonication approach was contaminated with dead 

bacteria while no bacteria were found in the sample treated with lysis buffer. This contamination of the 

sonicated sample is also reflected as a smear on SDS-PAGE following FA-treatment (Fig. III-6A) and 

by the additional peak at 1651 cm-1 in the FTIR spectra (Fig. III-6B). Even though we were satisfied 

with the purity of our fibrils, they were not sufficiently pure to be useful for cryo-EM analysis. It is 

possible that the purified curli could contain DNA contaminants (despite the use of DNase during 

purification) as this was seen in a previous study using a similar purification strategy. They saw that the 

DNA was so tightly associated with the amyloids that they had to dissolve curli in HFIP to remove the 

DNA (639 ± 200 ng DNA was removed per 100 µg purified fibrils) [269]. No further attempts of 

purification were performed. 

3.3 Investigating the effect of V. brasiliensis on a-SN aggregation 

It is well known that the fap operon is less widespread and probably much younger than the curli system 

[123]. The fap operon (fapABCDEF), however, is relatively well conserved (contrary to the curli system 

[122]) and changes are largely limited to deletion of fapA and separation of the fapF gene from the rest 

of the operon (or both) [123]. Taking a closer look on the fapC gene, Dueholm et al. discovered that 

most bacterial genera encode a FapC protein with three imperfect repeats (this is also the case for 

FapC from Pseudomonas sp. UK4 in paper III and paper V). Interestingly, a FapC variant with 16 

repeats was identified in the bacteria Vibrio brasiliensis. Because the individual repeats are important 

for the kinetics of fibrillation [108] and the stability of the resulting fibrils towards dissolution (paper V), 
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we speculated that V. brasiliensis might produce an extremely aggregation-prone version of FapC and 

form very stable ‘super-amyloid’ fibrils. 

3.3.1 Biofilm formation by V. brasiliensis 

To assess the biofilm-forming capacity of V. brasiliensis (DSM 17184 – ordered from 

https://www.dsmz.de/) we incubated the bacterium on agar plates containing 40 µg/mL CR and 20 

µg/mL Coomassie Brilliant Blue at 37°C to see if the bacterium would take up the red colour. This is a 

common practice to check for the production of amyloid-containing biofilms [305]. Already after 24 

hours V. brasiliensis (which forms white colonies on regular LB agar plates, data not shown) had already 

been taking up the red colour from the surrounding media (Fig. III-7A). After five days incubation, the 

colonies had grown bigger and obtained an even darker red colour. We then analysed the bacterium 

with TEM after two days of growth on regular LB agar plates. The bacteria were scraped off the plates, 

spun down (6000*g, 20 min, 4°C) and resuspended in MQ. TEM showed fibril-like material in the 

samples (Fig. III-7B) but it was completely detached from the bacteria (Fig. III-7C). The detachment 

might have happened during the scraping off of the bacteria even though Fap fibrils are normally 

anchored in the outer membrane [121]. 

d 

Fig. III-7. Vibrio brasiliensis forms biofilm. A) V. brasiliensis grown for 24 hours (top) or five days (bottom) on LB agar containing CR. 

B+C) TEM analysis of V. brasiliensis after two days of growth on LB agar plates. The samples contained fibrillar material and naked 

bacteria. Magnification X21000. Scale bar: 200 nm. TEM images were obtained by Janni Nielsen. 

3.3.2 In vivo interactions with a-SN 

We next turned to do some in vivo studies based on a paper published by Chen et al. Here they feed an 

C. elegans PD model with either curli-producing or curli-deficient E. coli and observe that the uptake of 

curli leads to significantly more aggregation of a-SN [272]. In addition to repeating their experiment 

using curli-positive (strain SM2258) and curli-deficient (strain SM2257) E. coli, we also included V. 
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brasiliensis. For the experiments we used a NL5901;rrf-3 C. elegans strain. This strain is a cross 

between an YFP-tagged a-SN overexpressing strain (strain NL5901) and a rrf-3 strain which is heat-

sensitive and only produces very few fertilized embryos (in practice it does not lay eggs) when grown 

at 25°C [306]. C. elegans were initially grown on nematode growth medium (NGM) plates spotted with 

the standard E. coli strain OP50 at 20°C. ON cultures of E. coli +/- curli and V. brasiliensis were 

transferred to and grown up to form a ‘bacterial lawn’ on NGM plates before spotting them with eggs 

and transferring the plates to 25°C. After growing for 6-7 days, live worms were transferred to agarose 

pads and immobilized for fluorescence microscopy analysis on a Zeiss Axiovert 200M inverted 

microscope with an LSM 510 Meta confocal system. The E. coli OP50 strain was included as a control. 

a-SN foci in the head region (from the middle of the first pharyngeal bulb to the tip of the nose) were 

counted manually. 10-20 worms were scored for each treatment and the experiment was repeated four 

times (two times in Aarhus followed by two times in Aalborg). The production of biofilm by E. coli 

SM2258 and V. brasiliensis resulted in a ‘crustier’ surface of the bacterial lawn (data not shown). The 

first two counts showed that C. elegans formed a lot fewer a-SN aggregates when fed with V. 

brasiliensis compared to both curli-producing and curli-deficient E. coli. It should be noted that we could 

not reproduce the results obtained by Chen et al. in the first experiment and instead observed that the 

curli-deficient E. coli strain caused the highest amounts of a-SN aggregates (Fig. III-8). 

 

Fig. III-8. Feeding a-SN overexpressing C. elegans with V. brasiliensis reduces the formation of a-SN aggregates. The experiment 

was repeated four times. The numbers below the graphs denote the number of individual worms in each condition group. From left 

to right in each graph the groups are + curli (grey), - curli (light grey), Vibrio (yellow) and OP50 (blue). Statistical analysis was 

performed using an unpaired t-test. *** = p<0.001, * = p<0.05. 
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The third time we did the experiment the result turned out quite differently and suddenly showed that 

the worms developed just as many a-SN aggregates on V. brasiliensis as than they did on curli-

producing E. coli. Currently we have no explanation for this but speculate that it could be a 

consequence of the entire worm lab having just moved from Aarhus University to Aalborg University. 

We then decided to do the experiment for the fourth time and could again see that worms fed on V. 

brasiliensis formed significantly (P<0.001) less aggregates than all other conditions. Representative 

pictures are shown in Fig. III-9. 

d 

Fig. III-9. Fluorescence microscopy of the head region of C. elegans fed on the different bacterial strains. The microscopy conditions 

were kept constant for the different groups. 

This time, however, even though we initially started out with more than 70 worms divided on six 

different plates for each condition, only 17 worms remained on the V. brasiliensis plates after the first 

seven days. The worms had instead escaped onto the sides or out of the petri dish where they starved 

to death. This clearly showed that the worms did not like it on this bacterium (although we did not 

observe this behavior in the previous experiments). We speculate that the worms are unable to get 

enough food from the crusty V. brasiliensis and therefore the reduced number of a-SN aggregates 

might be a starvation effect. Altogether, it is hard to say anything conclusive from these data. We still 

think that the worms form remarkably low numbers of aggregates when fed on V. brasiliensis, but we 

need some kind of ‘starvation’ control to help us establish whether starvation is actually the main cause 

of the observed effect. If it is instead the production of these FapC ‘super-amyloid’ fibrils, it might be 

attributed to the proposed high stability of these fibrils; if they simply do not break (or manage to quickly 

re-assemble after fragmentation) when passing through the worm, they might not create the same 

amount of seeds to cross-seed a-SN as is the suggested mechanism in the paper by Chen et al. [272]. 
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In addition, contrary to CsgA, which accelerates a-SN aggregation in vitro [268], we did not see any 

effect of incubating a-SN with neither monomeric nor fibril seeds of wt FapC from Pseudomonas sp. 

UK4 in paper III [132]. This indicates that CsgA (curli) and FapC (Fap fibrils) might affect a-SN 

differently. 

3.4 Outlook 

3.4.1 Future perspectives 

The human body harbours at least as many bacterial cells as it does human cells [307]. We depend on 

these microbes for processing foods that are otherwise inaccessible to us and for synthesizing essential 

vitamins [217]. In addition, the gut microbiome in directly or indirectly involved in basic neurogenerative 

processes like blood-brain barrier formation and microglia development (reviewed in [308]) and in 

maturation of the innate and adaptive immune systems [309, 310]. Therefore, the composition of our 

microbiome is central to our general health. 	

More and more diseases are coupled to a shift in microbiome composition. PD is one of them [233, 

244]. Investigations of the human microbiome composition is therefore not only important to be able to 

identify which bacterial species and microbial functions/properties that interfere with maintaining 

homeostasis, but they will also be essential in diagnosis and in reconstruction of the healthy microbiome 

in times of disease. More knowledge on how bacteria either complement or avoid each other will aid in 

this reconstruction and be extremely important in the future of human microbiome research where 

focus is steadily shifting from considering single bacterial species to elucidating how entire bacterial 

communities are operating. In terms of therapeutics, it is possible that we will eventually be able to ‘fix’ 

microbiome dysbiosis by removing harmful bacteria, introducing beneficial bacterial strains (probiotics) 

or enhance the growth of desired bacteria or fungi (prebiotics). Changes in diet could be important as 

well. However, more extensive knowledge within this field is required to implement strategies like these. 

The microbiota composition of faecal samples differs from that of the GI tract mucosal microbiota [311] 

and in the future it will be important to consider both types of microbiota. Especially when elucidating 

the impact of functional amyloids and bacterial biofilms on human health, the microbes that are tightly 

associated with human tissue – as those colonizing the mucosa – could be even more relevant to study 

than those found in stool. As outlined in this thesis, cross-interactions between functional amyloids in 

the human gut and a-SN (combined with related immune responses) could be a possible mechanism 
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for PD initiation and/or progression. This, however, is not necessarily limited to PD and might also apply 

to other neurodegenerative diseases like AD where changes in the microbiome composition has also 

been reported (reviewed in [312]).  

The field of metagenomics will also play a crucial role in the future as we need to know not only who 

they are (especially the bacteria that can be hard to isolate and culture in the laboratory) but also what 

they do. Proteins expressed by members of the human microbiome can be analysed using function-

based metagenomics where random DNA fragments are translated into proteins which can then be 

analysed in terms of specific functionalities [313]. In this thesis we looked specifically for functional 

amyloid proteins, which we know show high stability towards FA, and we therefore used a different 

approach for identification. However, it is possible that function-based metagenomics would allow us 

to identify even more potential functional amyloid candidate proteins by looking for the production of 

fibril-like structures that are highly resistance towards various detergents. 

Although we were unable to conclude anything definite about the involvement of gut-localized, novel 

functional amyloids proteins in PD, evidence suggests that the functional amyloid curli can cross-seed 

a-SN and is able to promote the development of the disease [268, 272]. Accepting cross-interactions 

between amyloidogenic proteins as a disease mechanism is as interesting as it is daunting – daunting 

because it opens up for the possibility of an ‘amyloid spreading cascade’ involving multiple 

amyloidogenic proteins. However, even though curli can promote PD pathogenesis in a Tg mice model, 

it had no effect on wt animals, clearly illustrates how additional predisposing factors are also required 

to develop disease. In addition, the amyloid inhibitor EGCG could opposite the effects induced by curli 

and suggest that general amyloid inhibitors could be another possible treatment strategy. Regardless, 

precisely how functional amyloid proteins interact/interfere with host processes will hopefully be 

elucidated in future studies. 

Although functional amyloid proteins are receiving more attention and are growing in number 

(reviewed in [65]), we have probably still only identified a minor fraction of them. In the future, 

identification and characterization of these eminent self-polymerizing proteins will be important not 

only in the field of Biology, but also for applications in nanomechanics and -materials. Production of 

functional amyloid-based materials with different functionalities like conducting wires, functionalized 

hydrogels and nanotubes have already been reported (reviewed in [314]).  
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3.4.2 Conclusion 

The world of bacteria in our gut is still largely unexplored but is receiving increasing attention. Exactly 

which bacteria that reside in our gut and what proteins and molecules (good or bad) they expose us to 

is still a mystery and will require more in-depth metagenomics and bioinformatics. In addition, little is 

known about the extent to which gut-residing bacteria form biofilm in the gastrointestinal tract and 

whether or not these biofilms contain functional amyloid proteins. The results presented in this thesis 

suggests that novel functional amyloid proteins can be identified in gut microbiomes by exploiting their 

stability towards formic acid. Due to the highly conserved tertiary structure of amyloid fibrils, cross-

seeding is proposed as a mechanism by which amyloid proteins produced by bacteria in the human 

microbiome could induce aggregation of proteins such as a-synuclein, ultimately leading to the 

development of disease. 
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ABSTRACT A high-quality draft genome sequence of Sphaerisporangium cinnabari-
num ATCC 31213 is presented here. This bacterium produces several important bio-
active compounds and may also produce functional amyloids. This is the first se-
quenced genome from the genus Sphaerisporangium, and it will be essential in
determining the nature of the potential amyloid protein.

Members of the genus Sphaerisporangium are aerobic Gram-positive bacteria that
form mycelia and spherical sporangia (1). They are primarily found in soils (2, 3),

often in association with the rhizosphere (4–7). Many members of the genus produce
bioactive secondary metabolites (8–12) and can also be used for the biotransformation
of antimicrobials (13).

Sphaerisporangium cinnabarinum (previously referred to as Streptosporangium cin-
nabarinum) strain ATCC 31213 was originally isolated in 1977 from soil in the Philip-
pines and was shown to produce two different antibiotics effective against strains of
Staphylococcus aureus, Mycobacterium smegmatis, and Bacillus subtilis (14). Another
antibiotic produced by S. cinnabarinum, the secondary metabolite GE82832, specifically
inhibits translation in bacteria (10–12). S. cinnabarinum also produces 1-hydroxy-4-
methoxy-2-naphthoic acid, which is an effective herbicide against the freshwater plant
Lemna minor (15). Recently, S. cinnabarinum was proposed to form functional amyloids,
as the mycelia showed strong binding to conformation-specific antibodies that recog-
nize a generic amyloid fibril epitope (16, 17). Further studies of S. cinnabarinum,
including identification of the proposed amyloid protein and identification of pathways
for antibiotic synthesis, would benefit from this genome announcement.

Genomic DNA was isolated using a FastDNA spin kit (MP Biomedicals). A paired-end
library was prepared with the NEBNext Ultra II DNA library prep kit for Illumina (New
England BioLabs). All procedures were carried out as recommended by the manufac-
turer. Sequencing of the libraries was performed using a MiSeq sequencer (Illumina,
Germany). The paired-end reads were trimmed for adapters and quality using the
built-in tool of CLC Genomics Workbench version 9.5.5 (Qiagen, USA). The genome was
de novo assembled from the paired-end data in CLC Genomics Workbench using the
default settings. The average coverage of the assembly was 60�. Annotation was done
using the NCBI Prokaryotic Genome Automatic Annotation Pipeline (PGAAP) (18).

The draft genome sequence of S. cinnabarinum strain ATCC 31213 is composed of
134 contigs and has a predicted size of �4.39 Mbp. The overall G�C content is 74.7%.
Annotation by the NCBI PGAAP identified 3,988 coding sequences (CDSs), as well as 3
rRNA (5S, 16S, or 23S) and 51 tRNA genes.

Accession number(s). This whole-genome shotgun project has been deposited at
DDBJ/EMBL/GenBank under the accession no. QAPD00000000. The version described in
this paper is the first version, QAPD01000000.
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The Sheaths of Methanospirillum Are
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Morten Simonsen Dueholm2*

1 Interdisciplinary Nanoscience Center (iNANO), Department of Molecular Biology and Genetics, Aarhus University, Aarhus,
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The genera Methanospirillum and Methanosaeta contain species of anaerobic archaea
that grow and divide within proteinaceous tubular sheaths that protect them from
environmental stressors. The sheaths of Methanosaeta thermophila PT are composed
of the 60.9 kDa major sheath protein MspA. In this study we show that sheaths
purified from Methanospirillum hungatei JF-1 are regularly striated tubular structures
with amyloid-like properties similar to those of M. thermophila PT. Depolymerizing
the sheaths from M. hungatei JF-1 allowed us to identify a 40.6 kDa protein
(WP_011449234.1) that shares 23% sequence similarity to MspA from M. thermophila
PT (ABK14853.1), indicating that they might be distant homologs. The genome of
M. hungatei JF-1 encodes six homologs of the identified MspA protein. Several
homologs also exist in the related strains Methanospirillum stamsii Pt1 (7 homologs,
28–66% sequence identity), M. lacunae Ki8-1 C (15 homologs, 29–60% sequence
identity) and Methanolinea tarda NOBI-1 (2 homologs, 31% sequence identity). The
MspA protein discovered here could accordingly represent a more widely found sheath
protein than the MspA from M. thermophila PT, which currently has no homologs in the
NCBI Reference Sequence database (RefSeq).

Keywords: archaea, methanogen, functional amyloid, sheath protein, homologs

INTRODUCTION

Archaea differ from both Bacteria and Eukarya because of their unique cell properties. They
lack Eukarya’s membrane-enclosed nucleus, and unlike bacterial cell walls, they rarely contain
peptidoglycans (Kandler and Konig, 1978) and their phospholipid membranes are made up of
ether-linked phytanols (Makula and Singer, 1978). Even though archaea were initially identified
in extreme environments such as hot springs and salt brines, they have now been identified in
practically all habitats (Cavicchioli, 2011). Most archaea have a so-called surface layer (S-layer) cell
wall structure made up of a single protein or glycoprotein with a molecular mass in the 40–200 kDa

Abbreviations: aa, amino acids; DTT, dithiothreitol; FTIR, Fourier-transform infrared; RefSeq, NCBI Reference Sequence
database; TEM, transmission electron microscopy.
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range (Albers and Meyer, 2011). The cell envelope of archaea can
be composed of these S-layers alone or they can be combined with
polysaccharides like pseudomurein as seen for Methanothermus
fervidus (Stetter et al., 1981).

Even more complex than regular S-layer cell walls are the
proteinaceous sheaths found in some methanogenic archaea.
Methanospirillum and Methanosaeta are evolutionarily distant
anaerobic archaea, which share the ability to produce methane.
They can grow and divide within proteinaceous, tubular sheaths
that enclose an entire chain of cells (Zeikus and Bowen, 1975;
Beveridge et al., 1985, 1986). Individual cells have single-layer
cell walls and are separated by spacer plugs within the sheaths
(Beveridge and Graham, 1991). The morphology of purified
sheaths is similar for both Methanospirillum and Methanosaeta,
showing hollow tubes composed of individual rings that are
responsible for their hoop-like appearance (Beveridge et al.,
1985, 1986; Sprott et al., 1986). The sheaths tend to fracture
longitudinally between individual hoops (Sprott et al., 1986;
Southam and Beveridge, 1991, 1992), suggesting that the
intermolecular connections between hoops are the weakest part
of a sheath. Despite significant morphological similarities there
are also clear differences. Amino acid composition analysis
of sheaths from Methanosaeta concilii and Methanospirillum
hungatei has revealed that they differ in the ratio of acidic/basic
aa as higher proportions of alanine and aspartate and lower
proportions of glutamate, histidine and arginine are seen for
M. hungatei (Patel et al., 1986). In addition, the spacer plugs are
different in term of subunit arrangement and stability toward
NaOH. M. hungatei spacer plugs have a complex hexagonal
symmetry while those from M. concilii resemble concentric
rings (Patel et al., 1986). To release the spacer plugs from
Methanospirillum sheaths, mild alkali treatment (0.1 M NaOH)
is sufficient while plugs from Methanosaeta sheaths are not even
released by treatment with 5 M NaOH (Patel et al., 1986).

It has long been recognized that the protein sheaths are
extremely stable and resist dissolution by denaturing conditions
such as 6 M urea, 6 M guanidinium chloride, and 10 M
lithium thiocyanate hydrate (LiSCN) as well as they also resist
proteases and other enzymes (Beveridge et al., 1985). The elastic
properties of the sheaths from M. hungatei lead to very large
Young’s modulus values between 2 × 1010 and 4 × 1010 N/m2

(corresponding to between 20 and 40 GPa) (Xu et al., 1996). This
is in the same range as some amino acid molecular crystals (Azuri
et al., 2015) and hemp fibers (Liu et al., 2015). This is partly due
to the presence of disulfide bonds that keep sheath rings/hoops
together and therefore require strong reducing conditions to be
split (Sprott et al., 1986; Southam and Beveridge, 1991; Dueholm
et al., 2015).

Another reason for the great stability of the sheaths could
be that they are composed of functional amyloids, which
often require concentrated formic acid (Collinson et al., 1991;
Chapman et al., 2002), trifluoroacetic acid (Claessen et al.,
2003; Jordal et al., 2009) or hexafluoroisopropanol (HFIP)
(Cegelski et al., 2009) to depolymerize. This was shown to
be the case for the major sheath protein MspA (ABK14853.1)
from M. thermophila PT (Dueholm et al., 2015). Sheaths of
this archaeon were separated and depolymerized with DTT and

90–100% formic acid, and MspA was subsequently identified by
mass spectrometry (Dueholm et al., 2015). Like other functional
amyloids, recombinant MspA extremely easily aggregates and
can fibrillate under a wide range of conditions (pH 3–9,
low/high ionic strength). The recombinant protein fibrillates
within 1 min when diluted from concentrated guanidinium
chloride, producing aggregates with features characteristic of
amyloid structures (Maji et al., 2009; Moran and Zanni, 2014),
such as fibrillar morphology in TEM images and secondary
structure dominated by β-sheets with a major peak around
1625 cm−1 in FTIR spectroscopy.

Functional amyloids are found in up to 40% of all bacterial
biofilm (Larsen et al., 2007) where they e.g., increase mechanical
stiffness and hydrophobicity (Zeng et al., 2015). Polymerization
of amyloid proteins requires no energy input, making it
metabolically attractive. However, the methanogens also need
to take up metabolic substrates (e.g., H2 and CO2) and release
waste products like CH4. This has been suggested by Dueholm
et al. (2015) to happen through the more flexible regions of the
sheaths where individual hoops are connected by disulfide bonds
(Schauer et al., 1982). A different study suggested that nutrient
and waste products were released by stretching/expansion of the
sheaths when the cells reach a certain pressure (Xu et al., 1996).
The true mechanism might be a combination of the two models.

Because of the great similarities between Methanosaeta and
Methanospirillum sheath structures, we wanted to investigate the
M. hungatei JF-1 sheath in more detail. M. hungatei JF-1 sheaths
can be disassembled using a reducing agent like DTT and the
strong base NaOH (Beveridge et al., 1985; Sprott et al., 1986).
Using this approach, we identify a previously uncharacterized
40.6 kDa protein, which we propose to be a novel MspA
protein. The new MspA appears to be highly amyloidogenic,
in correlation with the functional amyloid nature of MspA
from M. thermiphila PT (Dueholm et al., 2015). Importantly,
we also identified 24 homologs in closely related methanogenic
strains, indicating that this sheath-forming MspA is more widely
used than the M. thermophila PT MspA, which has no obvious
homologs in the current version of the RefSeq database (Dueholm
et al., 2015).

MATERIALS AND METHODS

Growth of Methanospirillum hungatei
JF-1
A pure culture of M. hungatei JF-1 (DSM-864) was obtained from
the German Collection of Microorganisms and Cell Cultures
(DSMZ) and cultivated in a defined pre-reduced synthetic acetate
(SA) broth supplemented with 80% H2 and 20% CO2 twice a
week (Patel et al., 1976) at 37◦C under anaerobic conditions.
Growth was regularly checked using a phase contrast microscope.

Purification of Sheaths
The pellet from 200 mL of pure culture was resuspended
in 1 mL phosphate-buffered saline (PBS) (10 mM PO4

3−,
137 mM NaCl, 2.7 mM KCl, and pH 7.4), ultracentrifuged
(21,000 × g, 20 min) and the supernatant was discarded. The
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pellet was resuspended in 1 mL enzyme mix (0.1 mg/mL RNase,
0.1 mg/mL DNase, 1 mM MgCl2 and 0.1% Triton X-100 in
10 mM Tris–HCl, and pH 8.0) and cell lysis was performed
with three cycles of freeze-thawing using a −80◦C freezer
and a 37◦C water bath. The cell solution was kept at each
condition for 30 min. followed by incubation at 37◦C for 2 h
to allow enzymatic degradation. Sodium dodecyl-sulfate (SDS)
was added to 2% and the solution was boiled for 5 min at
95◦C to dissolve non-amyloid proteins before centrifugation
(30,000 rpm, 20 min, 20◦C). The pellet was resuspended in
10 mM Tris–HCl, pH 8.0 and again subjected to 2% SDS, boiled
and centrifuged. Then the solution was washed three times by
resuspending the pellet in buffer (10 mM Tris–HCl, pH 8.0)
and centrifuging it (30,000 rpm, 20 min, 4◦C). After the last
wash, the pellet was resuspended in 100 µL buffer containing
1 mg/mL sodium azide and investigated with TEM and FTIR
spectroscopy.

Transmission Electron Microscopy (TEM)
Five microliter sample was applied to a 400-mesh carbon-coated
glow-discharged Ni grid. Grids were stained after 30 s
with 1% phosphotungstic acid (pH 7.0) and blotted dry
on filter paper. Samples were viewed in a transmission
electron microscope (JEM-1010, JEOL) operating at 60 kV.
Images were obtained using an Olympus KeenViewG2
camera.

Fourier-Transform Infrared (FTIR)
Spectroscopy
Two microliter of sample was dried onto an Attenuated Total
Reflection crystal with dry nitrogen on a Tensor 27 FTIR
instrument (Bruker Optics, Billerica, MA, United States).
OPUS version 5.5 was used to process the data, including
calculating atmospheric compensation, baseline subtraction,
and second-derivative analysis. All spectra were made as
accumulations of 68 scans with a resolution of 2 cm−1 in
the range of 1,000–3,998 cm−1. Only the amide I band
(1,600–1,700 cm−1 range, comprising information about
secondary structure) is shown.

Binding of the Amyloid-Specific Antibody
WO1
The amyloid-specific conformational antibody WO1 was used to
confirm the presence of amyloid epitopes on intact M. hungatei
JF-1 cells. The binding assay was performed as previously
described (Larsen et al., 2008). In short, cells were pelleted
by centrifugation (21,000 × g, 30 min) and washed in PBS
before resuspension in a PBS solution containing 1% (w/v)
gelatin. 10 nM WO1 and 0.05% (w/v) Tween20 were added
to the sample after a 1 h incubation at 37◦C and incubated
for an additional 2 h at 37◦C. Primary antibody was removed
by three washing steps using a PBS solution containing 1%
(w/v) gelatin and 0.1% (v/v) Triton X-100. The secondary
antibody used was the Alexa Fluor R© 488 goat anti-mouse
immunoglobulin M (IgM) (µ chain) from Molecular Probes
(1:256 dilution) with which the samples was incubated for

1 h at 37◦C together with 0.025% Tween20 and 1% (w/v)
gelatin. Samples were washed three times before analysis on a
confocal laser scanning microscope (LSM) (510-META) (Carl
Zeiss) with an argon ion laser of 458 and 488 nm. To calibrate
the microscope settings, a sample of activated sludge sample,
containing both amyloid-positive and amyloid-negative cells, was
used as previously described (Larsen et al., 2008). To check for
unspecific binding of secondary antibody to the M. hungatei
JF-1 sheaths, samples were also incubated without the primary
antibody.

Disassembly of Sheaths and SDS–PAGE
The sheaths from M. hungatei were disassembled using
NaOH as previously described (Beveridge et al., 1985). Briefly,
purified sheaths were mixed with 66 mM DTT (pH 8.0)
and incubated at 37◦C for 30 min. After reaching room
temperature, 1 M NaOH was added and the samples were
incubated for additionally 10 min at 22◦C before neutralizing
with HCl. The samples were lyophilized and dissolved in a
special reducing SDS–PAGE loading buffer containing 8 M
urea (75 mM Tris, 0.6% (w/w) SDS, 15% (v/v) glycerol, 7.5%
(v/v) β-mercaptoethanol, 0.9 mg/L bromphenol blue, 8 M urea,
and pH 6.8) as previously described (Dueholm et al., 2015).
Samples were loaded on an AnyKD gel (Bio-Rad) and run for
40 min at 140 V before staining with Coomassie Brilliant Blue
G250.

Mass Spectrometry
Mass spectrometric analysis of the sheath proteins was
performed as previously described (Dueholm et al., 2015).
Briefly, all bands were cut from the gel into 1 × 1 mm
pieces and washed with 50 mM NH4HCO3 and 30% (v/v)
acetonitrile. Reduction and alkylation were performed with
DTT and iodoacetamide, respectively, before drying the gel
pieces. Rehydration was done in a 10 ng/µL sequencing
grade trypsin solution (Promega) and trypsin digestion was
performed overnight at 37◦C. The resulting peptides were
extracted, combined and dried before reconstitution in a
liquid chromatography-mass spectrometry (LC-MS) sample
buffer (2% acetonitrile, 0.1% formic acid). A Dionex Ultimate
3,000 nanoLC system (Thermo Scientific) connected to a
Quadropole Orbitrap (Q Exactive) mass spectrometer with
a NanoSpray Flex ion source (Thermo Scientific) was used
to analyze the extracted peptides. Peptides were trapped on
an Acclaim PepMap100 C 18.5 µm column and separated
on a 50 cm Acclaim PepmapRSLC 17-µm column (Thermo
Scientific) before being subjected to nano-electrospray with a
Picotip Silicatip emitter (New Objectives). Data acquisition and
protein identification were performed as previously described
(Dueholm et al., 2015) but in this case using the Mascot
server v2.3 (Matrix Sciences) to search against the Uniprot
database with the complete genome for M. hungatei JF-1
(METHJ, released on February 18th, 2006). The Exponentially
modified Protein Abundance Index (EmPAI) (Ishihama
et al., 2005) was used to quantitate the proteins identified by
MS/MS.
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Genome Sequencing of Other
Methanospirillum Type Strains
DNA from M. lacunae Ki8-1 (DSM-22751) and M. stamsii
Pt1 (DSM-26304) were obtained from DSMZ. Paired-end
libraries were prepared using the Nextera DNA Library Prep
Kit (Illumina), and sequencing was performed using a MiSeq
sequencer (Illumina, Germany). The reads were trimmed for
adapters and quality and de novo assembled using the built-in tool
of CLC Genomics Workbench v.9.5.5 (QIAGEN, United States)
using the default settings. The average coverage of the assemblies
was 150× and 42× for M. lacunae Ki8-1 and M. stamsii Pt1,
respectively. Annotation was done using the NCBI prokaryotic
genome automatic annotation pipeline (12). The Whole Genome
Shotgun projects have been deposited at DDBJ/EMBL/GenBank
under the accession no. QGMY00000000 and QGMZ00000000
for M. lacunae Ki8-1 and M. stamsii Pt1, respectively. The version
described in this paper is the first version, QGMY01000000 and
QGMZ01000000.

Bioinformatic Analysis of Identified
Sheath Proteins
Sheath protein homologs in the RefSeq Database version 2.8.0
and in the genomes of the two Methanospirillum type strains
sequenced in this study were identified using the blastp algorithm
(Altschul et al., 1990). Protein alignments were carried out
using the CLC Main Workbench 6.0 (CLC bio). The gap
opening cost was set to 10 and the gap extension cost to 1.
The RADAR (Rapid Automatic Detection and Alignment of
Repeats) tool (Andreas and Liisa, 2000) was used to identify
protein imperfect repeats. AmylPred2 (Tsolis et al., 2013) and
AmyloGram (Burdukiewicz et al., 2017) were used to evaluate the
amyloidogenicity of sheath proteins. Signal peptide prediction
was performed with SignalP 5.0 (not yet available online). SignalP

5.0 is an extension of the existing SignalP 4.11 (Nielsen, 2017)
and offers the ability to search specifically against the archaea
organism group.

RESULTS

Intact Methanospirillum hungatei JF-1
Bind the Amyloid-Specific Antibody WO1
Because of the wide abundance of functional amyloids in bacterial
biofilms (Larsen et al., 2007), several different antibodies have
been developed that recognize the amyloid fold (O’Nuallain and
Wetzel, 2002; Kayed et al., 2007; Miles et al., 2008). One of
these, the WO1 antibody, has previously been shown to bind
to the methanogen M. thermophila PT (Dueholm et al., 2015).
Binding of the WO1 antibody to the intact M. hungatei JF-1 gave
a clear green fluorescent signal, indicating that this methanogen
is also enclosed within a functional amyloid protective layer
(Figure 1A). No unspecific binding to the secondary antibody
was observed (Supplementary Figure S2).

Purified Sheaths From M. hungatei JF-1
Are Tubular Structures Composed of
11–17 nm Wide Hoops
The protocol used to purify the M. hungatei JF-1 sheaths
was originally used for purification of functional amyloids in
Pseudomonas (Fap fibrils) (Dueholm et al., 2010) and has more
recently been used to purify the sheaths of M. thermophila
PT (Dueholm et al., 2015). It takes advantage of the high
stability of the sheaths (and of functional amyloids in general),
enabling them to withstand boiling in 2% SDS – a treatment

1http://www.cbs.dtu.dk/services/SignalP/

FIGURE 1 | Methanospirillum hungatei JF-1 sheaths are composed of functional amyloids that require DTT and NaOH for dissolution. (A) Binding of the
amyloid-specific antibody WO1 to intact M. hungatei JF-1 (Mhun) filaments (right). The left side is a differential interference contrast image. (B) TEM images of
purified sheaths from M. hungatei JF-1 at 8,000X (left) and 25,000X magnification (middle). A zoom in on a spacer plug with its hexagonal arrangement of subunits is
shown on the right. Scale bars correspond to 500 nm. (C) Normalized second derivative FTIR spectra of purified sheaths. (D) Gel bands after depolymerization of
purified sheaths using DTT and NaOH.
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that dissolves other non-amyloid protein structures. As revealed
by TEM, the sheaths are tubular structures of highly regular
striation (Figure 1B). The striations show 11–17 nm spacings as
have previously been observed for M. hungatei GP1 (Beveridge
et al., 1985; Southam and Beveridge, 1991), M. thermophila PT
(Dueholm et al., 2015), and M. concilii (Patel et al., 1986). We
have previously proposed these striations to consist of individual
hoops or rings that stack together. The spacer plugs that separate
individual cells within the sheaths could also be observed with
TEM and clearly showed the hexagonal arrangement of the spacer
plug subunits characteristic of M. hungatei (Patel et al., 1986;
Figure 1B). FTIR spectra of the purified sheaths (Figure 1C)
produced an intense peak at 1,618 cm−1 in the amide I region
(between 1,600 and 1,700 cm−1) which is consistent with the
characteristic amyloid cross-β structure. Conventional β-sheets
normally absorb >1,630 cm−1, but the greater size and higher
general order of amyloid cross-β sheets shifts the frequency range
to lower wavenumbers (Moran and Zanni, 2014).

Methanospirillum hungatei JF-1 Sheaths
Are Composed of a 40.6 kDa Major
Sheath Protein
The sheaths of M. hungatei are extremely stable (Beveridge
et al., 1985) but can be disassembled by combining the reducing
agent DTT with 1 M NaOH (Figure 1D; Beveridge et al.,
1985). Analysis of the depolymerized sheaths on SDS–PAGE
revealed several protein bands. Mass spectrometry analysis
revealed that all proteins of these bands were hydrolysis
products that originated from a single 40.6 kDa (377 aa)
protein, WP_011449234.1, that has not yet been characterized
(Figure 2 and Supplementary Table S1). We name this
protein Major sheath protein A (MspA) to be consistent
with the M. thermophila PT nomenclature (Dueholm et al.,
2015). Consistent with previous reports (Sprott et al., 1986;

Southam and Beveridge, 1991), the sheaths require DTT to
dissolve, but since each individual MspA monomer only contains
one Cys residue at position 271 (C271), we deduce that the
MspA proteins must form intermolecular disulfide bonds. This
is in good agreement with our model for how MspA protein
organize in the sheaths of M. thermophila PT where we propose
that disulfide bonds link the hoops together (Dueholm et al.,
2015). The two Cys residues of M. thermophila MspA are located
in flexible, non-core regions of the fibrils. It remains to be
determined if this is also the case for the C271 in M. hungatei
JF-1 MspA. Alignment of the MspA protein sequences from
M. hungatei JF-1 (WP_011449234.1) and M. thermophila PT
(ABK14853.1) using the EMBOSS needle tool showed that the
two proteins share 14% sequence identity and 23% sequence
similarity, indicating that they might be distant homologs.

MspA From Methanospirillum hungatei
JF-1 Contains Imperfect Repeats
The open reading frame for MspA (Mhun_2271) is not part of
an operon structure, unlike both the curli system in Escherichia
coli and the Fap system in Pseudomonas (Hammar et al.,
1995; Chapman et al., 2002; Dueholm et al., 2010, 2013). Yet
MspA shares other features typical of known functional amyloid
proteins. The functional amyloids CsgA (major subunit of curli),
FapC (major subunit of Fap fibrils), chaplins (proteins involved in
aerial hyphae formation in Streptomyces coelicolor A3) and HpaG
(hairpin protein from Xanthomonas axonopodis pv. glycine) all
have more or less conserved imperfect repeats in their primary
sequence (Dueholm et al., 2013). Two imperfect repeats, R1 and
R2, could also be identified in MspA between residues 79–160 and
293–371, respectively (Figure 2).

The MspA repeats are longer (≈80 aa) and less conserved than
those seen for CsgA (19 aa), FapC (34 or 48 aa) and the chaplin
proteins (41 aa) (Supplementary Figures S3, S4). The MspA

FIGURE 2 | A single protein, MspA, with two imperfect repeats makes up the Methanospirillum. (A) Disassembly of the purified sheaths followed by SDS–PAGE and
mass spectrometry analysis led to the identification of the hypothetical protein WP_011449234.1, now referred to as MspA. The signal peptide residues are colored
red while the two imperfect repeats, identified with the online tool RADAR (Andreas and Liisa, 2000), are colored blue. (B) Alignment of the two imperfect repeats.
Conserved residues are colored yellow while residues with similar properties are shown in green (small and/or hydrophobic) or blue (polar + Gly).
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FIGURE 3 | MspA has regularly spaced amyloidogenic regions. Analyzing the MspA (WP_011449234.1) sequence with (A) AmylPred2 (Tsolis et al., 2013) and
(B) AmyloGram (Burdukiewicz et al., 2017) revealed several regions of predicted high amyloidogenicity (above the horizontal lines). The red, vertical lines indicate the
signal peptide cleavage site position.

FIGURE 4 | Methanospirillum hungatei have six internal MspA homologs. Sequence alignment of MspA from M. hungatei JF-1 (WP_011449234.1) and its internal
homologs. Residues are colored according to Rasmol standards.
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repeats contain conserved G, A, N, and Q residues as seen in
CsgA and FapC (Supplementary Figure S3), but also many small
hydrophobic aa like V and P as seen for the chaplin proteins
(Supplementary Figure S4).

The Methanospirillum hungatei JF-1
MspA Sequence Has Regularly Spaced
Amyloidogenic Regions
Amyloidogenic hotspots in proteins sequences can be predicted
by bioinformatic tools like AmylPred2 (Tsolis et al., 2013)
and AmyloGram (Burdukiewicz et al., 2017). Analysis with
AmylPred2 showed that MspA has several amyloidogenic regions
that are found with ≈25 aa spacings throughout the protein
sequence (Figure 3A). As this corresponds roughly to the
length of the repeats in CsgA there might be a structural
resemblance between this archaeal amyloid and the curli fibrils
(Supplementary Figure S2; Dueholm et al., 2012). The same
trend with interspaced amyloidogenic regions was also observed
with AmyloGram (Figure 3B). The first 23 aa of the N-terminal
represent a signal peptide according to the SignalP 5.0 algorithm
(Petersen et al., 2011; Supplementary Figure S1). Signal peptides
often have high amyloidogenicity which can also be seen from
both analyses (Figure 3).

M. hungatei JF-1 Has Six Internal MspA
Homologs
Both the curli system (CsgA-H) and the Fap system (FapA-F)
have protein homologs within other classes of bacteria. The
curli system is the most phylogenetically widespread, spanning
at least four different phyla (Dueholm et al., 2012), while the Fap
system has only been identified within the phylum Proteobacteria
(Dueholm et al., 2013). Both CsgA and FapC display low
sequence similarity, even between closely related species. The
genome of M. hungatei JF-1 contains six homologs (30–56%

sequence identity) of the novel MspA, referred to as internal
homologs (Figure 4).

These internal homologs vary between 111 and 370 aa in
length. The three longest of the homologs (275–370 aa) all
contain at least one Cys residue (two for WP_011448920.1
and three for WP_011448313.1) and were investigated with the
SignalP and AmylPred2 tools to check for the presence of signal
peptides and of amyloidogenic regions. All three proteins have
a signal peptide region and have more or less regularly spaced
amyloidogenic regions as seen for MspA (Figure 5).

Using the RADAR tool, in all five homologs (except
the shortest) we identified imperfect repeats of either
∼20 aa (WP_011449563.1 and WP_048067549.1), ∼40 aa
(WP_011448313.1 and WP_048067487.1), or 116 aa
(WP_011448920.1) (Supplementary Figure S5). Repeats
of ∼20 aa fits nicely with the repeat length of each of the
five repeats in CsgA (Shewmaker et al., 2009; Evans and
Chapman, 2014). Interestingly, even though the repeats of
WP_011449563.1 and WP_048067549.1 are less conserved
than the repeats in CsgA, they still contain some conserved G,
S, and N residues (Supplementary Figure S5) and therefore
may be able to fold up into a β-sheet-turn-β-sheet motif as
seen for CsgA (Evans and Chapman, 2014). The longer repeats
seen for the other homologs could contain multiples of the
β-strand-turn-β-strand motifs.

Closely Related Methanospirillum
Strains Also Contain MspA Homologs
We next wanted to identify functional amyloid in closely related
M. lacunae Ki8-1 and M. stamsii Pt1. Although we were able
to cultivate these strains, their sheaths seemed to be even
more stable than those of M. hungatei, since we were not able
to depolymerize them using either the NaOH based method
described in this study or by the formic acid treatment used for
M. thermophila PT (Dueholm et al., 2015). We therefore decided

FIGURE 5 | MspA internal homologs have regularly spaced amyloidogenic regions. Analyzing the MspA (WP_011449234.1) homologs found in M. hungatei with
AmylPred2 (Tsolis et al., 2013) revealed several regions of predicted high amyloidogenicity (values above the horizontal blue lines). The red, vertical lines represent
predicted signal peptide cleavage site positions.
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FIGURE 6 | Other Methanospirillum strains encode homologs of the M. hungatei JF-1 MspA protein. Sequence alignment of MspA from M. hungatei JF-1
(WP_011449234.1) with (A) its 16 homologs in M. lacunae and (B) 7 homologs in M. stamsii. Residues are colored according to Clustal standards.

to identify the sheath proteins in these strains using genome
sequencing and bioinformatics. Accordingly, we sequenced the
genomes of both strains. We were then able to identify 15
homologs in M. lacunae (29–60% sequence identity) and 7
homologs in M. stamsii (28–66% sequence identity) (Figure 6).

The homologs with highest sequence identity to MspA
for both M. lacunae (WP_109968644.1) and M. stamsii
(WP_109940855.1) were investigated in more detail. Both

proteins contain two Cys residues in the middle part of
the protein, very similar to the MspA of M. thermophila
(Dueholm et al., 2015) and might be able to form intermolecular
disulfide bonds between different protein monomers thus
stabilizing the sheath structure. Analysis with the AmylPred2
tool analysis showed similar regularly spaced amyloidogenic
regions, especially for the M. stamsii protein WP_109940855.1
(Supplementary Figure S6). This protein also has a 1–23
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signal peptide as seen for MspA. Finally, two homologs
(WP_0426896011.1 and WP_007315077.1) were identified in
the closely related species Methanolinea tarda (both 31%
sequence identity) (data not shown). No homologs to the
M. termophila MspA could be identified within the two available
Methanospirillum genomes.

DISCUSSION

Microorganisms belonging to the methanogenic genera
Methanosaeta and Methanospirillum can either occur as single
cells (Southam et al., 1990) or as multicellular filaments enclosed
within sheath structures where individual cells are separated
by spacer plugs (Shaw et al., 1985; Firtel et al., 1993). The
major sheath protein MspA has recently been identified in
M. thermophila PT and represents the first example of a
functional amyloid protein in Archaea (Dueholm et al., 2015).
In this paper we report the identification of a novel MspA
protein from the evolutionary distant species M. hungatei JF-1.
The intact M. hungatei JF-1 archaea binds the amyloid-specific
antibody WO1 and the purified sheaths reveal an extended
β-sheet structure when investigated with FTIR, supporting the
amyloid structure of the sheaths. The identified MspA protein is
smaller than the previously identified MspA of M. thermophila
PT (40.6 kDa compared to 60.9 kDa). This may explain why
sheaths isolated from Methanosaeta (previously known as
Methanothrix) are 0.3 µm wider than sheaths isolated from
M. hungatei (Patel et al., 1986). We were not able to identify
any other proteins, and therefore the proteins making up the
spacer plugs remain unclear. These plug proteins are likely
less abundant than the sheath proteins, but it cannot be ruled
out that they are one of the PKD proteins or the hypothetical
protein WP_011448920.1 listed in Supplementary Table S1. In
this context, it is worth noting that the PDK proteins, so called
because they have a domain homologous to one of the repeats
found in the human polycystic kidney disease 1 protein, are
connected to human functional amyloid: the protein Pmel17.
This protein is proteolytically processed to form amyloid
structures which incorporate melanin to form melanosomes
within melanocytes. One of the two key domains involved in this
process is a PKD domain (Watt et al., 2009).

Bioinformatic analysis of the M. hungatei JF-1 MspA protein
revealed that the protein is overall amyloidogenic and has
regularly spaced amyloidogenic regions. A 23 aa long signal
peptide could be identified using the tool SignalP 5.0 tool.
Possession of a signal peptide is a common feature for functional
protein systems like the curli system in E. coli and the Fap
system in many Pseudomonas strains (Taglialegna et al., 2016).
Both of these systems rely on the transportation of the primary
amyloid-forming protein – CsgA and FapC, respectively – across
the inner membrane through the common Sec translocon and
across the outer membrane through more specific membrane
proteins (Cao et al., 2014; Rouse et al., 2017). The single
proteins are assembled into amyloid fibrils after they enter the
extracellular environment.

We have attributed the great stability and stiffness of the
MspA-composed sheaths to a combination of functional amyloid

structure and disulfide bonds connecting the individual hoops
as originally proposed by Dueholm et al. (2015). Despite the
fact that the M. hungatei JF-1 MspA only has a single Cys
residue at position 271 it could still form intermolecular disulfide
bonds with other MspA proteins and thereby stabilize the
sheath. Recombinant expression of M. thermophila PT MspA
showed that the protein readily fibrillates into amyloid structures,
however it did not spontaneously form sheaths. Therefore, it
was suggested that some accessory factors are required for
sheaths to form. In the case of M. hungatei, these factors could
be phenol-soluble polypeptides, which account for ≈20% of
the sheaths (Southam and Beveridge, 1992). Removal of these
polypeptides from the sheaths resulted in less rigid sheaths
that have lost their original cylindrical shape. Recombining the
polypeptide-free sheaths with the phenol-soluble polypeptide
fraction could to some degree restore the rigidity of the sheaths
(Southam and Beveridge, 1992), supporting the possibility that
they might serve a scaffolding purpose.

In addition to the six internal homologs, 24 homologs to
the novel M. hungatei JF-1 MspA were identified in related
Methanospirillum and Methanolinea strains. The regularly spaced
amyloidogenic regions in the proteins might be involved in
formation of the cross-β-sheet structures that were observed with
FTIR. As no homologs can be identified for the MspA from
M. thermophila PT, we suggest that M. hungatei JF-1 MspA is
a more common sheath protein. None of these MspA homolog
proteins have any function assigned to them (they all appear as
“hypothetical proteins” in the RefSeq database) and it therefore
needs to be investigated in more detail if these proteins, when
expressed recombinantly, can in fact form functional amyloids.
Also, as mentioned, even a low sequence similarity between
amyloid proteins would not necessarily compromise their ability
to form amyloids. We would not be surprised if the number
of homologs increases as the number of sequenced archaeal
genomes increases.
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Figure S1. M. hungatei JF-1 MspA contains a signal peptide. SignalP 5.0 (not yet available as 
online tool) was used to confirm the presence of an N-terminal signal peptide between residues 1 and 
23 in MspA. 

 



 
 
 

 

Figure S2. Methanospirillum sheaths bind the amyloid-specific conformational antibody WO1 
without showing unspecific binding to the secondary antibody. Samples with only the secondary 
antibody and either an activated sludge control sample or intact Methanospirillum hungatei GP1 
(Mhun) filaments were analyzed to rule out unspecific binding of the secondary antibody. Top: a 
differential interference contrast image. Bottom: green fluorescence signal from the antibody. Scale 
bars are shown in each picture. 

 

 

Figure S3. Repeats in CsgA and FapC have many conserved Gln (Q), Asn (N), Gly (G), Ala (A) 
and Ser (S) residues. CsgA (top) has five imperfect repeats (R1-R5) while FapC (bottom) has three 
(R1-R3). Conserved residues are colored yellow. Residues with similar properties are shown in green 
(small and/or hydrophobic) or blue (polar + Gly). For FapC the residues colored light yellow are only 
conserved between R1 and R2. 



 
 
 

 

Figure S4. Repeats in chaplin proteins have many conserved Asn (N), Gly (G), Pro (P), Val (V) 
and Ser (S) residues. The chaplin proteins from Streptomyces coelicolor A3 have 1 (ChpD-H) or 2 
(ChpA-C) imperfect repeats. Conserved residues are colored yellow. Residues with similar properties 
are shown in green (small and/or hydrophobic) or blue (polar + Gly). Residues where only one repeat 
is different from the rest is colored light yellow. 

 

 

 

Figure S5. MspA internal homologs have imperfect repeats of varying length. Analysis with 
RADAR (Andreas and Liisa, 2000) showed that five of the internal homologs contained imperfect 
repeats of different lengths. 

 



 
 
 

 

Figure S6. MspA homologs in closely related Methanospirillum strains share many of the same 
sequence features as MspA. (A) WP_109940855.1 from Methanospirillum stamsii and (B) 
WP_109968644.1 from Methanospirillum lacunae were analyzed with AmylPred2 (Tsolis et al., 
2013) and shown to have more or less regularly spaced regions of proposed high amyloidogenicity. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 
 
 

Table S1. Protein identified by MS/MS after disassembly of sheaths from Methanospirillum 
hungatei GP1. The sheaths were disassembled using DTT and NaOH and run on SDS-PAGE after 
which all protein bands were analysed with MS/MS. The combined data for all protein bands are 
shown. *Good correlation between protein molecular weight and gel migration. **The Exponentially 
Modified Protein Abundance Index (EmPAI) offers approximate, label-free, relative quantifications 
of the proteins in a mixture based on protein coverage by the peptide matches in a database search 
result (Ishihama et al., 2005). The protein shown in bold blue is MspA. 
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ABSTRACT: Functional amyloid (FA) proteins have
evolved to assemble into fibrils with a characteristic cross-β
structure, which stabilizes biofilms and contributes to bacterial
virulence. Some of the most studied bacterial FAs are the curli
protein CsgA, expressed in a wide range of bacteria, and FapC,
produced mainly by members of the Pseudomonas genus.
Though unrelated, both CsgA and FapC contain imperfect
repeats believed to drive the formation of amyloid fibrils.
While much is known about CsgA biogenesis and fibrillation,
the mechanism of FapC fibrillation remains less explored.
Here, we show that removing the three imperfect repeats of
FapC (FapC ΔR1R2R3) slows down the fibrillation but does
not prevent it. The increased lag phase seen for FapC ΔR1R2R3 allows for disulfide bond formation, which further delays
fibrillation. Remarkably, these disulfide-bonded species of FapC ΔR1R2R3 also significantly delay the fibrillation of human α-
synuclein, a key protein in Parkinson’s disease pathology. This attenuation of α-synuclein fibrillation was not seen for the
reduced form of FapC ΔR1R2R3. The results presented here shed light on the FapC fibrillation mechanism and emphasize how
unrelated fibrillation systems may share such common fibril formation mechanisms, allowing inhibitors of one fibrillating
protein to affect a completely different protein.

■ INTRODUCTION

Amyloid fibrils are nonbranched protein aggregates with a high
content of β-sheets arranged so that the β-strands are
perpendicular to the fibril axis.1,2 They are often associated
with neurodegenerative diseases such as Alzheimer’s3 and
Parkinson’s (PD),4 where the brain accumulates intra- or
extracellular deposits of misfolded protein. Fibril formation is a
complex multistage mechanism with a sigmoidal time line,
whose critical steps involve nucleation and elongation.5,6 The
rate-limiting step is the formation of oligomeric nuclei from
monomeric precursors during the so-called lag phase. The
nuclei can act as seeds and initiate fibril growth, leading to
relatively fast fibril elongation once the nuclei have
accumulated beyond a certain threshold level. This process
continues until most of the soluble protein has been
incorporated into the fibrils and there is an equilibrium
between association and dissociation of monomeric protein at
the fibril ends.
Amyloids also play useful roles in cell biology, particularly in

bacteria where functional amyloid (FA) provides structural
stability to bacterial biofilms,7,8 forms protective sheaths,9,10 or
contributes to bacterial virulence.11 These proteins are
evolutionarily optimized to fibrillate and do not adopt a stable

tertiary structure on the monomeric level but couple folding to
fibrillation. Nevertheless, the time course of fibrillation remains
sigmoidal12,13 because of the need to accumulate and elongate
the fibrillation nuclei.14 The first FA to be described was CsgA,
the main component of curli fibrils in Escherichia coli and other
bacteria.15,16 CsgA consists almost exclusively of five ∼20-
residue imperfect repeats17 connected by short four−five aa
loop regions.18 Each repeat is predicted to form a β-hairpin, all
five of which stack on top of each other in the amyloid
structure.19 An unrelated FA system has been identified in
Pseudomonas biofilms.20 The main protein component in FAs
in Pseudomonas (fap) is the FapC protein, which differs from
CsgA in several ways. It contains only three ∼35-residue
imperfect repeats (R1, R2, and R3), and these are connected
by less well-conserved linker regions (L1 and L2) of variable
(30−275 residues) lengths20 and unknown functions. Stepwise
removal of the three FapC repeats increases both fibrillation
lag times and the tendency of the growing fibrils to fragment.21

In CsgA, the repeats are also predicted to form a β-hairpin
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structure, which makes up the core of the mature fibrils,22

whereas the linkers are proposed to form solvent-exposed
flexible regions.23 The increased length of FapC repeats leads
to a fibril width of 4.5 nm as opposed to 3 nm for CsgA.23

Unlike CsgA, FapC has a conserved C-terminal CXXC motif,
which is not thought to be part of the fibril core but may
promote interfiber connections.23

Both FapC and CsgA are expressed from dedicated FA
operons that also encode chaperones, outer membrane
proteins, and nucleator proteins.16,20,22,24−26 The chaperone
proteins help avoid intracellular aggregation27 and ensure that
the proteins are secreted as unstructured proteins.28 Interest-
ingly, two chaperone proteins from the curli system, CsgC and
CsgH, share the same structural fold and inhibit fibrillation of
not only CsgA but also FapC29 and human α-synuclein (α-
SN),27,30 indicating similar features in the fibrillation of these
proteins. The small-molecule epigallocatechin-3-gallate
(EGCG) also inhibits fibrillation of both FapC,31 human α-
SN32,33 and Aβ42,

32 which is proposed to be involved in
Alzheimer’s disease. Interestingly, both the curli system
chaperone CsgE and the small organic 2-pyridone compound
named FN075 efficiently inhibit CsgA fibrillation,34−36 but at
the same time these molecules accelerate the fibrillation of
human α-SN.30,37 Altogether, these studies show that small
molecules or proteins, probably due to common fibrillation
mechanisms and the common cross-β structure of the mature
amyloid fibrils, can affect differentand unrelatedamyloido-
genic target proteins but that these interactions can result in
opposite effects. Globular proteins are protected against
amyloid fibrillation by their native fold, which sequesters
amyloidogenic and hydrophobic regions of the proteins within
the protein interior. Fibrillation requires conditions that favor
protein unfolding or denaturation, leading to exposure of these
regions and subsequent misfolding.38 In contrast, intrinsically
disordered proteins (IDPs) lack a stable tertiary structure39

and therefore do not have the same barriers to aggregation.
One such prominent IDP is the 140-residue protein α-SN,
recognized for its involvement in PD, where it forms
intracytoplasmic protein deposits referred to as Lewy bodies
(LBs) or Lewy neurites (LNs). In the substantia nigra pars
compacta of the midbrain, this results in a loss of dopaminergic
neurons, ultimately leading to a number of motor symptoms.40

In addition, gastrointestinal (GI) dysfunction is also commonly
reported by PD patients,41 indicating roles for the GI tract and
the enteric nervous system (ENS) in PD. In fact, LBs and LNs
are often observed in the neurons of the ENS in early stages of
PD,42−45 and recently the appendix was suggested to play an
important role in PD initiation.46

Human α-SN has been shown to be transported retrogradely
from the GI tract to the lower brain regions via the vagus
nerve.47,48 In the ENS, the great majority of neurons are
located in the wall of the GI tract,49 extend throughout the
different layers of the GI tract, and connect directly with
enteroendocrine cells,50 which express various toll-like
receptors and are able recognize different microbial struc-
tures.51 As an example, curli fibrils are recognized by TLR1 and
TLR2 and mediate interleukin 1β production,52,53 and this
way, the bacteria in our microbiome may interact with our
central nervous system through the ENS. Rodent studies have
shown that the bacterial composition in our microbiome or
products produced by these bacteria can lead to increased α-
SN deposition, possibly by activating the immune system or

causing increased intestinal permeability, both within the GI
tract54,55 and in the brain.56,57

Feeding aged rats with curli-producing E. coli leads to an
increase in α-SN aggregation compared to animals that had
been fed with a curli-deficient E. coli strain,57 indicating that
microbiomic FAs contribute to PD pathogenesis. Because
bacteria belonging to the genus Pseudomonas spp. have been
found to be relatively abundant in healthy individuals,58 we
decided to search for evidence of any cross-interactions
between FapC and human α-SN. To also study the role of
imperfect repeats in wild-type FapC (henceforth referred to as
FapC), we also included a FapC variant lacking all three
repeats (FapC ΔR1R2R3). Although this mutant still forms
thioflavin T (ThT)-positive amyloid-like fibrils, the process is
significantly slower, and the resulting fibrils are thinner and
more fragmented than their wild-type counterpart, not only
confirming the importance of the repeats in driving fibrillation
but also revealing a remarkable hidden amyloidogenicity in the
linker regions. Remarkably, substoichiometric amounts of
FapC ΔR1R2R3 delayed α-SN fibrillation up to 4-fold,
whereas FapC had no effect. Because of the CXXC motif in
both FapC and FapC ΔR1R2R3, the proteins could still form
dimers, trimers, and higher order oligomers during purifica-
tion; whereas suppression of disulfide bond formation under
reducing conditions had no effect on FapC fibrillation, it
significantly accelerated the fibrillation of FapC ΔR1R2R3 and
at the same time abolished its ability to inhibit α-SN
fibrillation. Thus, removal of the repeats slows down fibrillation
to an extent where disulfide bond formation is favored. The
disulfide-bonded protein species (dimers, trimers, and higher
order oligomers) are able to interact with (and inhibit) both
fibrillation of FapC ΔR1R2R3 itself and of human α-SN. The
results presented here reveal how different fibrillation systems
may share common fibril formation mechanisms, which allow
for inhibitors of one system to affect a completely different
system. In this specific case, the amyloidogenicity of FapC had
to be reduced below a certain level to favor interaction with α-
SN and inhibition of fibrillation. Thus, weakening the intrinsic,
highly efficient aggregation mechanism of FA may exacerbate
deleterious effects of otherwise benign amyloid.

■ MATERIALS AND METHODS
Purification of α-SN. Recombinant α-SN was expressed

using autoinduction59 and purified as previously described.60

α-SN Oligomer Formation. α-SN oligomers were purified
as previously described.61 Briefly, lyophilized α-SN was
resuspended in a buffer to a final concentration of 8 mg/mL
(∼0.55 mM) and incubated for 5 h at 37 °C while shaking
with 900 rpm. After centrifugation (12 000g, 10 min, 4 °C), the
sample was loaded on a Superose 6 10/300 GL column (GE
Healthcare), and oligomer fractions were collected.

Design of the FapC Repeat Deletion Mutant Protein.
FapC and FapC ΔR1R2R3 proteins were designed based on
the FapC sequence from Pseudomonas strain UK4. The
proteins were designed without the 24-residue N-terminal
signal peptide and with a C-terminal 6xHis-tag. The amino
acid sequences are included in Figure S1. Purification of His6-
tagged FapC and FapC ΔR1R2R3: Recombinant FapC
(vector: pET28a, kanamycin resistance) and FapC ΔR1R2R3
(vector: pET31b, ampicillin resistance) were purified as
previously described31 with a few modifications. In short,
transformed E. coli BL21(DE3) cells (Bioneer A/S) were
grown on LB agar plates for 24 h and then transferred to LB
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medium containing antibiotics, 0.1% glucose, and 4 mM
MgSO4. Cells were grown to an OD600 of 0.6−0.8 before
adding 1 mM isopropyl β-D-thiogalactopyranoside and
allowing protein expression for 3 h. After cell harvest, the
pellet was resuspended in 50 mL of denaturation buffer (8 M
GdmCl, 50 mM Tris-HCl, pH 8.0) with one cOmplete
protease inhibitor tablet (Roche) per L medium and lysed by
slow stirring of the GdmCl-cell pellet suspension overnight at 4
°C. Cell debris was pelleted by ultracentrifugation (17 000g, 30
min, 15 °C), and the supernatant was incubated with freshly
charged NiNTA beads for 1 h at 4 °C on a rolling table at 60
rpm. After washing the beads with first denaturation buffer and
then with washing buffer (8 M GdmCl, 50 mM Tris-HCl, 30
mM imidazole, pH 8.0), the proteins were eluted into 2 mL
fractions with elution buffer (8 M GdmCl, 50 mM Tris-HCl,
300 mM imidazole, pH 8.0). To check purity and protein
content of the individual elutions, 5 μL of each elution was
mixed with reducing loading buffer (G Biosciences) and 15 μL
of Milli-Q (MQ) water and run on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gel. Eluted
fractions were immediately frozen in liquid nitrogen and stored
at −80 °C. Note that both FapC constructs contain a C-
terminal His6-extension to aid purification. The C-terminal
part of FapC is not part of the imperfect repeat, which is
thought to be part of the amyloid core, but is modelled in the
recently computed structure of FapC to be highly mobile,23 so
we do not expect the attachment of an additional C-terminal
His-tag to have any significant effect on fibrillation. In addition,
we evaluate the impact of removal of the repeats within the
same His-tagged background.
SDS-PAGE. Samples were boiled for 5 min at 95 °C, quickly

spun down, and loaded on a 15% bistris SDS-polyacrylamide
gel. The samples from the protein purification steps contained
2 M GdmCl, leading to precipitation in the loading buffer. We
overcame this by pipetting up and down to homogenize the
samples before loading them on the gel. Gels were run in a Bis-
Tris running buffer at 150 V for 70 min, stained for 45 min in
coomassie brilliant blue (CBB) (1.2 mM CBB, 5% ethanol,
and 7% acetic acid), and destained overnight in a destaining
solution (5% ethanol, 5% acetic acid).
ThT Fibrillation Assay. Monomers of purified FapC

proteins were desalted from the elution buffer (8 M GdmCl,
50 mM Tris-HCl, 300 mM imidazole, pH 8.0) into phosphate-
buffered saline (PBS) buffer in 0.5 mL fractions using a PD-10
desalting column (GE Healthcare). Lyophilized α-SN was
dissolved in PBS buffer and filtered through a 0.2 μm filter.
After measuring the concentration using a NanoDrop1000
(Thermo Scientific) spectrophotometer, the proteins were
transferred to a black 96-well Nunc optical bottom plate
(Thermo Scientific). Fibrillation followed with 40 μM ThT in
a Tecan GENios Pro plate reader with excitation at 448 nm
and emission at 485 nm. In case “clean” fibrils were needed
(for dot blots), some wells were incubated without ThT. The
program was run at 37 °C with 120 rpm and a measurement
done every 124 s (FapC proteins alone) or with 600 rpm and a
measurement done every 720 s (samples containing α-SN).
Lag time was determined by normalizing the ThT fluorescence
to 100%, by determining the slope of the linear part of the
curve between 16 and 80% fluorescence and extrapolating its
intersection with the x-axis. All samples were run in triplicate
unless otherwise stated. For each FapC protein, the experiment
was repeated three times. To estimate the extent of fibrillation
after the end of incubation, the contents of different wells were

thoroughly resuspended by pipetting and then centrifuged in a
bench-top centrifuge at maximal speed (13.5 K rpm) for 15
min to pellet the insoluble material. The soluble fraction was
run on SDS-PAGE and subjected to densitometric analysis
with ImageJ. A control sample of monomeric FapC and FapC
ΔR1R2R3 (prior to fibrillation) was included for normal-
ization of data.

Fourier Transform Infrared Spectroscopy. The secon-
dary structure of the protein aggregates/fibrils was analyzed
with infrared spectroscopy using a Tensor 27 Fourier
transform infrared (FTIR) instrument (Bruker Optics). The
sample (2.0 μL) was deposited on an attenuated total
reflection crystal, dried with nitrogen gas, and analyzed with
the program OPUS version 5.5. Spectra were averaged over 68
scans in the 1000−3999 cm−1 range. Data were analyzed by
calculating the atmospheric compensation, subtracting the
baseline, and preparing the second-derivative spectra. Only the
amide I band (1600−1700 cm−1) is shown.

Transmission Electron Microscopy. The sample (5 μL)
was applied to a 400-mesh carbon-coated glow-discharged Ni
grid, and after 30 s, the grids were stained with 1%
phosphotungstic acid (pH 7.0) and blotted dry on a filter
paper. A transmission electron microscope (JEM-1010, JEOL)
operating at 60 kV was used to view the samples, and images
were obtained using an Olympus KeenViewG2 camera.

Dot Blots with Alexa Fluor 546 Reactive Dye. α-SN
and FapC/FapCΔR1R2R3 fibrils were prepared by spinning
down ThT-free fibrils and measuring the monomer concen-
tration left in the supernatant. The fibril pellet was then
resuspended to the desired concentration in the PBS buffer. To
fragment the fibrils, they were sonicated briefly (α-SN fibrils)
or for five cycles of 10 s with 10 s on ice in between (FapC/
FapCΔR1R2R3 fibrils) using a Q125 sonicator with a 2 mm
diameter probe (QSonica). Nitrocellulose membranes (0.2
μm, Bio-Rad) were either incubated with a dilution series of α-
SN monomer, oligomer, and fibrils or with FapC/FapC
ΔR1R2R3 monomers and fibrils. PBS buffer was included as a
negative control. We used Ponceau S to verify that similar
amounts of all of the bait proteins were bound to the
membrane. Membranes were incubated with a Ponceau S
solution (0.1% Ponceau S in 5% acetic acid) for 5 min with
gentle agitation.62 Subsequently, the membranes were washed
with MQ water before blocking the membranes for 1 h with
0.5% bovine serum albumin (BSA) in PBS and washing them
in washing buffer (0.05% Tween 20 in PBS buffer). After
desalting into PBS buffer on a PD10 column, FapC or FapC
ΔR1R2R3 monomers were incubated on ice (to minimize
aggregation) for 1 h with Alexa Fluor 546 reactive dye
(Thermo Fischer Scientific) according to the manufacturer’s
instructions. The leftover probe was removed in another
desalting step, and 0.05 mg/mL (2.1 μM WT or 3.6 μM
ΔR1R2R3) of labelled protein was incubated with the
membrane for 2 h at room temperature. Finally, the
membranes were washed in 0.05% Tween 20 and visualized
using a Typhoon scanner 9410 (Amersham Biosciences) when
dry. The procedure is summarized in Figure S2.

Size Exclusion Chromatography. To investigate the
formation of mixed oligomers, 4 mg/mL (28 μM) α-SN with
and without 2 mg/mL (84 or 144 μM) freshly desalted FapC/
FapC ΔR1R2R3 was incubated with shaking (700 rpm) for
4.25 h at 37 °C in PBS and centrifuged (13 500g, 2 min) to
remove larger aggregates. Then, 300 μL hereof was loaded on a
Superose 6 10/300 GL column (GE Healthcare) with an
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ÄKTA Pure protein purification system (GE Healthcare) at a
flow rate of 0.5 mL/min. For samples containing FapC
ΔR1R2R3, the experiments were repeated in the presence of
20 mM dithiothreitol (DTT), and 500 μL of fractions were
collected.
Dot Blots with Antibodies. From the size exclusion

chromatography (SEC) experiment, fractions 1−4 (elution
volumes between 12.25 and 14.25 mL) (Figure 4A) containing
the small oligomer were pooled and concentrated using a 0.5
mL Amicon centrifugation filter with a 30 K cutoff (Merck
Millipore). Concentration was determined with a Pierce BCA
protein assay kit (Thermo Scientific) following the manufac-
turer’s instructions. The concentrated oligomers were then
applied to two nitrocellulose membranes together with
duplicates of 1 μg of freshly desalted FapC ΔR1R2R3 and 1
μg of monomeric human α-SN before the membranes were
allowed to dry. PBS buffer was used as the control. After
drying, the membranes were blocked with 0.5% BSA (w/v) in
PBS buffer for 40 min at 4 °C before thoroughly washing them
in the washing buffer. Primary antibodies were added to the
membranes. One membrane was incubated with anti-α-SN
mouse monoclonal IgG (Santa Cruz Biotechnology, catalog #
sc-69977), and another membrane was incubated with anti-
FapC rabbit polyclonal IgG.63 Both the membranes were
incubated for 1 h at room temperature. The membranes were
washed in the washing buffer before adding the secondary
antibodies against either mouse [horseradish peroxidase
(HRP) goat anti-mouse IgG, #115-035-146] or rabbit (HRP
goat anti-rabbit IgG, #111-035-144) (Jackson ImmunoRe-
search, USA) and incubated for an additional 1 h at room
temperature. After washing the membranes in the washing
buffer, protein binding was visualized using TMB Blotting
PLUS solution (Kem-En-Tec Diagnostics A/S). Densitometric
quantification was performed with ImageJ (https://imagej.net/
).
Fibril Stability in Urea. FapC ΔR1R2R3 fibrils were made

by incubating freshly desalted protein at 37 °C, 700 rpm for 48
h either with or without 20 mM DTT. Fibrils were spun down
(13 500 rpm, 15 min) in a table centrifuge. The mass of
pelleted protein fibrils was calculated based on the supernatant
protein concentration (determined through A280). The fibrils
were resuspended in PBS to 1 mg/mL (72 μM in monomer
units) and aliquoted into Eppendorf tubes. The fibrils were
then pelleted again, and the supernatant was discarded before

adding solutions of 8 M urea ±20 mM DTT. After 1 h at room
temperature, the samples were again centrifuged, and 20 μL of
each supernatant was transferred to a new Eppendorf tube and
mixed with reducing loading buffer (G Biosciences). Samples
were boiled for 5 min at 95 °C and run on SDS-PAGE
together with a Mark12 unstained protein marker (Thermo
Scientific) and control samples of 1 mg/mL (72 μM) freshly
desalted FapC ΔR1R2R3 ± 20 mM DTT and 1 mg/mL (42
μM) wild-type FapC fibrils treated with 8 M urea ±20 mM
DTT.

■ RESULTS

Both FapC and FapC ΔR1R2R3 Form ThT-Positive
Amyloid Fibrils But with Differences in Morphology.We
started by comparing the fibrillation properties of FapC and
the repeat-less FapC mutant (FapC ΔR1R2R3) using the
amyloid-binding dye ThT. Both proteins led to an increase in
ThT fluorescence, but FapC ΔR1R2R3 showed a reduction in
ThT fluorescence by a factor of 3.4 ± 0.5, a much longer lag
phase and greater variation between individual runs (Figure
1A). The reduction in ThT fluorescence could be caused by a
lower fibrillation yield, which in turn implies a larger
population of soluble protein. To clarify this, we separated
the solutions into soluble and insoluble components by
centrifugation and estimated the amount of soluble protein
by SDS-PAGE followed by densitometry. All soluble proteins
migrated as monomers (data not shown). On the basis of
triplicate measurements, 90 ± 5% of FapC fibrillated, but for
FapC ΔR1R2R3, this was reduced to 44 ± 4%, that is, a 2-fold
reduction in yield, which nevertheless is smaller than the 3.4-
fold reduction in ThT fluorescence. Thus, the reduction in
ThT fluorescence must be ascribed to both reduction in yield
as well as change in the fibril structure, which affects ThT
fluorescence. Nevertheless, both variants gave rise to FTIR
spectra with a pronounced peak around 1620 cm−1 (Figure
1B). This is taken to indicate an amyloid cross-β structure; the
greater size and higher order of the β-sheets in the amyloid
fibrils shift the frequencies to lower wavenumbers compared to
conventional β-sheets which absorb >1630 cm−1.64 The
presence of fibrillar structures for both proteins was also
confirmed with transmission electron microscopy (TEM)
(Figure 1C). Fibrils formed from FapC ΔR1R2R3 were
generally smaller, thinner, and more fragmented than the FapC

Figure 1. Both FapC and FapC ΔR1R2R3 form ThT-positive amyloid fibrils. (A) Fibrillation followed with ThT for 1 mg/mL FapC (=42 μM)
(black) and 1 mg/mL FapC ΔR1R2R3 (=72 μM) (orange). After fibrillation, the fibrils were investigated with (B) FTIR and (C) TEM. The scale
bar is 100 nm.
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fibrils, and this altered morphology may explain the reduction
in ThT fluorescence in Figure 1A.
Monomeric FapC Has High Affinity for Its Own

Fibrils. To investigate interactions between monomeric and
fibrillary FapC, we incubated Alexa 546-labelled FapC/FapC
ΔR1R2R3 monomer as a probe with membranes, on which we
had immobilized both FapC and FapC ΔR1R2R3 as bait in
monomeric (M) and in fibrillar (F) forms. To control the
extent of bait binding, we stained the membranes with
Ponceau S prior to the analysis. Fibrils bound to a 2−4-fold
smaller extent than monomers, but both variants bound to
essentially the same extent (Figure S3). FapC monomers bind
preferentially to FapC fibrils, leaving very little to bind to the
FapC ΔR1R2R3 fibrils (Figure 2A, left). Monomeric FapC
ΔR1R2R3 also preferably binds its own fibrils but shows less
overall binding than FapC (Figure 2A, right), nicely consistent
with FapC ΔR1R2R3’s lower aggregation tendency (Figure
1A). We ascribe the lack of binding to immobilized monomeric
proteins to the much higher affinity of the monomer toward
the fibrils that are present in the same binding reaction. In the
absence of immobilized fibrils, both labelled FapC/FapC
ΔR1R2R3 monomers bind both types of monomers (Figure
2B).
Both FapC and FapC ΔR1R2R3 Bind to All Species of

Human α-SN But Only FapC ΔR1R2R3 Inhibits α-SN

Fibrillation. Because of the possible link between the human
microbiome and PD spreading and pathology, we speculated
whether wild-type FapC and FapC ΔR1R2R3 monomers
recognize and interact with human α-SN. CsgC/CsgH and
EGCG inhibit fibrillation of both FapC and human α-SN,
indicating that FapC and α-SN share common structural
features.27,29−32 We were unable to investigate interactions
between the different proteins by conventional biophysical
approaches such as Biacore or Isothermal Titration Calorim-
etry because of the relatively large quantities of homogeneous
sample needed as well as the rather weak binding interactions.
However, as a first step to investigate these possible
interactions, we immobilized both monomeric, oligomeric,
and fibrillar α-SN on membranes and exposed them to
labelled, monomeric FapC/FapC ΔR1R2R3. Remarkably,
both FapC proteins could recognize all types of α-SN, with
no clear preference for one particular species (Figure 2C). This
opened up the possibility that they might also affect α-SN
fibrillation. We therefore incubated a constant amount (1 mg/
mL or 70 μM) of α-SN with 0−1 mg/mL (0−72 μM) FapC
ΔR1R2R3. As shown in Figure 3A,B, α-SN/FapC ΔR1R2R3
ratios between 1:0.03 and 1:0.3 (in ratios of mg/mL,
essentially identical to molar ratios) increased the lag time of
α-SN fibrillation by 2−4-fold. The effect diminished at higher
FapC ΔR1R2R3 concentrations, which we interpret as a

Figure 2. Monomers of FapC and FapC ΔR1R2R3 both preferentially recognize their own fibrils and recognize different species of α-SN. Dot blot
of labelled FapC (left) or labelled FapC ΔR1R2R3 (right) binding to 12.5−2000 ng of (A) immobilized monomers (M) or fibrils (F) of either
FapC or FapC ΔR1R2R3 and decreasing concentrations of (B) immobilized FapC/FapC ΔR1R2R3 monomers or (C) immobilized α-SN
monomers, oligomers (O), and fibrils.

Figure 3. Inhibition of α-SN fibrillation by FapC ΔR1R2R3. (A) Fibrillation of 1 mg/mL α-SN (69 μM) in the presence of monomeric FapC
ΔR1R2R3 at concentrations ranging from 0.004 mg/mL (0.3 μM) to 1 mg/mL (72 μM). Lag time of α-SN fibrillation as a function of (B) FapC
ΔR1R2R3 or (C) FapC concentration. Data using monomeric FapC or FapC ΔR1R2R3 are from three individual experiments I−III (each in
triplicate). The average from these three experiments is shown with a black line. Results from experiments using fibrils of FapC or FapC ΔR1R2R3
instead of monomeric protein are shown in green and indicate no significant effect.
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preference for FapC−FapC interactions as opposed to FapC-
α-SN interactions. A substoichiometric optimum for inhibition
is also consistent with the ability of monomeric FapC to
interact with aggregated species of α-SN (Figure 2C). In
contrast, FapC was not able to inhibit α-SN fibrillation; rather,
it slightly accelerated α-SN fibrillation in a concentration-
dependent manner (Figures 3C and S4). Two other mutants of
FapC, namely FapC ΔR3 and FapC ΔR1R3 lacking one and
two repeats, respectively, fibrillated at rates very comparable to
FapC and were also unable to inhibit α-SN fibrillation (data
not shown). This indicates that FapC needs to be significantly
impaired in its fibrillation to inhibit α-SN fibrillation. In
addition to monomeric FapC, we also tested the effect of
adding different amounts (0−0.35 mg/mL, i.e., 0−15/25 μM
in monomeric units) of fibrillated FapC and FapC ΔR1R2R3
to 1 mg/mL (70 μM) monomeric α-SN but found no
significant effect on aggregation (Figure 3), indicating that
FapC ΔR1R2R3 needs to be able to access the monomeric
state to inhibit α-SN aggregation.
Small Oligomers Are Formed When Incubating α-SN

with FapC ΔR1R2R3. We reasoned that FapC ΔR1R2R3
could delay α-SN fibrillation by trapping α-SN in a hetero-
oligomeric state. Therefore, we incubated 1:0.5 (mass/mass)
α-SN and FapC ΔR1R2R3 at 37 °C with agitation for ∼4 h
before running the samples on a size exclusion column to
analyze the size distribution of the ensuing aggregates.

Coincubation leads to two peaks at 12.23 and 14.40 mL
(monomeric α-SN elutes at 17 mL) (Figure 4A, red curve),
and we will refer to the 12.23 mL peak as the small oligomer
peak. These two peaks are only slightly changed compared to
the two peaks formed around 12.42 and 14.15 mL by FapC
ΔR1R2R3 alone after 4 h of shaking (Figure 4A, light blue
curve). Inspecting the elution profile of the coincubation (red
curve in Figure 4A), the α-SN monomer peak at 16.69 mL has
not increased in intensity compared to that of FapC-free α-SN
(gray curve), although monomeric FapC ΔR1R2R3 elutes at
16.89 mL. It should, however, be noticed that the red 16.69
mL peak has broadened compared to FapC-free α-SN, making
it fair to assume that protein is eluting both as monomeric α-
SN and monomeric FapC ΔR1R2R3. Even right after
desalting, FapC ΔR1R2R3 does not exist exclusively as a
monomer (Figure 4A, dark blue curve); in addition to the
monomer peak around 16.55 mL (close to the value of
monomeric α-SN, in good agreement with 124 and 140
residues for FapC ΔR1R2R3 and α-SN, respectively), there is a
large peak around 14.86 mL. We speculated that this
oligomerization could be due to disulfide bond formation
between cysteine residues in the C-terminal C112XXC115 motif
of FapC ΔR1R2R3 (Figure S1). This was confirmed by
incubating FapC ΔR1R2R3 with the reducing agent DTT,
leading to loss of the 12 mL peak and a strong reduction in the
size of the 14 mL peak, that is, the protein now eluted

Figure 4. FapC ΔR1R2R3 forms small, mixed oligomers with α-SN. α-SN (4 mg/mL, 275 μM) and either (A) 2 mg/mL FapC ΔR1R2R3 (145
μM) or (B) 2 mg/mL FapC (85 μM) were run on SEC before (no shaking) and after shaking (4.25 h, 37 °C, 700 rpm). α-SN was run either alone
or in a α-SN/FapC ΔR1R2R3 ratio of 1:0.5. Notice the difference in the UV280 nm of the zoomed graphs. Numbers represent the precise elution
volumes (in mL) obtained from the Gaussian fitting to the elution profiles. (C) From the SEC run with 1:0.5 α-SN/FapC ΔR1R2R3 after shaking,
fractions 1−4 (zoom) were collected. (D) All four fractions were pooled, up-concentrated and immobilized on nitrocellulose membranes together
with duplicates of 1 μg α-SN, 1 μg freshly desalted FapC ΔR1R2R3, and 1× PBS and investigated with antibodies against either α-SN (left) or
FapC (right).
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exclusively as a monomer at 17.34 mL with approximately the
same molecular weight as α-SN (Figure S5A, blue curve).
When α-SN and FapC ΔR1R2R3 were coincubated, DTT also
inhibited the formation of small oligomers and instead gave
rise to an elution profile that was a combination of monomeric
α-SN and reduced, monomeric FapC ΔR1R2R3 (Figure S5B,
light green curve). Incubation of α-SN with FapC did not have
any significant effect on oligomer formation (Figure 4B, red
curve) beyond a very small increase in the peak height and a
small shift to earlier elution volumes (from 10.67 to 10.51
mL).
Small Oligomers Are Composed Primarily of FapC

ΔR1R2R3 But Also Contain α-SN. To confirm the content
of FapC ΔR1R2R3 in the small oligomers, we concentrated
the oligomer fractions 1−4 between elution volumes 12.25 and
14.25 mL (Figure 4C) and immobilized them on nitrocellulose
membranes. Two identical membranes were produced and
probed with antibodies against either human α-SN or FapC.
Monomeric α-SN, freshly desalted FapC ΔR1R2R3, and PBS
were included as controls. These blots clearly showed that the
small oligomers contained high amounts of FapC ΔR1R2R3
but that α-SN was also present as a minor component (Figure
4D), again indicating direct interaction between FapC
ΔR1R2R3 and α-SN. On the basis of the densitometric
analysis, we estimated the amount of FapC ΔR1R2R3 and α-
SN in the spot (fractions 1−4) to be 1.38 ± 0.02 and 0.41 ±

0.06 μg, respectively, giving a FapC ΔR1R2R3/α-SN mass
ratio of 3.4:1 (Figure 4D). α-SN oligomers elute around 10.67
mL, indicating that we have formed α-SN/FapC ΔR1R2R3
hetero-oligomers (Figure 4B). That some α-SN is eluting
already between 12.25 and 14.25 mL as part of these small
oligomers is also consistent with the small decline in the α-SN
peak in the α-SN/FapC ΔR1R2R3 coincubation SEC elution
profile (Figure 4A, red and gray curves).

Ability of FapC ΔR1R2R3 To Inhibit α-SN Fibrillation
Depends on Disulfide Bond Formation. Finally, we
investigated if disulfide bond formation by FapC ΔR1R2R3
was essential for its ability to inhibit human α-SN fibrillation.
α-SN was again incubated with different ratios of FapC
ΔR1R2R3, and DTT was included to inhibit disulfide bond
formation. Reducing conditions completely abolished the
inhibitory effect (Figure 5A). In this figure, the red curve
portraying the fibrillation of the α-SN/FapC ΔR1R2R3
mixture contains both a rapid rise and a slow descent (ca.
2−7 h) corresponding to the behavior of free FapC ΔR1R2R3
(orange curve) and a subsequent fibrillation (reaching a
plateau around 10 h), which corresponds to free α-SN. α-SN
thus fibrillates even more rapidly in the presence of reduced
FapC ΔR1R2R3 than alone, that is, it is not inhibited.
Remarkably, the reduction of FapC ΔR1R2R3 also completely
changed its fibrillation pattern, and now the protein fibrillated
extremely fast as opposed to its normal fibrillation behavior

Figure 5. Inhibitory effect of FapC ΔR1R2R3 on α-SN fibrillation is lost under reducing conditions. (A) Fibrillation of 1 mg/mL α-SN (69 μM) in
the presence of FapC ΔR1R2R3 concentrations ranging from 0.004 mg/mL (0.3 μM) to 1 mg/mL (72 μM) in the presence of DTT. (B) Effect of
DTT on the fibrillation kinetics of FapC ΔR1R2R3 and (inset) FapC.

Figure 6. Proposed mechanism for inhibition of α-SN fibrillation by FapC ΔR1R2R3. For both α-SN (blue) and FapC ΔR1R2R3 (orange),
monomers (spheres) can form oligomers that can be elongated further to mature fibrils. Because of its long lag phase, FapC ΔR1R2R3 will start
forming dimers, trimers, and oligomers with disulfide bond linkages (yellow stars), and these species retard fibrillation of FapC ΔR1R2R3 itself as
well as α-SN.
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(Figure 5B). This suggests that the lack of imperfect repeats,
leading to a longer fibrillation lag phase, allows for disulfide
bond formation and that these bonds halt FapC ΔR1R2R3 in
various dimers, trimers, or higher order oligomers and thereby
complicate fibrillation. The change in fibrillation kinetics,
however, affected neither the structure nor the stability of the
mature fibrils: FapC ΔR1R2R3 fibrils formed with or without
DTT give similar FTIR spectra (Fig S6A) and dissolve to the
same extent in 8 M urea ± DTT (Figure S6B, compare lanes
6−7 and lanes 10−11). Figure 6B demonstrates that removing
all repeats from FapC significantly affects the stability of the
mature fibrils: wild-type FapC fibrils are completely resistant
toward 8 M urea ± DTT (lanes 14 + 15) and require more
harsh solvents such as formic acid to dissolve.20,65 Incubating
FapC with DTT did not affect fibrillation (Figure 5B, inset).
Consistent with this, mutating away the CXXC motif in FapC
from Pseudomonas aeruginosa PAO1 does not affect fibrilla-
tion.12

■ DISCUSSION
Imperfect repeats in the sequences of FA proteins such as
CsgA and FapC are believed to be the main drivers of amyloid
formation. To investigate the importance of these repeats, we
designed a mutant of FapC where all three imperfect repeats
were removed (FapC ΔR1R2R3) and showed that this mutant
protein was still able to form ThT-positive fibrillar structures
that showed amyloid-characteristic secondary structure when
investigated with FTIR. However, the fibrillation lag phase was
considerably longer for FapC ΔR1R2R3, the yield and ThT-
binding properties of this mutant’s fibrils were reduced several
fold compared to wild-type, and the fibrils were thinner,
shorter, and more fragmented when compared to fibrils formed
by FapC. This indicated a marked reduction in both quantity
and quality of fibrillation by the removal of these repeats. Both
FapC and FapC ΔR1R2R3 have a C-terminal CXXC motif
(which is conserved among pseudomonads) (Figure S1), and
it was recently shown that these residues are not required for
polymerization of FapC from P. aeruginosa PAO1, as
replacement of the Cys residues with Ser or Glu residues did
not affect either the fibrillation rate, extent, or fibril structure.12

The same has been observed for a Cys-less mutant of FapC
from the Pseudomonas strain UK4 (B.S.V., unpublished
results). In contrast, FapC ΔR1R2R3 fibrillation in the
presence of the reducing agent DTT was markedly accelerated,
leading to a lag phase reduction from ∼12 to <2 h, much more
resembling the lag phase seen for FapC. This indicates that
disulfide bonds formed between FapC ΔR1R2R3 molecules,
favored by the extended lag phase, trap FapC ΔR1R2R3
proteins in off-pathway structures, which in turn inhibits
fibrillation and leads to formation of less well-structured
aggregates with lower ThT fluorescence and thinner fibrils.
It has been suggested that the GI tract could be a possible

initiation site for PD pathogenesis because of the early
appearance of α-SN aggregates in GI tissues.44−46 One
possibility is that this is a response to the bacteria in our
microbiome,56,66 many of which form FA that are structurally
similar to α-SN fibrils.67 To study possible interactions
between the FA protein FapC and α-SN, we incubated α-SN
with both FapC and the FapC ΔR1R2R3 mutant. Incubating
human α-SN with FapC ΔR1R2R3 revealed that certain ratios
of α-SN/FapC ΔR1R2R3 led to an almost 4-fold increase in
the α-SN fibrillation lag phase, whereas FapC had no effect on
α-SN fibrillation. This inhibiting effect of FapC ΔR1R2R3 was

dependent on disulfide bond formation as the effect was lost
when we repeated the experiment with DTT present. We
therefore propose a mechanism wherein FapC ΔR1R2R3
molecules, because of its long lag phase, can form dimers,
trimers, and oligomers with disulfide bond linkages. These
disulfide-bonded species are then able to interact with α-SN
(probably in its oligomeric form because the inhibition is
optimal at substoichiometric ratios of α-SN/FapC ΔR1R2R3),
thereby inhibiting α-SN fibrillation (Figure 6). That α-SN fibril
formation was not entirely prevented, but just delayed,
indicates that the α-SN monomers are not irreversibly trapped
by the disulfide-bonded FapC ΔR1R2R3 oligomeric species
but can rearrange to eventually form fibrils. This could indicate
some kind of transient contacts between FapC ΔR1R2R3 and
α-SN, similar to what has been suggested in the inhibition of
α-SN by CsgC.30 When α-SN was incubated with FapC
ΔR1R2R3 and run on a size exclusion column, we were able to
isolate small oligomers containing primarily FapC ΔR1R2R3
as well as α-SN. This indicates that the two proteins interact
directly because it appears that FapC ΔR1R2R3 to some
degree is able to complex α-SN, which otherwise does not
elute between 12.25 and 14.25 mL (Figure 4A,B). No increase
in oligomer formation was observed when human α-SN was
incubated together with FapC. We speculate that this is
because the fast fibrillation kinetics for FapC allows it to
fibrillate independently of α-SN. To summarize, the
amyloidogenicity of FapC had to be reduced below a certain
level (which was only seen for the most amputated of the FapC
mutants: FapC ΔR1R2R3) to favor the interaction with and
inhibition of α-SN fibrillation. It is unlikely that this will have
any direct relevance for our understanding of the biological
role of FapC. Even though Pseudomonas is found in the gut,
wild-type FapC aggregates very rapidly and does not react
directly with α-SN, according to our experiments, so the FapC
secreted from the bacterium will likely be integrated into the
growing fibrils well before it even encounters any free α-SN.
However, our data emphasize that cross-talk can depend on
the rapidity of the fibrillation process, so that retardation of
fibrillation or intermediate aggregate structures trapped under
in vivo conditions could in fact promote interactions with
other fibrillating species.
The results presented here provides a new twist on the role

of 31- and 30-residue long linkers in FapC from Pseudomonas
strain UK4. In the current model of the mature Fap fibrils, the
imperfect repeats form the core of the fibrils while the linker
regions are exposed to the surrounding environment.22,23

However, since FapC ΔR1R2R3 is still capable of forming
fibril structures, some fibrillation information must be encoded
within these linkers. It remains to be investigated whether this
is unique to UK4 FapC or if it is also true for FapC homologs
from other pseudomonads. Comparison of the linker
sequences of different FapC proteins shows that especially
L2 is highly variable in size20 but that both L1 and L2 contain
conserved asparagine, glutamine, and alanine residues (Figure
S7). Conservation of these amino acids are also observed in the
FapC repeat regions20 and in other amyloidogenic proteins
such as CsgA,17,68 prion,69 and spider silk proteins70 and could
partly explain the amyloidogenicity of the linkers. A simple
explanation for the residual fibrillation propensity of FapC
ΔR1R2R3 is that the repeat sequences drive amyloid
formation so strongly that the linkers’ intrinsic fibrillation
propensity lies dormant and can only be manifested in the
absence of these repeats.

ACS Omega Article

DOI: 10.1021/acsomega.8b03590
ACS Omega 2019, 4, 4029−4039

4036

http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b03590/suppl_file/ao8b03590_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b03590/suppl_file/ao8b03590_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b03590/suppl_file/ao8b03590_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b03590/suppl_file/ao8b03590_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b03590/suppl_file/ao8b03590_si_001.pdf
http://dx.doi.org/10.1021/acsomega.8b03590


Not only does the results presented here shed light on the
FapC fibrillation mechanism but they also emphasize how one
fibrillating protein may affect a completely different protein
because the systems share common fibril formation mecha-
nisms. A different example of such cross-interactions is the
ability of the human amyloid precursor transthyretin to inhibit
unrelated proteins such as Aβ40

71 and CsgA,72 suggesting that
the primary sequences and the species of origin of the proteins
are less important than the fibrillation mechanism itself.
Coincubation of different fibrillation proteins can also result in
increased fibril formation as in the case of tau and the α-SN
mutant A53T (α-SNA53T) protein. Both proteins fibrillate
independently (even though tau requires the presence of
cofactors such as sulphated glycosaminoglycans73,74), but
coincubation of the two proteins results in increased formation
of both α-SN and tau inclusions.74 As both tau and α-SN are
involved in neurodegenerative diseases, studies such as this one
open up the possibility that therapeutic agents that effectively
inhibit one form of amyloid might also be effective in the
treatment of other neurological disorders.
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(15) Collinson, S. K.; Emödy, L.; Müller, K. H.; Trust, T. J.; Kay, W.
W. Purification and characterization of thin, aggregative fimbriae from
Salmonella enteritidis. J. Bacteriol. 1991, 173, 4773−4781.
(16) Chapman, M. R.; Robinson, L. S.; Pinkner, J. S.; Roth, R.;
Heuser, J.; Hammar, M.; Normark, S.; Hultgren, S. J. Role of
Escherichia coli curli operons in directing amyloid fiber formation.
Science 2002, 295, 851−855.
(17) Wang, X.; Chapman, M. R. Sequence determinants of bacterial
amyloid formation. J. Mol. Biol. 2008, 380, 570−580.
(18) Hammer, N. D.; Schmidt, J. C.; Chapman, M. R. The curli
nucleator protein, CsgB, contains an amyloidogenic domain that
directs CsgA polymerization. Proc. Natl. Acad. Sci. U.S.A. 2007, 104,
12494−12499.
(19) Tian, P.; Boomsma, W.; Wang, Y.; Otzen, D. E.; Jensen, M. H.;
Lindorff-Larsen, K. Structure of a Functional Amyloid Protein
Subunit Computed Using Sequence Variation. J. Am. Chem. Soc.
2014, 137, 22−25.
(20) Dueholm, M. S.; Petersen, S. V.; Sonderkaer, M.; Larsen, P.;
Christiansen, G.; Hein, K. L.; Enghild, J. J.; Nielsen, J. L.; Nielsen, K.

ACS Omega Article

DOI: 10.1021/acsomega.8b03590
ACS Omega 2019, 4, 4029−4039

4037

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsomega.8b03590
http://pubs.acs.org/doi/abs/10.1021/acsomega.8b03590
http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b03590/suppl_file/ao8b03590_si_001.pdf
mailto:dao@inano.au.dk
http://orcid.org/0000-0002-2918-8989
http://dx.doi.org/10.1021/acsomega.8b03590


L.; Nielsen, P. H.; Otzen, D. E. Functional amyloid in Pseudomonas.
Mol Microbiol 2010, 77, 1009−20.
(21) Rasmussen, C.; Christiansen, G.; Vad, B. S.; Enghild, J. J.;
Lynggaard, C.; Andreasen, M.; Otzen, D. E. Imperfect repeats in the
functional amyloid protein FapC reduce the tendency to secondary
nucleation and fragmentation during fibrillation. Protein Sci. 2019, 28,
633.
(22) Dueholm, M. S.; Søndergaard, M. T.; Nilsson, M.;
Christiansen, G.; Stensballe, A.; Overgaard, M. T.; Givskov, M.;
Tolker-Nielsen, T.; Otzen, D. E.; Nielsen, P. H. Expression of Fap
amyloids inPseudomonas aeruginosa,P. fluorescens,andP. putidare-
sults in aggregation and increased biofilm formation. Micro-
biologyOpen 2013, 2, 365−382.
(23) Rouse, S. L.; Matthews, S. J.; Dueholm, M. S., Ecology and
Biogenesis of Functional Amyloids in Pseudomonas. J. Mol. Biol.
2018, 430, 3685. DOI: 10.1016/j.jmb.2018.05.004
(24) Hammar, M. r.; Arnqvist, A.; Bian, Z.; Olseń, A.; Normark, S.
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Figure S1. FapC and FapC ∆R1R2R3 protein sequences. In both sequences the 24 residues signal peptide 
has been removed and a C-terminal 6xHis-tag has been included (shown in bold). The three imperfect repeats 
in the wild-type FapC protein are colored blue (R1), green (R2) and orange (R3), respectively. The Cys 
residues of the C-terminal CXXC motif are colored red. 

 

 

 

Figure S2. Dot blot setup. Baits of a-SN monomers (M), oligomers (O) and fibrils (F) (orange spheres) 
were immobilized on nitrocellulose membranes in decreasing concentrations and allowed to dry. Then 



FapC/FapC ∆R1R2R3 (blue sphere) labelled with Alexa 546 (pink star) was added to detect binding of these 
proteins to the baits. 

 
 

Figure S3. Both FapC and FapC ∆R1R2R3 recognizes its own and the other protein’s monomers. 
Decreasing concentrations of FapC and FapC ∆R1R2R3 monomers (M) and fibrils (F) were immobilized on 
nitrocellulose membranes and the amounts of membrane-bound protein were visualized using Ponceau S 
before further analysis.  

 

 

 

 

 



 
 

Figure S4. No inhibitory effect on a-SN fibrillation is seen when a-SN is incubated with FapC. 
Fibrillation of 1 mg/mL a-SN (69 µM) was followed with ThT in the presence of FapC concentrations 
ranging from 0.004 mg/mL (0.2 µM) to 1 mg/mL (42 µM). The experiment was repeated three times. 

 

 
Figure S5. FapC ∆R1R2R3 forms disulfide-bonded higher-order species that increase in size during 
incubation. A) 2 mg/mL FapC ∆R1R2R3 (145 µM) was run on SEC right after desalting (no shaking, black 
curve) and after shaking (4.25 hours, 37°C, 700 rpm) either with (blue) or without DTT present (grey). B) 4 
mg/mL a-SN incubated with FapC ∆R1R2R3 in a 1:0.5 ratio in the presence of DTT (light green) had no 
effect on a-SN oligomer formation and simply resulted in an elution profile that was a combination of the 
individual spectra for a-SN (black) and reduced FapC ∆R1R2R3 (dark green). Numbers represent the 
precise elution volumes (in ml) obtained from Gaussian fitting to the elution profiles.  

 



 
 

Figure S6. Both the three repeats and the two linker regions contain conserved Asn, Gln and Ala 
residues. A) Comparison of protein, repeat and linker lengths and B) sequence alignment of different 
Pseudomonas species. Parentheses represent accession numbers. The three repeats are shown with black 
boxes and fully conserved linker residues are shown in red boxes. Abbreviations correspond to: P. putida 
(Pput), Pseudomonas sp. UK4 (UK4), Pseudomonas sp. FH1 (FH1), P. aeruginosa PAO1 (PAO1), P. fragi 
(Pfra) and P. protegens (Ppro).   
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Chapter 4
Bacterial Amyloids: Biogenesis
and Biomaterials

Line Friis Bakmann Christensen, Nicholas Schafer, Adriana Wolf-Perez,
Daniel Jhaf Madsen, and Daniel E. Otzen

Abstract Functional amyloid (FuBA) is produced by a large fraction of all bacterial
species and represents a constructive use of the stable amyloid fold, in contrast
to the pathological amyloid seen in neurodegenerative diseases. When assembled
into amyloid, FuBA is unusually robust and withstands most chemicals including
denaturants and SDS. Uses include strengthening of bacterial biofilms, cell-to-
cell communication, cell wall construction and even bacterial warfare. Biogenesis
is under tight spatio-temporal control, thanks to a simple but efficient secretion
system which in E. coli, Pseudomonas and other well-studied bacteria includes
a major amyloid component that is kept unfolded in the periplasm thanks to
chaperones, threaded through the outer membrane via a pore protein and anchored
to the cell surface through a nucleator and possibly other helper proteins. In
these systems, amyloid formation is promoted through imperfect repeats, but other
evolutionarily unrelated proteins either have no or only partially conserved repeats
or simply consist of small peptides with multiple structural roles. This makes
bioinformatics analysis challenging, though the sophisticated amyloid prediction
tools developed from research in pathological amyloid together with the steady
increase in identification of further examples of amyloid will strengthen genomic
data mining. Functional amyloid represents an intriguing source of robust yet
biodegradable materials with new properties, when combining the optimized self-
assembly properties of the amyloid component with e.g. peptides with different
binding properties or surface-reactive protein binders. Sophisticated patterns can
also be obtained by co-incubating bacteria producing different types of amyloid,
while amyloid inclusion bodies may lead to slow-release nanopills.
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4.1 Introduction

The amyloid β-sheet consists of a repetitive pattern of β-strands stacking on top
of each other to form long fibrillary structure, whose axis is orthogonal to the β-
strand (hence “cross- β”). The β-sheet secondary structure arranges the peptide
backbone in an extended conformation, rich in inter-strand hydrogen bonds. The
faces of the β-sheets can then stack and form very tightly interdigitated and dry
interfaces [1]. Amyloid has long been associated with neurodegenerative diseases.
However, it has been known for some time that many bacteria are able to utilize
the amyloid structure for functional purposes such as providing strength to biofilms
or as adhesins or toxins. Particularly within the last few decades, the prevalence of
these functional bacterial amyloids (FuBAs) in natural habitats and across bacterial
phyla has attracted much attention. In this chapter, we will provide a survey of the
different FuBA systems described in the literature, discuss ways of identifying them
from genomic data and present examples of their potential as a source of materials
with new and versatile properties.

4.2 The Curli System: Quality-Conscious and Made to Last

Fibrillar structures, staining positive with Thioflavin T (ThT) and conformationally
specific antibodies against amyloid fibrils, have been identified in many different
environments, ranging from drinking water reservoirs to activated sludge plants [2,
3]. One of the most well-characterized of the FuBAs are the curli fibrils produced
by E. coli. Curli appear as tangled fibers, 3–6 nm wide and up to several µm
long [4–6]. Curli fibrils are extremely stable – often requiring concentrated formic
acid or 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to dissolve into monomers – and
rich in β-sheets structure [6, 7]. These are characteristics that apply for many
different FuBAs [8–11]. The curli fibrils are composed of one major and one minor
protein component called CsgA and CsgB, respectively, which are present in an
approximate ratio of 20:1 in the mature fibrils [12]. Wild-type (WT) CsgB is directed
to the cell surface while WT CsgA is secreted from the cells [5]. The mature curli
fibrils are especially involved in biofilm formation, where they account for a large
portion of the matrix material, but also in general bacteria physiology [6, 13–16].

The machinery for curli production is dependent on seven proteins encoded
by two operons, csgBAC and csgDEFG [17] (Fig. 4.1). This curli system was
initially identified in some genera of Enterobacteriales [16, 19, 20], but has now
been identified across four different phyla [21, 22]. Functional amyloid fibrils are
known to be produced under tight regulation in many different systems [23] to
avoid the toxic effects of the oligomers that form as an intermediate in amyloid
fibril formation [24–27]. Especially lipid membranes are often sensitive to these
species [28]. One of the precautionary measures taken in curli-producing bacteria
is the synthesis of the chaperones CsgC and CsgE for handling the amyloidogenic
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Fig. 4.1 Model for how fibrils are formed in the curli system. (Left upper corner) Curli formation
can be detected by growth on Congo Red (CR) agar plates where CR binding to the amyloid
structure leads to red colonies unless CsgA is missing. (Main figure) Suggested roles of the
curli proteins. Transcription of the csgDEFG operon leads to production of CsgD is synthesized
which activates transcription of the csgBAC operon. The Sec pathway moves CsgA-C and CsgE-F
across the inner membrane, after which CsgG transports. CsgA, CsgB and CsgF across the outer
membrane; specificity is controlled by CsgE which forms a capping complex on the periplasmic
side of CsgG. On the cell surface, CsgF probably anchor CsgB to the cell surface, allowing it
to nucleate CsgA fibrillation. CsgC acts as a chaperone to prevent CsgA from forming toxic
oligomeric species inside the cell. (Right upper corner) Alignment of the repeats of two CsgA
molecules in a β-helical structure. The repeats are connected through short β-turns. (Modified with
permission from [18])
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proteins, CsgA and CsgB, until they are safely transported to the outside [29, 30].
The three last proteins involved in curli formation are CsgF, CsgD and CsgG which
act as a curli assembly factor, a transcriptional regulator and an outer membrane
(OM) pore-forming protein, respectively. Transport across the inner membrane
(IM) into the periplasm happens through the Sec translocase for which all the Csg
proteins, with the exception of CsgD, have a signal sequence [14].

4.2.1 The Partnership of CsgB and CsgA: An Anchor for
a Roving Sailor

The two components of curli fibers, CsgA and CsgB, have been heavily investigated.
The two proteins are homologs, share 49% sequence similarity and each contain
five imperfect repeats (R1-R5) in addition to an N-terminal signal sequence. In
amyloidogenic proteins, repeats have previously been shown to facilitate fibril
formation [31, 32]. The repeats in CsgA follow a conserved SX5QXGXGNXAX3G
motif while the repeats R1-R4 in CsgB follow a related AX3QXX2NXAX3N motif
[5]. These conserved Gln and Asn residues in the CsgA repeats help stabilize
the amyloid structure [33]. Interestingly, three out of the five repeats, R1/R3/R5
from CsgA and R1/R2/R4 from CsgB, are able to form amyloid fibrils when
expressed as isolated peptides in vitro [34, 35]. This repeat property might also
drive amyloid formation in vivo. The R5 in CsgB stand out by having four positively
charged residues instead of the motif with conserved Asn, Gln and Gly residues [5].
Removing R5 (amino acids 133–151) from CsgB results in a truncated version,
CsgBtrunk, that is secreted from cells, indicating a role for R5 in tethering CsgB
to the cell membrane [5]. Deletion of CsgB R4 also leads to secretion of CsgB,
while membrane-localized CsgB mutants lacking either R1, R2 or R3 are still able
to accommodate curli formation in vivo [35].

E. coli mutants that lack either CsgB (!csgB-) or CsgA (!csgA-) are not able to
form curli [17, 36], even though purified CsgA, CsgB and CsgBtrunk readily forms
Congo Red (CR) and/or ThT positive fibrils in vitro [5, 34, 37, 38]. One reason is that
in the absence of CsgB, fibrillation-competent secreted CsgA diffuses away from the
cell [36]. In a process called interbacterial complementation, CsgA produced from
!csgB- mutants is able to assemble into fibrils on nearby CsgB-positive bacteria
[6, 36]. These investigations demonstrate the nucleating role of CsgB in CsgA
polymerization. Normal nucleation-dependent fibrillation in CsgA has a lag phase,
an exponential growth phase and a stationary phase, where the nucleus formation
during the lag phase is proposed to be the rate limiting step in vivo [39]. There is
no evidence of secondary nucleation and fragmentation in CsgA fibrillation [40]. In
terms of kinetics, nucleation of CsgA by CsgB means that the 2 h lag phase of CsgA
fibrillation observed in vitro [34, 37] can be greatly reduced – if not eliminated –
and the fibrillation can jump straight to the growth phase. Because of the toxicity
of many on-pathway oligomers [24–27], expression of a CsgA nucleator in the curli
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system elegantly minimizes this potential problem of forming toxic oligomers by
accelerating fibril formation.

In addition to WT CsgB protein, CsgBtrunk is also able to seed CsgA fibrillation
in vitro, indicating that R5 in CsgB might not be involved in the in vivo nucleation
of CsgA [5]. Furthermore, CsgA protein monomers can also be seeded not only
with pre-formed CsgA fibrils from the same species but also CsgA from other
curli-expressing species [7, 37]. Interestingly, CsgA fibrillates under practically
any condition in terms of pH and ionic strength [37], possibly emphasizing its
importance in bacterial life and survival. After secretion of CsgA from the bacteria,
which depends on CsgG [17, 41], the protein is largely unstructured [34]. However,
upon fibrillating in the presence of CsgB, the secondary structure changes into β-
sheet structure both in vitro and in vivo [5, 37]. The structure of in vitro formed CsgA
fibrils have been investigated thoroughly with transmission electron microscopy
(TEM), electron diffraction, X-ray fiber diffraction and solid state NMR [37, 38].
These experimental investigations suggest a cross-β structure of stacked β-helical
subunits [38]. The β-helical structure was also supported by a study that used
simulations to identify low-energy structural models of CsgA [42].

4.2.2 All in the Fibril Family: Cooperation Within the Curli
Operon

Figure 4.1 summarizes our current understanding of how the different curli proteins
work together to form amyloid. Here we will go through what is known of the
individual components. They reveal an exquisitely controlled nanotechnological
amyloid generating machinery.

A prerequisite for in vivo CsgA/CsgB expression is a functional CsgD which acts
as a positive transcriptional regulator of the csgBAC operon [17]. The C-terminal of
CsgD shows a characteristic helix-turn-helix motif known to enable DNA binding.

CsgC was recently shown to be a potent amyloid inhibitor [29]. The crystal
structure of oxidized CsgC (PDB: 2Y2Y) reveals seven β-strands and a disulphide
bond between Cys29 and Cys31 on the same β-strand. CsgC inhibits in vitro CsgA
and CsgBtrunk fibrillation, however it is 50 times more effective against CsgA
compared to CsgBtrunk [29]. CsgC inhibits primary nucleation – and to a smaller
degree elongation – of CsgA by inhibiting the formation of some intermediate
species on the fibrillation pathway [40]. This delays the nucleation rate by a factor
of 2–4 times [40]. Mutational studies have shown that especially positively charged
residues on the protein surface are important for the fibrillation inhibition potency
of CsgC [40]. The difference in the pI of CsgC/CsgH and CsgA (> 2 pH units)
is probably responsible for accelerating the encounter between the proteins. This
is supported by a CsgC homolog from Salmonella typhimurium that shows less
potency in CsgA inhibition and at the same time has a pI much closer to that of CsgA
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(a difference of only ≈ 0.5 units) [40]. Identifying CsgA fibrils in the periplasm of
csgC- mutants confirmed this fibrillation-inhibitory role of CsgC in vivo.

Transport across the IM happens through the Sec pathway and results in the
proteolytic cleavage of the Csg proteins (except CsgD) to remove the signal
sequence [14]. Further transport across the outer membrane is dependent on the
lipoprotein CsgG [5, 41, 43]. CsgG is a 30 kDa lipoprotein that forms a pore in
the OM of curli-producing bacteria by clustering into discrete areas [43, 44]. The
clustering of CsgG is dependent on expression of CsgA, CsgB, CsgF and CsgE
as well as on fibrillation of CsgA [44]. The crystal structure of the CsgG OM
pore complex shows that nine CsgG molecules together form a 120 Å diameter
complex with nine-fold rotational symmetry, a height of 85 Å and an inner diameter
of 40 Å [45]. The transmembrane part of the pore is a β-barrel composed of
36 β-strands (4 strands from each CsgG monomer) [45, 46], which may explain
the complex’ resistance to denaturation by heat and SDS [44]. The CsgG pore
consists of both an extracellular domain and a periplasmic domain separated by a
narrow 9 Å diameter central channel [45]. Lining this central pore are three stacked
concentric rings formed by the sidechain of residues Tyr51, Asn55 and Phe56 [45,
46]. Particularly Tyr51 and Phe56 stabilize the CsgG nonamer [46]. The periplasmic
part is composed of a three-strand β-sheet and three α-helices from each CsgG
monomer and from this side, a large cavity of 24,000 Å3 is accessible.

What drives CsgA export? The outer membrane lacks a proton motive force or
an ATP supply to drive active transport. Some systems such as the chaperone-usher
pilus assembly cleverly use a ratchet-type mechanism where folding of exported
proteins prevents backsliding (since the folded state will be less flexible than the
unfolded state) [47], however CsgA only folds once it gets out of the membrane
and binds to the nucleator protein CsgB or elongates existing CsgA fibrils. Rather,
E. coli exploits a concentration gradient. Upon entering the CsgG cavity, CsgA is
encapsulated by CsgE by the formation of a dynamic CsgG:CsgE complex with
a 9:9 stoichiometry [45]. As a consequence, a entropy potential is formed across
the membrane and this gradient drives the diffusion of CsgA to the extracellular
space [40, 45, 48]. Single channel recordings reveal the ability of this cap to silence
ion conductance [45]. Without CsgE, CsgG works like an ungated pore which can
translocate erythromycin and small periplasmic proteins across the outer membrane
[30]. CsgE takes care of gatekeeping of the CsgG pore by recognizing the N-
terminal sequence of CsgA and CsgB. Thus, heterologous polypeptides fused to
full-length CsgA or the first 41 residues of CsgA are not necessarily blocked from
CsgG secretion by CsgE [30, 49, 50]. Therefore, secretion through CsgG is not
sequence- or conformation specific and can accommodate export of CsgA proteins
fused to large proteins such as the natively unfolded 260-residue ERD10 protein
or small disulphide-folded proteins like the scFv protein Nb208; all it requires is a
substrate traverse diameter of less than 2 nm to avoid blocking the channel [49]. (It is
another matter that export of such hybrid proteins can lead to a mixture of fibrils and
more amorphous aggregates). Purified CsgE has been shown to interact directly with
CsgA [51] and completely inhibit CsgA fibrillation – like CsgC – when added in a
1:1 CsgE:CsgA ratio [30]. Together these results account for two functions of CsgE:
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to ensure some secretion specificity for CsgG and to inhibit self-polymerization of
CsgA through the periplasmic space.

Another Csg protein, the assembly factor CsgF, also interacts with CsgG and
is dependent on the membrane protein for localization on the cell surface. CsgG
probably also plays a role in CsgF stability as steady-state levels of CsgF are greatly
decreased in csgG- mutants [52]. CsgF is most likely involved in the localization
and nucleation activity of CsgB because csgF- mutants resemble csgBtrunk- mutants
with large amounts of stable CsgB being released to the cell exterior [5, 6, 52].
CsgF also mediates CsgB protease resistance on the cell surface [6, 52]. csgF-
mutants are not able to assemble CsgA fibrils [52], however, CsgA produced from
these mutants is fibrillation-competent and can polymerize on the surface of csgA-
mutants [6]. Direct interaction between CsgF and CsgB still needs to be established,
but CsgF might interact with R4/R5 of CsgB since removal of these repeats also
results in CsgB secretion [35]. The interaction between CsgB and CsgF and possible
involvement of CsgF in CsgB nucleus formation might also be facilitated by a high
percentage of Glu and Asn in CsgF (9.2% and 13.4%, respectively), which is similar
to CsgA (8.4% and 12.2%) and CsgB (11.5% and 9.2%) [52].

On the cell surface, CsgB is suggested to quickly adopt an R4/R5-dependent
amyloid fold that templates CsgA fibrillation [35]. This important role of CsgB R5
in both nucleation and membrane-anchoring [5] is especially interesting because
the isolated R5 peptide does not form fibrils in vitro [35]. Not forming amyloid
structures in the membrane portion of the cells could be another mechanism to avoid
forming membrane-permeabilizing oligomers.

An eighth member of the curli family, CsgH, has recently been shown to inhibit
amyloid formation [40]. The csgH gene has been observed in many Alphapro-
teobacteria where it is always situated next to csgA/B genes [21]. CsgH is – like
CsgC – composed of seven β-strands and the two proteins share great structural
similarity (rmsd = 2.6 Å) despite a sequence identity below 20% [40]. CsgH is
able to inhibit CsgA fibrillation in a concentration-dependent manner. Interestingly,
both CsgH and CsgC are also able to inhibit the unrelated bacterial amyloidogenic
protein FapC [40].

4.2.3 Younger Kid on the Block: Fap Fimbria Are Composed
of Mainly FapC

The curli system probably evolved from a common ancestor long time ago [21].
Another FuBA system, the Fap system, appears to be evolutionarily younger [53].
The fapABCDEF operon encodes 6 proteins [8] and has been found within several
classes of the phylum Proteobacteria [53]. Fap fimbria were initially identified and
purified from a Pseudomonas strain and were characterized as a FuBA due to the
in vivo binding of ThT and amyloid conformational specific antibodies [3] together
with the characteristic cross-β structure and extreme stability of purified Fap fibrils
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[8]. Fap fimbria are believed to be involved in adhesion and biofilm formation,
since overexpression of Fap results in a highly aggregative phenotype with increased
biofilm formation [8, 54]. Fap fibrils greatly increase the stiffness (≈ 20-fold) and
the hydrophobicity of the biofilm [55]. Biofilm can, however, still be formed in Fap-
negative bacteria. In addition to biofilm formation, Fap fibrils might also play a role
in virulence as over-expression of the fap operon leads to a more mucoid, alginate-
rich phenotype which mimics the biofilm formation seen in cystic fibrosis patients
[56].

Despite the high stability of Fap fibrils, Dueholm et al. succeeded in purifying
the major fibril component, which was termed FapC [8]. In a functional genomics
study, performed to identify the function of unknown proteins in P. aeruginosa,
one of the most attenuated phenotypes towards worm infection was a mutant with
a deletion in the fapC gene (NCBI locus tag PA1954) [57]. This again indicates
that Fap fibrils play an important role in virulence – a function that has also been
proposed for the analogous curli fibrils due to their interactions with different host
proteins [58–60]. Sequencing of the major amyloid subunit, FapC, has shown that
it contains a thrice repeated motif (R1-R3) which – like in the repeats of the curli
CsgA and CsgB [5] – have conserved Glu and Asn residues, at least across 18 strains
[54]. The R1 and R2 of FapC are 26–27 residues longer than the CsgA repeats while
R3 is 11–12 residues longer. Linkers connect the different FapC repeats and can be
up to 275 residues long between R2 and R3 [8] This contrasts with CsgA and CsgB
which have a tight β-turn composed of 4–5 residues between each repeat [35, 61].
Some amyloids depend on interactions between aromatic residues [62, 63], but the
lack of any aromatic sidechains in the FapC repeats emphasizes that this is not the
case for these amyloid fibrils. Furthermore, aromatic residues were also found to be
dispensable in curli formation [33].

4.2.4 Another Study in Team-Work: The Role of Fap Proteins

The FapC homolog, FapB, has similar, but shorter, repeats (17 residues versus
FapC’s 34 and 49) [8] and less variable linker lengths than FapC [53]. Furthermore,
the FapB repeats may follow a strand-turn-strand-like motif [54]. Bioinformatics
suggest that FapB is a nucleation factor (like CsgB in the curli system) and
biophysical investigations have identified FapB and FapE as minor constituent of
the Fap fibrils [54, 56]. In any case, FapB is necessary for Fap biogenesis [55].

The roles of the remaining Fap proteins (A, D, E and F) are not entirely clear and
are still under scrutiny. However, there are some clues (Fig. 4.2). As an example,
fibrils consisting almost entirely of FapB have been isolated from fapA- mutants,
showing not only that FapB is indeed amyloidogenic, but also that FapA probably
has a regulating role in the assembly of Fap fibrils in vivo [54]. FapA’s function
is unclear, however, as the deletion of the fapA gene is relatively frequent across
different species [53]. A change in fibril composition has also been observed in the
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Fig. 4.2 Proposed model of Fap fibril biogenesis. All Fap proteins are encoded by the same operon
and contain a secretion signal that enables them to cross the inner membrane through the Sec
translocon. FapA is proposed to act as a chaperone for FapB and FapC to inhibit intracellular
fibrillation. FapF is a bioinformatically predicted outer membrane β-barrel protein which transports
the proposed nucleator FapB and the main fibril component FapC out of the cell. FapE constitutes
a minor part of the mature fibrils and might act as an assembly factor. FapD probably has protease
activity and might modify some of the Fap proteins before they are secreted from the cell.
(Reproduced with permission from [64])

curli system in a csgC- mutant [65] and therefore FapA might serve a similar role
as a chaperone in Fap formation, just as CsgC does in the curli system [29].

A proteomics study has shown FapF to be membrane-associated [66], in good
agreement with bioinformatic predictions of FapF as a β-barrel membrane pore
protein [54].

The identification of small amounts of FapE in mature Fap fibrils suggests that
FapE is transported across the OM through FapF and that it interacts with mature
fibrils. FapE might interact with FapC through conserved Cys residues in the C-
terminal of both proteins and aid in export of FapC [54]. Comparison of sequences
of the fapABCDEF operon across Pseudomonas genera showed the proteins FapD
and FapE to be the most conserved, indicating important regulatory roles of these
proteins. The regulatory role of FapE could be similar to the role of CsgF in the
curli system in organizing the extracellular Fap apparatus. A protein homology
recognition tool has recognized FapD as a likely cysteine protease [54]. This
proteolytic activity might be relevant in processing of some or all of the Fap proteins.

Common to all the Fap proteins is the presence of a Sec secretion signal which
enables them to utilize the Sec pathway across the IM [67]. In the curli system,
which also uses this IM transport system, only the transcription factor CsgD does not
have a secretion sequence [14]. Since Fap proteins are encoded within one operon,
no analogue to CsgD is needed in the Fap system.
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4.2.5 Other Bacterial Amyloid Systems

Besides the curli and Fap systems, numerous other bacterial FuBA systems have
been described with various degrees of detail. An overview is presented in Table
4.1. Here we provide a brief description of some of these systems. The continued
discovery of new functional amyloids with new and diverse roles within microbial
communities, ranging from biofilm over cell communication, cellular warfare,
communication and replication control, serves to emphasize that there is not a single
unifying role for the cross-β motif – but conversely also illustrates that amyloid can
be put to many different uses.

4.2.5.1 TasA: Cell Anchoring and Susceptibility to D-Amino Acids

TasA from the Gram-positive bacteria Bacillus subtilis is important for solid-surface
and pellicle biofilm formation and stabilization [11] and forms amyloid fibers
as seen with CR binding and TEM (including gold-labeled anti-TasA antibody)
[73]. TasA extracted from cells readily forms ThT-positive fibrils of 10–15 nm in
width. However, TasA fibrils do not share the extreme stability of other well-known
functional bacterial amyloids; they dissolve in as little as 10% formic acid [73].
Compared to other amyloids, the TasA fibrils also differs in secondary structure:
besides pure β-strands, they also contain α-helices and random coil structure [73].
This is an intriguing extension of the canonical fibril structure. The altered structure
and lowered stability may also reflect the fact that monomeric TasA folds to a
well-defined structure as monomer: a recently solved crystal structure of TasA
reveals a central antiparallel 9-stranded β sandwich flanked by loop regions and
6 α-helices [100]. TasA is encoded by the tapA-sipW-tasA operon; together with
exopolysaccharide, these three proteins they are the most abundant components of
B.subtilis biofilm [11, 101]. TasA fibers are anchored to the cell wall and can thus
link different cells. Interestingly, TasA does not have any imperfect repeats [102],
highlighting a different fibrillation strategy than the multi-repeat structure seen in
CsgA and FapC. TasA fibrillation is assisted by TapA which may have nucleation
activity; tapA- mutants show a significant reduction in TasA fibrillation [74]. The
signal peptide SipW helps process and secrete TapA and TasA and has a regulatory
effect on TapA and TasA in solid surface biofilm but not pellicle biofilm [74]. TasA
and TapA must be produced in the same cell to produce a functional biofilm, as
colony assays shows no extracellular complementation [74]. In the ageing biofilm,
cells synthesize D-amino acids which upon integration into the peptidoglycan cell
wall structure triggers fibril liberation and biofilm degradation [75]. TasA also shows
antimicrobial activity, and is a major coat component in spores [76].
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4.2.5.2 MspA: The First Archaeal FuBA

MspA (major sheath protein) from the archaea Methanosaeta thermophila PT is the
first and so far only example of functional amyloid from Archaea. MS/MS revealed
the sheaths to be composed of this single protein [10]. As might be expected, MspA
is not evolutionarily related to other known functional amyloids but constitutes a
novel amyloid motif that will have to be incorporated into future sequence analyses
hunting for functional amyloid [103].

4.2.5.3 Harpins: Green Oligomeric Weapons

Harpins produced by plant pathogenic bacterial species are type III-secreted proteins
which cause a hypersensitive response (HR) in the intercellular space of leaves
in several plant types. The HR is known to be an early defensive strategy of the
plant, to stop further growth of plant pathogens by inducing apoptosis [104]. The
harpin protein HpaG of Xanthomonas axonopodia, is a fibril forming protein with
imperfect repeats, however HR is induced not by fibrils, but rather by non-amyloid
spherical oligomers which form at an earlier stage. Such oligomers are known to
be the cytotoxic species in Alzheimer’s and Parkinson’s Disease due to their cell-
permeabilizing properties [105], but HpaG is the only example to our knowledge
of bacteria using this strategy as a functional tool, despite the protein’s amyloid-
forming properties.

4.2.5.4 Chaplins: Breaking the Air-Water Interface Barrier

The filamentous bacterium Streptomyces coelicolor produces eight hydrophobic
proteins (ChpA-H) which are collectively called chaplins. ChpA-C consist of two
chaplin domains (∼ 40 hydrophobic residues) and a C-terminal sorting signal while
ChpD-H are composed of a single chaplin domain and an N-terminal secretion
signal peptide. As a mycelium forming bacterium, S. coelicolor forms aerial hyphae
which give rise to spores that can spread and form new mycelium [106]. ChpA-H
are expressed in the mycelium and in aerial hyphae [107]. They all contain signal
sequences for secretion to the cell-wall. When secreted, the chaplins self-assemble
at the air/water interface into an amphiphatic amyloid film which reduces surface
tension and promotes spore spreading. This resembles the fungal proteins called
hydrophobins (see Chap. 8). ChpD-H complement cells extracellularly and acceler-
ate growth [106]. ChpA-C contain a common motif (LAXTG-Membrane spanning
domain-Charged C-terminal) for anchoring surface proteins to the peptidoglycan
in the cell wall covalently, suggesting a role in ChpD-H incorporation in the cell
wall [106]. It has recently been suggested that ChpD-H, associated with cellulose
fibrils and supported by ChpA-C, are responsible for fimbriae formation at adhering
hyphae, and ChpD-H monomers assemble upon contact with assembled fibrils or
hydrophobic surfaces [79].



128 L. F. B. Christensen et al.

4.2.5.5 Phenol-Soluble Modulins (PSM): Amyloid or Antimicrobial
Agents?

The pathogen Staphylococcus aureus inhabits many bodily cavities and can change
from benign to pathological within the host. Both states can form biofilm. Functional
amyloid in the form of fibrillar structures have been identified in the biofilm.
Unusually, the amyloid consists of small (20–40 residues long) peptides called
phenol soluble modulins (PSMs) [9]. The PSMs fall into 3 highly conserved classes
(α, β and δ) which are conserved and expressed from three different operons
[9, 96, 97]. As small peptides, the PSMs represent a very different aggregation
motif compared to the imperfect repeats in CsgA and FapC. While monomeric
PSMs have antimicrobial activity and can disassemble biofilm in a surfactant-
like manner (based on agr quorum sensing), fibrillated PSMs stabilize biofilm
against mechanical and enzymatic attack [108]. Amyloid formation is stimulated
by extracellular DNA (just like the initiator protein RepA involved in plasmid
replication control [98]), suggesting that the antimicrobial effect came first and
amyloidogenesis evolved later in an opportunitstic fashion.

4.3 Functional Amyloids in silico

Being able to predict which part of a protein sequence (if any) forms amyloid is
helpful for identifying potential functional amyloid in hitherto uncharted genomes.
The following sections will describe the principles behind the bioinformatics
methods that have been used to identify aggregation and amyloid “hot spots”
within protein sequences, how these methods have been used on functional amyloid
sequences, and how we can go beyond these sequence-based methods in our
search for as of yet uncharacterized functional amyloids. Functional amyloid can
be identified based on sequence, evolved characteristics or structural prediction and
simulation, and each of these will be described in more detail.

4.3.1 Predicting Aggregation and Amyloid Propensity
of Proteins Based on Sequences

The most widely used methods for detecting aggregation-prone or amyloidogenic
sequences were developed mostly with pathological aggregation and amyloid
formation in mind [109–120]. These methods have been reviewed several times
already [121, 122]. An overview of methods is provided in Table 4.2. In this section,
we will discuss different principles on which these methods are based.
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4.3.1.1 Secondary Structure Propensity and Physico-Chemical Properties
of Amino Acids

Recognizing the importance of the beta-sheet secondary structure to the formation
of amyloid and other aggregates, several methods for detecting aggregation prone
sequences attempt to estimate the secondary structure propensity of amino acid
sequences, i.e., their relative preference for α-helical, β-sheet, and random coil
configurations. In these methods, amino acid sequences with a strong preference
for beta-sheet conformations are considered more likely to end up in amyloid-
like aggregates [118, 124]. A popular variant on this theme is to look specifically
for sequences that fit well in both α-helical and β-sheet conformations and could
therefore be more easily induced to switch from being α-helical to β-sheet by some
kind of environmental perturbation [120, 142, 143].

The approach can be expanded to other physico-chemical properties of amino
acid sequences [115, 126, 127], including hydrophobicity, charge, hydrogen-
bonding capacity, and packing density. Many of these properties have been collected
into large tables [144]. A common approach is to average a given set of properties
over a short and contiguous sequence using a sliding-window. A part of a protein
sequence is then considered to be aggregation/amyloid prone if one or all of the
residues within a window exceeds an empirically determined threshold value.

When looking for short, aggregation prone sequences, it is helpful to consider
both the physico-chemical properties of amino acids and their distribution along the
sequence, i.e., sequence patterns of amino acid types. This could be as simple as
looking for alternating hydrophobic-hydrophilic pairs of amino acids [116], which
are favored in amphipathic β-sheets, to more detailed models that differentiate
between each position in a short sequence using position specific scoring matrices
[109]. Waltz [109] is a method based on position specific scoring matrices, which are
widely used in homology searches. The total sequence score assigned to a peptide is
a weighted sum of a sequence profile based on alignment of known amyloid-forming
peptides, 19 physical properties that were determined to be informative regarding
amyloid formation, and a pseudo-energy term related to a sequence’s preference for
amyloid-like structures. Waltz does a particularly good job of distinguishing actual
amyloid-forming sequences from generic aggregation prone sequences, which is
a task that has proven difficult for methods based solely on physico-chemical
properties of amino acids. Waltz is also unusual in that it included a survey of
amyloid forming segments in functional amyloids in its original publication [109].
Of the 22 functional amyloids tested, they were able to identify amyloid forming
segments in 17 of them.

4.3.1.2 Statistical Potentials

Statistical potentials try to capture the relevant physical chemistry of, e.g., protein
folding by first adopting a simplified functional form for the energy and then
parameterizing this simplified energy function using statistics collected from a
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database of experimentally determined structures. A common simplification scheme
in the context of proteins is to assume that a large part of the energy can be
decomposed into residue-residue pair interactions rather than explicitly accounting
for the presence of every atom within the residues. Implicit in the parameterization
based on known structures is the assumption that the proximity of pairs of
amino acids within protein structures is a reflection of their intrinsic propensity
for interaction. Despite these seemingly drastic simplifications and assumptions,
statistical potentials have proven useful in many areas of protein science including
structure prediction and design.

In practice, peptide sequences are threaded onto experimentally determined
amyloid fibril core structures. The statistical potential is then evaluated for a given
sequence-structure pair and those sequences with the lowest energies are assumed to
be a good fit and therefore amyloid prone [119, 129]. These methods are reminiscent
of early attempts at protein structure prediction and fold recognition based on
threading [145]. Depending on the structure that the sequences are threaded onto,
these methods can potentially take into account inter-strand hydrogen bonding
energies, β-sheet stacking energies or even intra-strand hairpin formation [111], but
the fact that only a fixed and finite set of structures is considered in these methods
will always limit their general purpose use.

4.3.1.3 Statistical Mechanical Models

Theoretical studies have shown that the chain entropy of the disordered part of the
protein can be an important factor in favoring particular ensembles of aggregated
conformations [117, 121, 146, 147]. It is therefore useful to develop models that
allow partial ordering of a sequence (where energetic terms are dominant) but also
take into account disorder from the rest of the chain. After (usually approximately)
computing the partition function, it is possible to identify the lowest free energy
conformational ensembles, and the ordered parts of the sequence in these ensembles
are understood to be the parts of the sequence that are driving aggregation.

TANGO is a commonly used aggregation predictor that combines secondary
structure propensities and physico-chemical preferences for burial into a statistical
mechanical model for β-sheet aggregation [117]. TANGO has shown promise in
predicting whether a peptide will aggregate as well as the differences in aggregation
propensity when mutations are made to a given sequence, which is particularly
relevant when investigating disease-causing mutants. A more recently developed
statistical mechanical method attempts to predict not only which parts of the
structure are ordered in aggregates but also the structures of fibrils in significant
detail and how they change upon mutation [131].
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4.3.1.4 Experimentally Driven Methods

The previous methods used data from experiments which were not designed
specifically to determine which protein sequences will aggregate or form amyloid.
However, there are also methods based directly on experiments purpose-built
to discover aggregation prone sequences. One approach involves deriving many
variants of a designed amyloid forming peptide through saturation mutagenesis
[132]. The secondary structure content of the peptides was measured by circular
dichroism spectroscopy and the peptides’ tendency to form fibrils was evaluated by
electron microscopy after 1 month. The results of these experiments were then used
to derive short sequence patterns that reflected which amino acids were allowed in
each position of amyloid forming peptides. Consequently, these sequence patterns
can then be used to rapidly search for potential amyloid forming sequences in large
sequence databases. A possible limitation of methods like these is a bias towards the
initial peptide sequence used to derive the short peptides.

Although most aggregation experiments are performed in vitro, ultimately we
are interested in aggregation propensity of proteins in vivo. AGGRESCAN [114]
is similar to methods that scan sequences looking for short stretches of highly
aggregation prone residues, but is unique in that the aggregation propensities of the
20 amino acid residues were obtained by monitoring aggregation via fluorescence
of Abeta-42 variants with single amino acid substitutions in vivo.

4.3.1.5 Machine Learning Methods

Methods discussed thus far are all based on underlying physical principles of
one kind or another, and can be more easily parameterized on the basis of
limited experimental data to provide accurate predictions. Therefore, evaluating
the accuracy models based on different physical principles can help us to test our
understanding of aggregation. However, in some cases, we simply want to know how
specific changes to a sequence will affect aggregation propensity and the detailed
mechanisms are of relatively little importance. Any learning problem, including
prediction of aggregation and amyloid propensity from sequence information, where
sufficient labeled data is available, is potentially susceptible to supervised machine
learning techniques [148]. The number of peptides that have been experimentally
validated as either fibril forming or non-fibril forming is large and, presumably,
still growing [149]. This represents a potentially rich source of training data.
Indeed, machine learning and Bayesian statistics based methods such as support
vector machines [135], artificial neural networks [137], and decision trees [136]
have already been fruitfully applied to the problem of predicting amyloid and
aggregation prone peptide sequences. Although these methods perhaps provide less
direct physical insight into the problem of amyloid formation than other available
methods, given enough training data they could eventually become the most reliable
way to engineer the aggregation propensity of an amino acid sequence.



4 Bacterial Amyloids: Biogenesis and Biomaterials 135

4.3.1.6 Consensus Predictors

Due in part to the proliferation of methods that can be used to predict aggregation
and amyloid propensity on the basis of sequence information, consensus predictors
have become a popular option that allow non-experts to combine results from
different methods and thus hedge their bets when looking for aggregation “hot
spots” [110, 140]. The success of consensus methods is likely due to the diversity
of principles underlying the constituent methods, many of which we have discussed
in this section.

4.3.2 Detecting Amyloid Prone Sequences in Functional
Amyloids

Although the methods described in the previous section were not derived and have
not been tested primarily with functional amyloid in mind, the structural similarities
between functional and pathological amyloid provide a source of hope that these
methods can nonetheless be successfully applied in the search for functional
amyloid sequences. Several instances of these methods being applied to functional
amyloids already exist in the literature.

4.3.2.1 Sequence-Based Methods Can Detect Amyloidogenic Segments
in Biofilm-Associated Proteins

By scanning the sequence of a biofilm associated protein in Staphylococcus
epidermidis using a combination of several sequence-based amyloid detection
methods including AGGRESCAN [114], PASTA [113], and TANGO [117], the
peptide STVTVTF was chosen for further biophysical characterization [150]. This
seven-residue peptide was shown to spontaneously form amyloid fibers in vitro. In
another study, the amyloidogenic segments of the yeast cell wall protein Bgl2p were
predicted using FoldAmyloid, TANGO, AGGRESCAN, PASTA, and Waltz [151].
Peptides containing these sequences were then synthesized and found to form fibrils.
In a similar case, sequence similarity to fimbrial proteins and the amyloid detection
methods TANGO and AGGRESCAN were used to argue that HfaA might be a
functional amyloid involved in the establishment of extracellular structures [152].

4.3.2.2 Searching for Prion-like Domains Can Uncover Previously
Unknown Functional Amyloids

The relationship between amyloids and prions remains to be clearly elucidated.
The hallmark of a prion is the ability to convert another prion molecule (with
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the same sequence and perhaps even those with related sequences) from one
conformation to another, typically with functional consequences. One of these states
is often aggregated or amyloid-like. Like amyloids, prions were first recognized in
a pathological context but, also like amyloids, in retrospect it seems obvious that
nature would take advantage of these motifs for functional purposes. A statistical
model trained on the sequences of proteins that are known to exhibit prion-like
behavior in yeast was used to search against many complete genomes including
839 bacterial genomes [153]. The search generated a list of 2200 putative prions
(proteins that contain prion-like domains) in bacteria. Of the proteins in bacteria
with annotated function, the prion hits were highly overrepresented in certain
function classes, including those involved in the establishment of extracellular
structures.

4.3.2.3 The Existence of Imperfect Repeats Is Common to Many
Functional Amyloids

The sequences of the primary fibril component in the Curli functional amyloid sys-
tem, CsgA, and its putative fibril-nucleating component, CsgB, are clearly related,
with each containing 5 imperfect repeats. However, according to the consensus
predictor Amylpred2, CsgB has a significantly higher aggregation propensity [154].
This is consistent with CsgB’s putative role as a nucleator of aggregation and
the supposition that functional amyloids should have evolved mechanisms for
regulating the timing and location of amyloid formation. MspA, the first functional
amyloid described in archaea, was also found to be amyloidogenic according to
Amylpred2, and its amyloid nature was confirmed using biophysical techniques
[10]. Like many functional amyloids, MspA contains imperfect repeats, as do
TapA [155] and FapC [102]. On the basis of sequence alone, the existence of
repeats containing amyloid motifs may be the single strongest indicator of a likely
functional amyloid. The evolved nature of functional amyloids should provide
additional clues when searching for functional amyloids in the genome, however,
and some possibilities for leveraging those differences will be discussed in the
following section.

4.3.3 Identifying Functional Amyloids Based on Their Evolved
Characteristics

The fibrils of functional and pathological amyloids share striking structural sim-
ilarities, and our knowledge of each type of amyloid can help to inform our
understanding of the other. However, the evolutionary forces shaping the sequences
of functional and pathological amyloids could hardly be more different. Functional
amyloids confer selective advantages to their host organisms and typically evolve
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alongside a set of helper proteins that ensure that the amyloid is properly localized
and can form fibrils where and when they are needed. Additionally, although the
reasons are not necessarily intuitive, many amyloidogenic segments of functional
amyloids are located in imperfect repeats within the full sequence. Each of these
facts should be useful when searching for as-of-yet uncharacterized functional
amyloids. Given the relatively nascent stage of functional amyloid research, it seems
likely that these searches will bear fruit.

4.3.3.1 Searching for Functional Amyloid Homologues in Large Sequence
Databases Reveals Functional Amyloid Sequence Diversity,
Phylogeny, and Operon Structure

As the price of whole genome sequencing plummets, the number of complete
genomes available is rising rapidly, including genomes of bacteria known to express
functional amyloid [156]. For families of functional amyloids where at least one
sequence is known, searching for related sequences in large sequence databases
provides a fuller picture of the sequence diversity within a family as well as a
sense of how widespread the family is in the bacterial kingdom, as illustrated in
Fig. 4.3 [21, 53]. Related functional amyloid sequences in different organisms show
diversity both at the level of individual protein sequences and at the level of operon
structure. Most operons contain a core set of proteins, but the order of the coding
sequences in the operon may be shuffled or the orientations inverted. The variation

Fig. 4.3 A taxonomic analysis of bacterial strains based on Functional Amyloid in Pseudomonas
(Fap) sequences. The Fap operon typically contains 6 proteins: FapA-FapF. The operon structure
is illustrated next to each genus. The primary and secondary fibril components are FapC and FapB,
respectively. The presence of multiple “helper” proteins within an operon may be a functional
requirement and therefore a universal characteristic of functional amyloid operons. If this is the
case, bioinformatic algorithms that look for operons containing amyloids and specific types of
helper proteins may prove useful in identifying novel functional amyloid systems. (Reproduced
with permission from [53])
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in operon structure is significant enough that different regulatory mechanisms may
be at work, meaning that these functional amyloids have probably been adaptively
repurposed during evolution.

The sequence alignments of individual proteins within a functional amyloid
operon can be used to build models that are sensitive enough to detect distantly
related homologues in newly generated sequencing data, including metagenome
sequencing data [21, 53]. We are now only starting to appreciate the importance of
metagenomics to human health [157], and studies of environmental microbiomes,
such as geothermal vents, have already yielded new putative functional amyloids
[158]. A similar approach was used to discover 200 prion candidates in the genome
of S. Cerevisiae, 24 of which were shown to form amyloid and be passed on
indefinitely during cell division, effectively becoming epigenetic units of inheritance
[159].

4.3.3.2 Techniques Targeting Evolved Characteristics May Find
Unknown Functional Amyloids

But what if we want to use bioinformatics methods to discover functional amyloids
with no known examples? The similarity between functional amyloids that are not
evolutionarily related may provide some clues [54]. The operons containing the
primary fibril components of both Fap and Csg also both contain chaperones, an
outer membrane protein, and a minor fibril component with a sequence that is
similar to the primary fibril component. Might these proteins comprise a minimal
operon for proper functional amyloid formation? The simplest rationale is plausible:
chaperones are necessary to keep the amyloid from forming in the cytoplasm; an
outer membrane protein must be present to export the fibril components, and a
modified version of the primary fibril component can ensure (through interactions
with a membrane, for example) that the fibril is formed in the proper location.
If analogous proteins accompany other functional amyloids, then bioinformatics
searches may be able to leverage this information to identify putative functional
amyloid operons even without knowing beforehand the sequences of any of the
constituent proteins. This would require algorithms that can recognize generic char-
acteristics of chaperons and outer membrane proteins and look for amyloidogenic
segments contained in (imperfect) repeats.

Functional amyloids are frequently used by bacteria in the formation of biofilms
[102]. For a species of bacteria that is known to form biofilms but for which no
functional amyloid has yet been identified, differential gene expression analysis on
cells that are forming biofilms and cells that are not is another promising route to
the discovery of novel functional amyloids [160].



4 Bacterial Amyloids: Biogenesis and Biomaterials 139

4.3.4 Structure Prediction and Simulations of Functional
Amyloids

When traditional methods of experimental structure determination fail to yield
unambiguous structural models, in silico methods are often useful for filling in
the gaps. When good templates are available, homology modeling regularly results
in high quality models of protein structures. Even when no good templates are
available, both coarse-grained models and fully atomistic models are closing in
on being able to reliably predict structures from sequence information alone. And
when it comes to understanding the molecular details that underpin biology, few
methods have proven to be as general and powerful as fully atomistic and coarse-
grained molecular simulation. The formation of functional amyloids should be
no exception. From folding and chaperoning to export and polymerization, the
formation of functional amyloids involves many molecular processes that will be
difficult to completely resolve using experimental techniques alone. Indeed, some of
these processes are already beginning to be elucidated using molecular simulation.

4.3.4.1 Molecular Modeling Techniques Can Propose Structural Models
of Functional Amyloids without Experimental Structural Data
Using Evolutionary Constraints

The repeat domain of Pmel17, a functional amyloid in mammals, has resisted exper-
imental structure determination. Homology modeling, supplemented by molecular
simulation, recently provided strong evidence that the repeat domain forms a β-
solenoid structure [161]. If no good template is available, or if modelers want
to avoid biases that may be inadvertently introduced in homology modeling, a
template-free structure prediction scheme may be preferable or even necessary.
Without being supplemented with some kind of additional information, however,
most molecular simulation models presently do a poor job of predicting the
structure of large proteins with complex topologies. One of the recent and promising
advents in molecular simulation is the combination of molecular simulation models
with information derived from large sequence databases. In particular, techniques
for inferring amino acid pair contacts from the large and growing number of
protein sequences have significantly improved our ability to predict structures from
sequence information alone. Here functional amyloid has the distinct advantage
(compared to pathological counterparts) that their structure is linked to function
and therefore under evolutionary constraints. Comparison of related sequences of
functional amyloid therefore provides useful constraints, and was recently applied
to the primary fibril component of the Curli functional amyloid system, CsgA [42].
Several methods for inferring contacts between amino acids based on sequence
alignments were used along with an efficient coarse-grained molecular simulation
model to propose structural models of CsgA. According to this model, CsgA adopts
a β-helical structure that stacks the imperfect repeats perpendicular to the putative
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Fig. 4.4 Two predicted structures of the CsgA monomer. The 5 internal repeats are shown in red,
yellow, pink, green, and blue. The putative fibril axis is shown as a dashed arrow. The simulations
yielded both (a) left-handed and (b) right-handed beta-helices. The predictions were made on the
basis of Monte Carlo sampling of a model that combined an all-atom energy function with a contact
potential derived from sequence covariation within CsgA homologues. This approach highlights
the synergy between molecular modeling and information-theoretic analyses of large sequence
databases. (Reproduced with permission from [42])

fibril axis (Fig. 4.4). Some ambiguities remain, however, as the contacts derived
from the sequence information proved insufficient to resolve the handedness of
the β-helix and the inter-monomer contacts that contribute to fibril formation.
An alternative to inferring docking contacts from sequence information is to use
specialized docking protocols that can take advantage of available experimental
information [162]. In one study, models of both CsgA and CsgB were generated
by homology modeling using AfgA and AfgB structures as templates [154]. The
authors then docked two copies of the CsgB model and extended the resulting
docking pose to generate a model of a CsgB fiber.

4.3.4.2 Simulation Can Help to Elucidate the Molecular Details
of Functional Amyloid Formation

In addition to proposing structural models, molecular simulation can be used to gain
insight into molecular mechanisms. When applied to the folding and dimerization
of the imperfect repeats of CsgA, atomistic simulations have provided information
about the early stages of amyloid formation in Curli [163]. According to this
model, the individual repeats of CsgA are largely disordered in isolation and show
dimerization propensities that are in line with experiments on the aggregation
propensities of the repeats. In another recent study, a complex mechanism involving
the conversion of oligomers of the Aplysia sea slug translational regulator CPEB
from a coiled-coil state to an amyloid state was proposed on the basis of coarse-
grained molecular simulations [164]. CPEB is thought to be an important factor
in the formation of long-term memories [165]. The conversion from coiled-coil
oligomer to amyloid is facilitated by a pulling force that could be provided in the
cell via interactions with actin filaments or motor proteins.
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4.4 Uses for Functional Amyloid: Brave New Nanomaterials

E. coli’s curli operon makes up a fascinating miniaturized export-and-assembly
system and holds great potential as a nanotechnological device. The few examples
of controlled amyloid production and export available in the literature all make use
of this operon, and we will use the following section to describe results obtained so
far.

4.4.1 C-DAG as a Screen for Amyloid: How to Hijack a Robust
Amyloid Export System

It has already been established that proteins can be exported provided their cross-
sectional diameter is not larger than 2 nm; provided the protein is maintained in
an unfolded state which can be threaded through the CsgG pore, there are no
upper limits on protein size [49]. This has been put to elegant use as a bacterial
screening system to identify proteins capable of fibrillation under “amyloid-
friendly” conditions in C-DAG (curli-dependent amyloid generator system) [50].
Given that an overexpression of CsgG enables efficient secretion of CsgA [43]
(presumably together with smaller amounts of CsgE and CsgF), it is possible to test
any given protein by fusing it to the CsgA signal peptide in a strain overexpressing
CsgG and lacking CsgA and CsgB (to avoid spurious nucleation on the surface).
In this way, expressed protein is separated from proteins in the cytoplasm and is
transported in a (relatively) unfolded conformation through CsgG to accumulate to
a high local concentration outside the cell. Here it can aggregate at leisure, possibly
stimulated by the anionic lipid environment at the cell surface which is known to
promote protein aggregation in general [166, 167]. A number of different proteins
have been shown to form fibrils under these conditions according to standard assays
(Congo Red plates, apple-green birefringence, SDS-resistance to unfolding and
seeding ability), even proteins such as the yeast prion Sup35 that normally is strictly
dependent on the PIN factor to form amyloid [168]. A subsequent screen of all E.
coli ORFs using universal primers also identified a novel amyloidogenic protein
(FliE from the flagellar basal body). However, the main strength of the system
is probably in the screening of amyloid aggregation modulators by plating cells
expressing a given protein on solid medium containing Congo Red; a caveat is that
screening of whole ORF libraries can generate a large number of false positives as
well as various shades of red in the absence of detectable amyloid aggregates [169].
The reason for this is unclear, though may be related to CR’s propensity to bind non-
amyloid material, as seen for e.g. insulin [170], or even facilitate oligomerization of
native proteins by binding as a sandwich between two protein molecules [170].
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4.4.1.1 Generating New Binding Properties: How to Hitch a Ride
on the Amyloid Ladder

Given the above export abilities, it is obvious to combine CsgA with proteins that
display other functionalities. The simplest function is to bind, and this was early
on very elegantly exemplified in the BIND (biofilm-integrated nanofiber display)
system [171]. The approach that works best is to genetically fuse short peptide
binding sequences to the C-terminus of CsgA with a long linker (GSGGSG) and
then terminate said peptide with another GSGGSG sequence (N-terminal fusions
interfere with CsgG recognition). The authors demonstrated the versatility of this
system (Fig. 4.5) by demonstrating binding of E. coli overexpressing these fusion
proteins to inorganic surfaces (graphene, carbon nanotube, glass, ice crystals),
metals (steel, gold), minerals (hydroxyapatite, zinc sulfide, magnetite) and proteins.
In the latter case, CsgA is fused to the protein SpyTag which covalently links to
15-kDa SpyCatcher protein [172], allowing generic linkage to any protein that is
fused to SpyCatcher. The study by Joshi and coworkers is also worth reading for
the rigor with which they quantify production of amyloid, using both colorimetry
(Congo Red absorption; birefringence was not quantitative, probably due to fiber
dispersion), formation of extracellular assemblies (whole-cell filtration ELISA with
anti-CsgA antibodies), verification of intact protein (extracellular fractions washed

Fig. 4.5 Using fusions of CsgA and peptide binding systems to generate new functionality in
biofilm. Top: The endogenous CsgA is knocked out from an E. coli strain which from the
expression vector produces fusion proteins consisting of CsgA (yellow) and a C-terminally
attached peptide domain (green), as shown in the 3D protein model insert where the CsgA sequence
was threaded onto an AfgA structure. The linker domain is in grey, followed by the SpyTag domain
in green. Peptide structure was predicted with PepFold. Bottom: The expressed protein forms
amyloid (curli) fibrils on the surface of the E. coli cell and leads to a biofilm with novel function.
(Reproduced with permission from [171])
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in SDS and the pellet dissolved in HFIP to mobilize for MALDI-TOF analysis) and
morphology (SEM, TEM and immunogold labelling with antibodies recognizing
the fusion peptide). Another important aspect is to use the right E. coli strain.
The csgA deletion strain (LSR10) does not produce cellulose, avoiding background
effects from CR binding to cellulose [173]. However, for larger-scale production,
it is possible to use the K-12 strain PHL628 which does produce cellulose but also
has a 3.5-fold increased curli operon expression thanks to a single point mutation
in OmpR protein [174], so the whole amyloid producing and secreting machinery
is boosted. There are remarkable perspectives in this work at several levels. The
system is simple and straightforward and requires no real optimization of expression
constructs, yet provides an amyloid matrix that by virtue of its robustness can likely
survive cell death to remain behind as a skeletal framework, built from sustainable
materials.

4.4.1.2 Amyloid as Underwater Glue: Fusing CsgA to Mussel Foot
Proteins

Lu and co-workers have extended this approach by fusing CsgA with mussel foot
proteins Mfp3 and Mfp5 from Mytilus galloprovincialis as CsgA-Mfp3 and Mfp5-
CsgA constructs [175]. Mfp proteins are used as underwater adhesives to silica
(rock) surfaces; the proteins are activated by enzymatically converting Tyr residues
to the crosslinker 3,4-dihydroxyphenylalanine (DOPA) [176]. By combining these
glue proteins with amyloid, it is possible to generate environmentally robust
underwater glue that can self-heal through self-assembly and form a large fiber
surface area that enhances contact area in the adhesive barnacle plaque [177].
The hybrid CsgA-Mfp proteins lead to fusion fibrils that were three to fivefold
wider than pure CsgA fibrils, probably due to intermolecular association between
Mfp3 and Mfp5 domains. When hydroxylated, these fibrils had a two to threefold
increase in adhesion to silica compared to CsgA. Interestingly, a copolymer made by
mixing CsgA-Mfp3 and Mfp5-CsgA gave the greatest effect, showing the strongest
underwater adhesion of bio-derived/inspired protein-based underwater adhesives so
far.

4.4.1.3 Controlled Combination of Different Amyloid: The Power
of Riboregulators

The interface with different organic and inorganic surfaces shown in these previous
examples points to a merger of synthetic biology with materials science that will
ultimately be able to make large-scale programmable living materials. The trick is
to engineer genetic logic gates into this system which could enable us to switch
on (and off) different biofilms on demand, using appropriate environmental cues.
Such a cue could be provided by the extremely sophisticated riboregulator system
employed imaginatively by Lu and co-workers to self-assemble hybrid structures
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Fig. 4.6 Using riboregulators to make controllable variations in fibril patterns. This leads to
synthetic gene circuits where external inducers (aTC or AHL) control protein secretion. (a) A
constant level of aTc (which drives expression of CsgA) also induces a gradual accumulation
of AHL which in term induces expression of CsgAHis. (b) The His-variant can be labelled by
gold nanoparticles, and the fraction of fibrils with CsgAHis increases with time. (Reproduced with
permission from [178])

of CsgA at a variety of different length scales [178]. Riboregulators are RNA
molecules that can regulate expression of genes in response to different small
molecules such as anhydrotetracycline (aTc) or acyl-homoserine lactone (AHL)
[179]. The Lu group used two different E. coli strains, regulated by either aTc or
AHL, which expressed and secreted CsgA either with or without a His-tail (Fig. 4.6).
By growing the two strains together, the production of CsgA and CsgAHis could be
controlled by sequential pulses or different concentrations of AHL versus aTc, so
that the ensuing amyloid fibrils would have different proportions of the two CsgA
molecules, depending on the temporal pattern of pulses [178]. This can also be
regulated in a cell-to-cell manner if the aTc-inducible strain producing CsgA also
produces AHL constitutively, while the CsgAHis-producing strain is AHL-inducible.
As the two strains grow and are induced by aTc, more and more AHL is produced,
leading to an increased production (and higher proportion) of CsgAHis. The absolute
proportion will depend on the initial ratio of cell strains. Another elegant variation is
growth along two opposing aTc and AHL gradients to get mainly CsgA fibrils in one
end and mainly CsgAHis fibrils in the other. Finally, the production of an 8-CsgA
concatemer with a single His tail together with a single-CsgHis can lead to more
complex His distribution patterns. Gold nanoparticles containing a Nickel-nitrilo-
triacetate group can be deposited on these fibrils in different ways, depending on this
CsgA8

His/CsgAHis pattern, leading to either conducting biofilm (long consecutive
gold wires) or shorter gold nanorods. Since the properties of gold rods are very



4 Bacterial Amyloids: Biogenesis and Biomaterials 145

sensitive to their size, it is possible to use the protein distribution pattern to tune rod
properties with great versatility. Gold nanoparticles (AuNPs) can even be interfaced
and co-assembled with quantum dots (QDs) provided these dots have a spycatcher
domain and the CsgA has a SpyTag domain [178]. This is of interest because
photon emission properties can be tuned by plasmon-exciton interactions between
plasmonic AuNPs and fluorescent QDs [180]. As a more general perspective, the use
of such orthogonal affinity tags makes it possible to construct patterned scaffolds
for multi-enzyme systems. The Lu approach also illustrates how it is possible to
apply useful properties of multicellular communities or organisms into materials
fabrication using synthetic circuits.

4.4.2 Controlling Amyloid with Co-Factors: The Case
of the Missing Calcium

Apart from these three examples of the use of bona fide bacterial amyloid to generate
new design properties, there are also other examples of bacterial proteins which self-
assemble under unusual circumstances. The Repeats-in-toxin (RTX) sequence is
a highly conserved nine-peptide Gly- and Asp-rich repeat in the C-terminal Ca2+-
binding RTX domain of the P. aeruginosa protease ArpA. This domain is disordered
in the apo-form, but binding of Ca2+ helps fold the RTX domain into compact β-
helical structures [181], and thus regulates activity and secretion of these proteins.
The Ca2+-binding site provides a useful handle to modulate structure [182]. When
heterologously expressed in E. coli, the RTX domain can be purified from inclusion
bodies as a random coil structure [182]. Addition of Ca2+ induces soluble β-sheet
structure, while the apoform assembles on the hour-scale to form not just fibrils but
also, remarkably, cm2-large highly regular and uniform sheets with flexible edges.
Assembly can be arrested (but not reversed) by addition of Ca2+, while EDTA
induces self-assembly. Such scaffolds could incorporate soluble folded proteins as
fusion proteins and thus immobilize e.g. enzymatic functions in 2 dimensions (with
a density regulated by e.g. different ratios of fusion proteins and RTX-only proteins).
The whole RTX domain is important for this self-assembly; a synthetic β-helical
peptide containing 8 copies of the consensus nine-peptide repeats [183] (lacking
the terminal capping sequences) did not bind Ca2+ or undergo a disorder-to-order
transition like the full-length RTX domain. Surprisingly, this construct bound La3+

which induced self-assembly and fibrillation, turning the whole metal-handle on its
head! Given that the RTX family of exoproteins is associated with virulence of many
human pathogens [184], these manipulations are a good example of how to divert
the original pathogen virulence functionality to novel purposes.
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4.4.3 Inclusion Bodies with Tunable Porosity: Nanopills for
Drug Delivery?

Bacterial protein inclusion bodies (IBs) are also a source of nanomaterials in
their own right. IBs are mechanically stable intracellular inclusions which usually
form when bacteria are forced to produce large amounts of recombinant proteins
[185]. As with many other protein aggregates, they were previously held in rather
low esteem and considered a “protein garbage pile”, consisting of completely
amorphous aggregates [186]; at best a convenient source of protein for purification
and subsequent refolding. However, interest has picked up more recently, not least
thanks to the Ventura group which showed that IBs can contain significant amounts
of amyloid [187] which survives attack by the aggressive protease Proteinase
K [188]. Though aggregated, IB proteins can still retain significant amount of
native structure and activity [189], and this makes them interesting as a supply of
nanostructured functional material [190]. Indeed, functional protein can be released
in vitro from IBs under mild washing conditions [191], while IBs taken up and
internalized by mammalian cells can work as nanopills to slowly release functional
protein for biological effects without losing their overall structure and mechanical
integrity [192]. Furthermore, it is possible to modulate the fraction of protein in the
amyloid state (as opposed to a functional native state) by using E. coli strains lacking
either the ATPase ClpA, chaperone DnaK and protease ClpP [193]. Lack of these
quality control components (particularly ClpP) increases the amount of proteinase
K-resistant components (i.e. amyloid) in the IBs. Remarkably, it is only the internal
architecture of the IBs that is affected; there is no reduction in IB volume according
to DLS, TEM or confocal microscopy, but just increased porosity. Thus IBs should
be regarded as a structured sponge where native-like species can fill the gaps in the
matrix, allowing co-existence of the same protein as amyloid and native isoforms
and slow release of the native state [193]. The relative amounts of the two species
can be tuned by the quality control system in a trial-and-error approach. This is
a sophisticated expansion upon what is already known about mammalian peptide
hormones (as detailed in Chap. 8); these can accumulate in secretory granules in
the amyloid state [194] from which they can be slowly released [195], though their
small size and consequent lack of a well-defined native fold probably rules out this
kind of native-amyloid balance.

4.4.4 Other Amyloid Uses: From Macroscale Films to Bone
Replacement and Tissue Engineering

This chapter has concentrated on bacterial amyloid which has intrinsic advantages
due to an increasingly well-characterized amyloid production system and great
versatility in protein manipulation and production. There are numerous examples of
amyloid from non-bacterial sources that can be put to use in many different contexts
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which space does not allow us to describe in detail. However, some examples are
worth highlighting. One approach is to take nonamyloidogenic proteins with natural
cross-β structure and turn them into proteins that self-assemble to amyloid fibrils
under benign conditions. The β-solenoid proteins (BSPs) have backbones that twist
helically in either left- or right-handed direction to form beta-sheets with regular
geometric structures (e.g. triangles and rectangles) with sides that are 1.5–2 nm
long [196]. They avoid aggregation thanks to natural capping features or structural
aberrations at the termini. These can be removed to give a seamless interface
between N and C-termini of successive monomers, and can be complemented with
interfacial salt bridges to stabilize monomer-monomer interactions. When applied
to antifreeze BSPs from Spruce Budworm and Ryegrass, the engineered constructs
aggregate rapidly and form fibrils; furthermore, kinetics are even compatible with
a preformed polymerization nucleus [196]. Slightly more serendipitous approaches
include the transcription factor Ultrabithorax from D. melanogaster which in vitro
turns out to self-assemble at the air-water interface (in vivo the protein does not
encounter air-water interfaces) into nanoscale fibers that further form macroscale
films, sheets, ropes and capsules through self-adherence [197]; some of these
structures can be lifted from the liquid surface in intact state. The protein aggregates
rapidly (within a few hours), even at low (< 0.1 mg/ml) concentrations, and
are extremely robust against attempts to solubilize it, though there is no direct
evidence that the self-assembly involves amyloid. Finally, it is worth mentioning
the milk protein β-lactoglobulin which represents a readily available cheap source
of proteins. It does not fibrillate in vivo, but a combination of low pH and high
temperatures lead to fibrils [198]. These have subsequently been combined with
other materials such as hydroxyapatite [199] and silk fibroins [200] to form potential
bone replacements or other hybrid materials with a large range of mechanical
and physical properties (e.g. scaffolds of tunable porosity, akin to the previously
mentioned IBs). The ultimate irony is served by Fmoc-modified peptides derived
from the archetypal “bad fibril” Aβ; they self-assemble to form nanofibrils and
subsequently hydrogels which are thermoreversible, non-toxic and thixotropic and
show potential for the attachment and spreading of mammalian cells [201]. The
authors elegantly show that gel stiffness can be tuned by modulating peptide
concentration and salt concentration to drive differentiation of mesenchymal cells.
This supportive property appears to be a general amyloid property, since amyloids
formed by lysozyme [202] and transthyretin [203] also show promise for cell
attachment and tissue engineering. With all these developments under way, there
is little doubt that there will be growing interest in the use of functional amyloid for
applications in both materials science and medicine in the future.

4.5 Perspectives

The focus of the present chapter has been on naturally occurring amyloid, which
offers great inspiration due to its fascinating biological origin, optimized amyloid
design and carefully orchestrated assembly process. It is clear that the amyloid
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fibril structure shows great potential as a source of structural strength in the
construction of many different biomaterials. Nevertheless, applications are not
limited to functional amyloid. As alluded to in the previous section, numerous
different proteins which do not form amyloid under physiological conditions
have been investigated as building materials. Space does not permit a detailed
description, but it is worth mentioning that amyloids made from proteins as diverse
as CsgA, lysozyme, β-lactoglobulin, Sup35p, gonadotropin-releasing hormone
and diphenylalanine peptides have found use as nanowires for electronics [178,
204–206], biosensing [207–209], drug delivery [192, 195, 210], wound healing
[211] and even artificial motors [212]. Amyloids are appealing in view of their
biocompatibility, self-assembling properties, nanoscale dimensions and overall low
cost (particularly when using bulk proteins such as the milk protein β-lactoglobulin
[199]). Especially attractive is the use of peptide fibrils as biocompatible nano-
scaffolds that form spontaneously when heated. Such peptide fibrils have already
shown great promise in promoting cell adhesion, differentiation and migration [202,
213–216] and their use is likely to expand to other cell-based therapies. This may
be expanded by functionalizing amyloid nanotubes or amyloid films with various
ligands; i.e. enzymes [208], fluorophores [217] or adhesion moieties [218, 219] as
sensors or in tissue engineering applications. Predicting how the incorporation of
ligands will affect fibrillation and the final fibril structure (whether in film or tube
formation) is, however, extremely challenging and even further complicated by the
fact that the ligand needs to be accessible and/or active. This is obvious from the
previous section about functional amyloid in silico, which describe the many factors
that need to be considered when trying to design peptides and predict their amyloid
propensity.

4.5.1 Challenges in the Development of New Amyloid-Based
Biomaterials and -Medicine

In the development of novel amyloid-based biomaterials, the functional (bacterial)
amyloids systems hold great promise as these have been optimized by evolution to
quickly form the robust fibril structure and at the same time avoid the potentially
toxicity of intermediate species like oligomers and protofibrils. Being able to
produce large amount of well-characterized fibril material using bacteria as work
horses is extremely appealing and should be addressed in future work. It would
require that we learn even more about these promising systems – the curli and Fap
systems in particular – in terms of fibrillation kinetics and how to shift between
amyloid structural phases like the stiff fibrils structure described in this review,
liquid crystals and especially hydrogels which show great promise in the field of
regenerative medicine and injectable therapeutics [211, 220]. Mutational studies
of the imperfect repeats in CsgA/FapC, leading to “perfect repeats”, could also be
very valuable as a potential amyloid scaffold for biomaterial development. The next
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challenge will then be to purify these materials – here their exceptional stability
towards i.e. boiling SDS [44] should be exploited. Finally, for these materials to
be used in drug delivery, bone replacement and at other human interfaces we need
to be sure that toxicity aspects are addressed and avoided. This could be the fibril
reversibly dissolving into not only monomers but also potentially toxic oligomers
[221] or the fibrils fragmenting, resulting in free ends that might act as new growth
sites for fibrillation as seen for the prion protein Sup35 [222]. However, by focusing
on the mature, stable fibrils, these concerns can be largely eliminated. Furthermore,
the toxic oligomer seems to be largely bypassed during fibrillation of functional
amyloid as an evolutionary adaptation. However, another source of concern is
that the fibrils structure itself might serve as a so-called amyloid enhancing factor
when consumed. Aged rats and worms fed with curli-producing E. coli displayed
deposits of the Parkinson’s disease-relevant protein α-synuclein in both gut and
brain compared to animals fed with mutant bacteria that do not produce curli [223].
In addition, mice also displayed extensive systemic pathological deposits of amyloid
protein A when injected with, or fed with, amyloids extracted from commercially
available foie gras [224]. While these results remain to be confirmed in additional
studies, they emphasize that the amyloid fold is indeed a double-edged sword – and
should be treated as such.

All in all, functional amyloids and proteins reviewed in this chapter pose
great potential for manifold applications as novel biomaterials. Nevertheless, for
successful applications more knowledge needs to be gathered concerning the
stability, purification and toxicity of these systems.
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ABSTRACT 
Bacterial functional amyloids are evolutionarily optimized to aggregate to help them fulfil their biological 
functions, e.g. to provide mechanical stability to biofilm. Amyloid is formed in Pseudomonas sp. by the protein 
FapC which contains 3 imperfect repeats connected by long linkers. Stepwise removal of these repeats slows 
down aggregation and increases the propensity of amyloids to fragment during the fibrillation process, but 
how these mechanistic properties link to fibril stability is unclear. Here we address this question. The extreme 
robustness of functional amyloid makes them resistant to conventional chemical denaturants, but they dissolve 
in formic acid (FA) at high concentrations. To quantify this, we first measured the denaturing potency of FA 
using 3 small acid-resistant proteins (S6, lysozyme and ubiquitin). This revealed a linear relationship between 
[FA] and the free energy of unfolding with a slope of mFA+pH (the combined contribution of the FA molecule 
and FA-induced lowering of pH), as well as a robust correlation between protein residue size and mFA+pH. We 
then measured the solubilisation of fibrils formed from different FapC variants (with varying number of 
repeats) as a function of [FA]. The resulting mFA+pH values revealed a decline in the number of residues driving 
amyloid formation when at least 2 repeats were deleted. The midpoint of denaturation declined monotonically 
with progressive removal of repeats and correlated with solubility in SDS. Complete removal of all repeats led 
to fibrils which were solubilized at FA concentrations 2-3 orders of magnitude lower than the repeat-containing 
variants, showing that at least one imperfect repeat is required for the stability of functional amyloid. 
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INTRODUCTION 
The term ‘amyloid’ is normally associated with misfolding of different proteins, resulting in neurodegenerative 
diseases like Alzheimer’s and Parkinson’s disease, but the number of cases where the amyloid structure is used 
for functional purposes is steadily increasing1, 2. The first functional amyloid to be identified and purified were 
the curli fibrils expressed by E. coli and Salmonella enteritidis3, 4. Since their discovery, curli has been shown 
to be widely expressed among different bacteria, spanning at least four different phyla5. Curli fibrils serve an 
architectural role in bacterial biofilm but are also involved in cell attachment and invasion6-8. Curli are 
composed primarily of the protein CsgA which, for bacterial strains within the Enterobacteriales and the 
Vibrionales, is expressed from the csgBAC operon together with the nucleator protein CsgB and the chaperone 
CsgC5, 9, 10. Furthermore, four additional Csg proteins are expressed from the csgDEFG operon and they act as 
a transcription regulator of the csgBAC operon (CsgD), chaperones (CsgE/CsgF) and as an outer membrane 
pore protein (CsgG)9-11. All Csg proteins, except CsgD, are targeted for Sec-dependent secretion across the 
inner bacterial membrane to the periplasm12. 

A decade ago, we identified a similar amyloid system in Pseudomonas termed functional amyloid in 
Pseudomonas (fap)13. The fap system encodes proteins FapA-F expressed from a single fapA-F operon. Like 
the curli system, it encodes an outer membrane pore protein (FapF) and possible chaperones (FapA and FapD) 
besides the primary amyloid-forming protein FapC and a potential nucleator FapB14 (Fig. 1). Similar to the 
curli system, fap fibrils contribute to biofilm formation15, 16 and play roles in virulence17 and the individual Fap 
proteins are also secreted across the inner membrane via Sec15, 18, 19. However, the fap system is evolutionarily 
younger than the curli system and only exists within a single phylum, the Proteobacteria20.  

Both amyloid proteins CsgA and FapC consist of multiple imperfect repeats. CsgA has five, each ca. 
20 residues in length and folded as individual b-hairpins separated by a tight turn (4-5 residues) according to 
a computationally predicted structure21. In support of this, peptides corresponding to three of the individual 
repeats (repeat 1, 3 and 5) readily form amyloid on their own22. FapC has 3 longer repeats (ca. 35 residues 
long) which are also predicted to form b-hairpins23. However, in FapC the repeats are separated by linker 
regions of variable length; especially the second linker shows large variations in size with lengths ranging from 
39 (in the Pseudomonas sp. UK4 strain used in this study) to more than 250 residues for Pseudomonas putida 
F113. For FapC, stepwise removal of these repeats has only relatively little effect on the rapidity of fibrillation 
but increases the ensuing fibrils’ tendency to fragment during shaking, thus forming new growing fibrils24. 
While that study focused on the mechanistic roles of the different repeats, we here address the question of how 
removal of these repeats affects the stability of the formed fibrils. First of all, this requires a reliable assay to 
determine fibril stability.  

For globular monomeric proteins, stability is defined by the distribution between native and denatured 
states. Analogously, there is an equilibrium between the fibrillated and monomeric state; the higher the 
concentration of the monomeric species (corresponding to a critical aggregation concentration, cac), the less 
stable the fibril. Consequently, the free energy of fibrillation can be expressed as –RT ln cac25, and can be 
further analysed by displacing the equilibrium towards the monomeric state by e.g. addition of denaturants26. 
This formalism has i.a. been used to evaluate the stability of the Ab peptide, aided by the relatively high Ab 
cac25. However, fibrillation of functional amyloids such as FapC is very efficient and typically leads to 
impracticably low levels of monomer13, even in the presence of high concentrations of denaturant (data not 
shown) or boiling sodium dodecyl sulfate (SDS)13. Conveniently, high concentrations (typically > 80%) of 
formic acid (FA) have been shown to solubilize functional amyloids. This phenomenon even serves as an 
operational basis to identify functional amyloid in complex mixtures27. The extent to which a protein fibril is 
dissolved by a progressive increase in FA may therefore provide a measure of the fibril’s stability. To 
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investigate this systematically, however, we need a more general analysis of the denaturation potency of FA. 
To the best of our knowledge, such an analysis has not been performed yet and we here provide it as part of 
our analysis of the stability of functional amyloid.  

Formic acid – HC(O)OH – is the simplest carboxylic acid. As a protein solvent, FA is superior to most 
common organic solvents (e.g. glycerol, DMSO or trifluoroacetic acid), solubilizing the protein polypeptide 
chain through protonation, destabilization of hydrogen bonds, and hydrophobic residue interactions28, 29. High 
concentrations (> 70% v/v) of FA solubilize large, fibrous protein complexes such as collagen, wool keratin, 
and silk fibroin30-32; the FA-solubilized form of fibroin seem to be more compact than when solubilized in 
water, although fibroin is in random coil conformation in both solutions30. Solubilization does not involve 
chemical modification30; FA can formylate Thr and Ser (O-formylation) as well as Lys (N-formylation), but 
this requires high concentrations (> 80% v/v) and extended time intervals (many hours)28. The amide derivative 
of FA, formamide (FM), is also able to solubilize and unfold globular proteins such as myoglobin, cytochrome 
c and insulin33, 34. Though not an acid, it still interacts with proteins through hydrogen bond disruption and 
solubilization of hydrophobic surfaces35. Thus, FM constitutes a protonation-free comparison to FA.  

Our objectives for this study are two-fold: (1) to establish a quantitative basis for the use of FA to 
determine protein stability and (2) to employ this approach to determine the contribution of the individual 
repeats in FapC to fibril stability. To achieve goal 1, we investigate the impact of FA on the stability of proteins 
which unfold according to a simple two-state system, making it straightforward to assess the impact of FA on 
their stability. However, given FA’s properties as acid, the simple lowering of pH will in itself make a major 
contribution to FA’s destabilizing properties. To extract the non-protonation-related denaturing properties of 
FA we need to be able to subtract the contributions that a simple drop in pH would make to destabilization. 
This restricts our investigations to proteins which do not unfold at low pH unless other denaturing measures 
are involved, such as heat. Therefore we have selected three acid-resistant proteins (hen egg white lysozyme36-

39, S640-43 from Thermus thermophilus and bovine ubiquitin44-50) whose stabilities have all been extensively 
analyzed under a range of conditions. For all three proteins, we determine their stability in FA based on near-
UV circular dichroism thermal scans over a range of FA concentrations. For each FA concentration, we carry 
out a thermal scan at the corresponding pH adjusted with HCl and subtract this effect from that of FA to 
quantitate the intrinsic contribution of FA to protein stability. Furthermore, we carry out these experiments 
using < 30% v/v FA to minimize formylation28. It should be noted that across the thermal scan temperatures 
applied here (5-95°) the pKa of FA is only slightly changed from 3.79 to 3.9151. To achieve goal 2, we use the 
obtained relationship between FA concentration and its denaturation potency (m-values) to evaluate the FA 
depolymerization assays of eight different FapC constructs and thereby quantify the aggregative effect of 
individual repeats of FapC. 
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RESULTS AND DISCUSSION 
Near-UV CD reveals reversible and cooperative thermal unfolding of acid-stable proteins in formic acid 
despite local relaxation of the native structure of S6 and Ubi 

To quantitate the denaturing potency of formic acid (FA), we used near-UV circular dichroism (CD) to carry 
out thermal scans of three model proteins in different concentrations of FA. The proteins are the 129-residue 
hen egg white lysozyme (HEWL), the 101-residue ribosomal protein S6 from Thermus thermophiles and the 
76-residue bovine ubiquitin (Ubi). These proteins were selected for a number of reasons. Firstly, they were 
well-characterized small proteins in a range of sizes (going from 8.6 kDa through 12 kDa to 16.2 kDa) which 
have previously been used as model systems for fundamental studies in protein stability and folding36-50. 
Secondly, they unfold in a single step without equilibrium intermediates. Thirdly, they remain folded in acidic 
conditions, allowing us to carry out thermal scans at low pH to determine melting temperatures in the presence 
of FA. The protein solutions were not buffered beforehand, so addition of even small amounts of FA led to a 
large drop in pH. Due to the high absorption of FA in the far-UV range, we monitored protein unfolding using 
near-UV CD. Near-UV CD is highly sensitive to correct folding of the protein; indeed, it can be just as sensitive 
to loss of native structure as enzyme activity52. Before we proceed further, we will therefore describe the 
impact of FA on the structures of our 3 model proteins as indicated by near-UV. 

The near-UV signal of lysozyme in FA at room temperature (RT) is essentially identical to that in pure water 
(Fig. S2AB), showing that the protein remains natively folded in FA. In the case of S6, there is a 4-5 fold 
reduction in signal intensity in FA at RT compared to that in water, but there is still a distinct spectroscopic 
signature centered around 280 nm which disappears at 90oC and is largely regained upon cooling down (Fig. 
S2CD). We have previously observed that S6 adopts a more flexible or “quasi-native” (but not molten globule-
like)53 structure at low pH. The single Trp residue in S6 (position 62) hydrogen bonds to Glu5 and Glu41 in 
the crystal structure of S6 (PDB: 1RIS54), and these residues are likely to be protonated at low pH. This will 
most likely disrupt hydrogen bonding with Trp and increase its mobility, leading to a reduction in near-UV 
CD. In 10 mM HCl (pH 2) S6 still folds and unfolds according to a two-state transition with well-defined 
kinetics53, but the change in compactness upon unfolding (as determined by the so-called m-value, which 
describes how the free energy of unfolding changes with denaturant concentration) is reduced by ca. 40%. This 
is most likely due to an expansion of the native state, as indicated by the loss in near-UV signal combined with 
an increased affinity for the fluorescent probe ANS, which preferably binds to exposed hydrophobic patches, 
as well as decreased sensitivity of this “low-pH” state to mutagenesis53 Far-UV spectra of S6 in mQ and HCl 
are nearly identical, suggesting that the secondary structure is fully conserved at low pH (Fig. S2E). As regards 
Ubi, there is a shift in the relative intensities of the 3 peaks seen in the near-UV CD signal at 265, 275 and 281 
nm (Fig. S2FG). In water, these peaks all rise above the downward turn seen from ca. 295 nm down to 287 nm 
to reach positive ellipticity values. In FA, they are still visible but do not rise so much, suggesting a less 
asymmetric (rigid) environment for the aromatic groups at low pH. The spectrum is similar to the structure of 
the V62A mutant of ubiquitin assumed at pH 2-4, which according to NMR retains native secondary and 
tertiary structure, except for the unfolding of a long loop between two b-strands46. Thus, both S6 and Ubi retain 
large parts of their original structure and overall compactness in FA but undergo some loosening of the tertiary 
fold. 

Despite S6’ and Ubi’s spectroscopic changes, all three proteins unfold reversibly and cooperatively in thermal 
scans, leading to a sigmoidal denaturation curve which can be fitted to a two-state unfolding transition from 
the (quasi-)native state N to the denatured state D (Fig. 2). Furthermore, the refolded protein curves retain most 
of the signal after cooling the protein back to RT (Fig. S2A,C,F). This justifies the use of a reversible unfolding 
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model to fit the data. The fits provide both the temperature midpoint of denaturation, Tm, and the enthalpy of 
denaturation at Tm, DHTm.  

Formic acid reduces Tm more than HCl at similar pH values 

Thermal scans were performed on protein solutions containing 0.1% - 25% v/v FA (equal to 0.27-6.63 M given 
FA’s density of 1.22 g/mL and molecular weight of 46 Da in the protonated form). All three proteins show a 
linear decrease in Tm (and thus tm) with FA concentration (Fig. 3). To separate effects of low pH from those of 
the FA molecule, we carried out thermal scans in HCl at the same pH values as those obtained with FA. At 
low FA concentrations, tm values of unfolding in FA follow those in HCl (Fig. 4) indicating that denaturation 
at those concentrations is a simple pH effect. However, as FA rises above 0.5 M, the pH effect caused by HCl 
starts to level out (tm remains essentially constant for S6 and Ubi at all pH values and levels out for HEWL 
around pH 1.4 which corresponds to a FA concentration of 3 M), while the denaturation effect of FA continues 
unabated.  

Heat capacity changes upon unfolding are reduced in FA compared to HCl and GdmCl, which may reflect a 
more compact unfolded state and a more expanded native state 

To quantify this denaturation effect, we calculated the free energy of unfolding (DGD-N) of the different proteins 
in HCl and FA at matching pH values and subtracted the effect of HCl. To achieve this, we needed to calculate 
the specific heat capacity change upon unfolding (ΔCp) of the different proteins under our denaturation 
conditions. Standard thermodynamics predicts a linear relationship between Tm and DHTm with a slope of ΔCp 

(assuming that ΔCp is temperature-independent)55. Indeed, plots of DHTm versus tm provide reasonably linear 
plots (Fig. 4). Based on these plots, ΔCp of HEWL is calculated to 1.10 ± 0.10 kcal mol-1K-1 in FA and 1.70 ± 
0.34 kcal mol-1 K-1 in HCl. An early calorimetric study of HEWL denaturation reported a ΔCp of 1.37 kcal 
mol-1 K-1 when the protein is denatured in guanidinium chloride (GdmCl), but a similar ΔCp

 of 1.57 kcal mol-

1 K-1 when denatured in in HCl56. FA is reported to induce a more compact state when used as a solvent30 and 
considering that the ΔCp value is correlated to the change in solvent-accessible surface area (SASA) upon 
unfolding57 (i.e. the change in compaction upon unfolding) this may explain the difference in ΔCp values 
between FA and HCl. 

For both S6 and Ubi, we determined ΔCp using FA-based scans, since the small variation in tm with pH in the 
HCl-based thermal scans prevented the determination of meaningful tm - DHTm plots. The ΔCp of S6 in FA is 
found to be 0.41 kcal mol-1K-1, which is significantly lower than the value of 0.93 ± 0.05 kcal mol-1K-1 obtained 
when denaturing with GdmCl58. We attribute this to the previously mentioned “loosening” of the native state 
of S6 at low pH, which – together with a likely more compact unfolded state in FA compared to GdmCl – 
means that the increase in SASA upon unfolding will be smaller. Nevertheless, the satisfactory linear 
correlation between tm and DHTm for S6 is consistent with a well-defined reasonably compact species populated 
prior to thermal unfolding.  

Somewhat surprisingly in view of the previous results, ΔCp of Ubi in FA was found to be 0.93 ± 0.13 kcal mol-

1K-1, which is essentially identical to the value of 0.90 ± 0.20 kcal mol-1K-1 obtained from calorimetric studies 
in different concentrations of GdmCl48.  

pH effects can be factored out to reveal the intrinsic contribution of formic acid to protein stability, which is 
3-fold weaker than GdmCl 

Having determined ΔCp, DGD-N can be calculated from each thermal scan based on their individual ΔHTm and 
Tm values (eq. 2).  For all three proteins, DGD-N (here denoted DGD-N

FA+pH to emphasize the joint contribution 
of FA as a chemical denaturant and as an acid) decreases linearly with [FA] (blue points and lines in Fig. 5). 
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Each FA-DGD-N data point has a HCl-DGD-N counterpoint, in which DGD-N has been determined from a thermal 
scan performed in a HCl solution with the same pH-value as the corresponding FA data point (DGD-N

pH, red 
points and lines in Fig. 5). The low DGD-N-values of the HCl-based data points compared to the FA-based 
points make it clear that the stability decrease caused by a given concentration of FA (which can be considered 
to be driven by the combined effect of lowered pH and increased [FA]) is significantly larger than the stability 
decrease solely caused by the equivalent decrease in pH. This emphasizes the strong effect of FA as a 
denaturant, and not merely as an acid. Thanks to these pairwise measurements of stability in FA and HCl at 
the same pH-value, it is possible to subtract the isolated pH-effect for FA at every data point and thus calculate 
the “true” FA effect, denoted DGD-N

FA, as a function of [FA]. This corrected series is shown in green in the 
graphs in Fig. 5. For all three proteins, there is a satisfactory linear relationship between DGD-N

FA and [FA], 
whose slope is the mFA value. Lysozyme’s mFA-value of 1.28 ± 0.10 kcal mol-1M-1 is close to the m-value of 
1.29 kcal mol-1M-1 reported for lysozyme when denatured in urea57, 59, but significantly lower than the value 
of 3.96 ± 0.47 kcal mol-1M-1 in GdmCl60. A similar analysis for S6 yields an mFA-value of 0.81 ± 0.12 kcal mol-

1M-1 which is again considerably smaller than the value of 2.33 ± 0.12 kcal mol-1M-1 in GdmCl61 (note that this 
value is based on the average m-value of 1.71 ± 0.09 M-1 from 61 and has to be multiplied by –RT ln10). Finally, 
the mFA-value of Ubi in FA was found to 0.59 ± 0.11 kcal mol-1M-1, which compares to 1.35 kcal mol-1M-1 in 
GdmCl44. m-values reflect the molar efficacy of a given denaturant in reducing the stability of a protein, and 
can be correlated to effects such as the ability to increase solubility of nonpolar amino acids, that are normally 
buried within a protein core, as well as hydrogen bonding to peptide bonds and other polar groups in proteins62-

64. Such values may be further substantiated by e.g. measuring the free energy of transfer of individual amino 
acids and small peptides to the denaturant in question to determine solubility effects65. Overall the mFA values 
are ~ 1/3 of the corresponding mGdmCl values, illustrating that FA is only 1/3 as efficient as GdmCl as a 
denaturant on a per-mole basis (discounting the pH effect). 

Isothermal titration with formic acid confirms results from thermal scans 

As a final control, we sought to validate the obtained m-values above through an analysis of FA-induced 
denaturation under isothermal denaturation (25⁰C) measured by intrinsic aromatic fluorescence. Note that we 
observe only mFA+pH values, and not the corrected mFA, as the pH-effect cannot be subtracted in a simple manner 
in this type of experiment. In addition, we also measure [FA]50%, which is the FA concentration at which half 
of the protein is unfolded. We were able to predict the fraction of folded protein in FA at isothermal conditions 
based on the DGD-N

FA+pH and mFA+pH values from the thermal unfolding experiments using eq. (3) (Fig. 6A-C). 
For all 3 proteins, there is excellent overlap between isothermal data and folding fractions predicted from 
thermal scans. For both lysozyme and Ubi there is a good agreement between mFA+pH obtained from both 
thermal and isothermal experiments. Lysozyme unfolding, represented by a red-shift in Trp fluorescence, 
overlaps the predicted fN very well and shows an mFA+pH value of 1.43 ± 12 kcal mol-1 M-1, which is close to 
the value of 1.58 ± 0.08 kcal mol-1 M-1 measured by near-UV CD (Fig. 6A). Ubi unfolding was followed as a 
change in emission at 320 nm (Trp+Tyr) and overlaps the predicted curve almost perfectly (Fig. 6C). Both 
thermal and isothermal measurements of Ubi unfolding show a strikingly similar mFA+pH value of 0.79 ± 0.11 
kcal mol-1 M-1. Isothermal measurements of S6 was measured by the change in near-UV ellipticity to avoid 
complications from protonation of Trp that affect fluorescence without affecting structure. The isothermal 
mFA+pH value of 0.66 ± 0.22 kcal mol-1 M-1 is within error the same as the value of 0.81 ± 0.12 kcal mol-1 M-1 
from thermal unfolding (Fig. 6B). These values are summarized in Table 1. 

Gratifyingly, the m-values of all three proteins scale with their size measured as residue number (Fig. 5D). 
Similarly, m-values for denaturation with classical denaturants such as urea and GdmCl scale linearly with the 
change in SASA upon unfolding, which in turn scales with the number of residues per protein57, as shown in 
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Fig. 2D. These linear correlations are attributed to weak binding effects, such that the interaction between the 
denaturant and the protein is determined by the SASA rather than specific interaction regions. This can also 
be quantified as the increase in solubilisation power of the denaturant, i.e. their interactions with protein 
functional groups which become exposed upon unfolding. Thus, the better the solvation, the stronger the 
denaturation potency, cfr. the seminal work by Nozaki and Tanford on the solubility of amino acids in GdmCl65 
which has subsequently been used to develop activity coefficients for GdmCl denaturation60. FA must work in 
the same unspecific manner given its scaling properties, indicating that it has a conventional denaturing effect 
as weak binder to the protein surface in addition to the effect of lowering the solution pH. However, the slope 
of the plot for GdmCl (-0.049 ± 0.009 kcal/mol/M/residue) is 3-4 times steeper than that of FA (0.013 ± 0.002 
kcal/mol/M/residue), illustrating the greater solubilisation power of GdmCl (Fig. 5D). 

Formate does not show any denaturating potency and formamide is ~3-fold weaker as denaturant than formic 
acid, indicating lower solvating abilities 

We also attempted to quantify the denaturation potency of the ionized version of FA, sodium formate, as well 
as its amidated counterpart formamide (FM). However, thermal denaturation of HEWL in formate was 
challenged by the high levels of precipitation accompanying unfolding (Fig. S3AB). In addition, the tm of 
unfolding increased from 72.4⁰C (0 M formate) to 78-80⁰C (0.8-2.6 M formate) (Fig. S3C). This stabilization 
by formate indicates that only the protonated form of FA has denaturing properties. The dissociation of FA to 
H+ and formate is very low (0.4-1.7%) in the FA concentration range (2.5-40%) used for the majority of the 
experiments in this study and we therefore consider the contributions from formate to be insignificant. FM, on 
the other hand, showed a more classical denaturation effect (Fig. S4A) and in addition, denaturation was 
completely reversible up to 45%, above which it became progressively less reversible (data not shown). tm 
decreased linearly with [FM] up to 80% (Fig. S4B). A plot of DHTm as a function of tm was satisfactorily linear 
(Fig. S4C), leading to a predicted HEWL ΔCp of 1.25 ± 0.11 kcal mol-1K-1, which is identical within error to 
the value of 1.10 ± 0.10 kcal mol-1K-1 in FA, suggesting a comparable level of unfolding and thus hydration in 
the denatured state. In the FM concentration range we probed here (0-80%, corresponding to 0-23 M) the pH 
of the solution only increased from 8.45 to 10.1 and, unsurprisingly, the Tm of lysozyme only decreased by ~ 
6oC in the corresponding control experiments where pH was adjusted with NaOH buffer. The very modest 
decline in stability induced by the shift in pH alone was nevertheless subtracted from the overall DGD-N, 
analogous to Fig. 5A-C. This led to a linear correlation between DGD-N and [FM] (Fig. S4D) with an mFM-value 
of 0.47 ± 0.02 kcal mol-1M-1 which is 2.7-fold less than mFA for lysozyme (1.28 ± 0.10 kcal mol-1M-1). 
Equilibrium fluorescence measurements at isothermal conditions show an even lower estimate of mFM-value 
of 0.29 ± 0.06 kcal mol-1M-1 (Fig. S4E), though the denaturation curve and the curve constructed from thermal 
scans overall overlap well. Thus, FM is significantly less efficient than FA as a denaturant even though the 
only difference between these two molecules is the replacement of a carboxylic acid with an amide group. 
Therefore we conclude that the acidic -OH group of FA must interact with and solvate protein functional 
groups (particularly amides and hydrocarbon groups) better than the amide -NH2 group (cfr. similar 
solubilisation measurements for amide-amide and amide-hydrocarbon interactions)66. Similar considerations 
apply for –OH (FA) versus –O- (formate). Future studies using appropriate model compounds may put these 
empirical observations on an even firmer basis. 

Solubilization of FapC variants by formic acid reveals that FapC imperfect repeats stabilize fibrils 

Having quantified the denaturating potency of FA, we now analyse the contribution of the different imperfect 
repeats to FapC fibril stability. We designed different FapC mutant proteins where either one repeat (FapC 
ΔR1, FapC ΔR2 and FapC ΔR3), two repeats (FapC ΔR1R2, FapC ΔR1R3 and FapC ΔR2R3) or all three 
repeats (FapC ΔR1R2R3) were removed (Fig. S1). These proteins were fibrillated and their secondary structure 
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was analysed with FTIR. Consistent with previous observations24, 67, all fibrils showed an intense peak around 
1620 cm-1, indicating that they contain the characteristic amyloid cross-b structure as opposed to conventional 
b-sheets which absorb at wavenumbers > 1630 cm-1 (Fig. 7A). This is caused by the stacking of the b-sheets 
in the fibril structure which shifts the frequencies towards lower wavenumbers68. 

We used FA to measure the stability of the different FapC constructs as follows. Equal amounts of fibril mass 
were treated with different concentrations of FA and the amount of fibrils that were dissolved by FA was 
quantified from SDS-PAGE gels (an example is shown in Fig. 7B). All quantifications were normalized to the 
sample treated with 100% FA where the fibrils are fully dissolved. FA treatment of all eight proteins showed 
a stepwise displacement of the midpoint values of denaturation ([FA]50%) towards lower values of FA as more 
and more repeats were removed (Fig. 7C, summarized in Table 2). The stability towards FA is dependent not 
only on how many repeats but also on which repeats are removed from the protein. Based on the decline in 
[FA]50%, removal of R1 has a relatively modest impact on fibril stability compared to R2 and R3. In good 
agreement with these results, bioinformatic investigations of the sequences for the three repeats using the FISH 
Amyloid tool69 show that R1 is the least aggregation-prone repeat (and by implication contributes the least to 
fibril stability), with an average amyloidogenicity score pr. amino acid of 0.0353 compared to 0.0588 for R2 
and 0.0437 for R3 (Fig. S5). However, its m-value is slightly decreased compared to the two other mutants, 
leading to a lower overall stability. Importantly, removing two repeats leads to a significant decrease in either 
[FA]50% (DR1R3 or DR2R3) or the mFA+pH-value (DR1R2 and DR1R3) and a consequent dip in the overall 
stability of the protein. Besides the FapC DR1R2R3 mutant (see below), fibrils formed from the FapC DR2R3 
and FapC DR1R3 proteins are the most destabilized compared to the wt FapC, indicating an important role for 
R3 in stabilizing the fibrils. That the different FapC repeats play different roles in fibril formation has also 
been observed for CsgA where the last repeat (R5) is the most aggregation-prone and also very critical for 
polymerization22.  

The repeat-less mutant (FapC DR1R2R3) is extremely sensitive towards FA; already at 0.001% FA (0.3 mM) 
30% is dissolved, and at 0.1% FA there is no amyloid left. This mutant is composed entirely of FapC’s linker 
regions but nevertheless still forms fibrils on the hours-days timescale, although the fibrillation process is 
much less reproducible than for the other FapC constructs24, 67. Clearly the fibrils formed by this mutant are 
much less resistant towards FA than any of the other mutants, in fact its properties are similar to fibrils formed 
by misfolded proteins such as a-synuclein, which dissolves completely around 0.1% FA (data not shown). 
Thus fibrils containing as little as one single repeat retain a moderate resistance to FA, while there is a dramatic 
collapse of stability upon complete removal of repeats. This strongly indicates that repeats are indeed the key 
to functional amyloid stability. 

Analysis of the imperfect repeat sequences using the ZipperDB tool70 reveals that both the N-terminal part 
(excluding the signal peptide), both linkers (L1 and L2) and the C-terminal have segments of high fibrillation 
propensity (below -23 kcal/mol) (Fig. S6). These segments may rationalize the ability of this highly amputated 
mutant to form fibrils with amyloid characteristics, although the ensuing fibrils’ high sensitivity to FA indicates 
that the linkers only make minor contributions to the exceptional stability of the functional amyloid. Indeed, 
linker regions are completely missing from the functional amyloid in E. coli, CsgA, whose five repeats are 
connected by only enough residues (4-5) to form a tight turn22.  

Solubility in SDS correlates well with stability against FA 

To obtain complementary evidence for the quantification of destabilization of the different FapC variants, we 
turned to solubilisation in SDS. FapC fibrils are largely resistant towards strongly denaturing anionic 
surfactants such as SDS; boiling SDS is even used to remove less robust proteins as a way to purify FapC 
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fibrils13. Nevertheless, the effect has not been investigated systematically and even modest solubilisation levels 
will be indicative of fibril stability. Accordingly, we incubated FapC fibrils in 58 mM SDS (corresponding to 
the concentration of SDS in SDS-PAGE loading buffer when loading samples on a gel) at a range of 
temperatures (21-95⁰C) for 10 min. Supernatants from these incubations were then analysed by SDS-PAGE to 
determine the amount of soluble protein. We observed a strong temperature dependence, with estimated 
solubilities rising from ~ 0.2% at 21⁰C to ~ 5% at 95⁰C (Fig. 8A). Solubility was only slightly increased under 
reducing conditions (1 mM TCEP, Fig. 8A). FapC contains two conserved Cys residues in a CXXC motif near 
the C-terminus (position 213 and 216, Fig. S1) which may form intermolecular disulfide bonds during the 
early on-pathway FapC oligomerization steps, but not impact stability significantly71. We also observe that 
disulphide bond formation is not important in FapC fibrillation as FapC in the presence of the reducing agent 
DTT (FapC-red) or FapC without the CXXC motif (FapC-CC) show fibrillation kinetics similar to wt FapC 
(Fig. S7) This has also been observed previously for the P. aeruginosa PAO1 FapC71. We carried out similar 
studies with the other 7 FapC deletion mutants and observed a significant increase in solubility for several of 
the mutants (Fig. 8B), up to 30-35% for the double mutant FapC DR2R3 and the triple mutant FapC DR1R2R3. 
We observe a very significant correlation between solubility in SDS at 20oC (both under reducing and 
oxidizing conditions) and the midpoint of denaturation in FA (Fig. 8C). This corroboration by an independent 
approach indicates that solubility in FA is indeed a credible way of estimating fibrils’ intrinsic ability to 
dissociate. 

FapC fibril solubilization by FA predicts a relatively low stability compared to other fibrils; superior 
performance by FA is not straightforward to explain  

We transformed the solubility data of FapC mutants in Fig. 7 to apparent stability as follows. Based on our 
previous analysis of the stabilities of HEWL, S6 and Ubi in FA, we assume a linear relationship between [FA] 
and the free energy of unfolding, DGD-N. The associated equilibrium constant of unfolding is formally defined 
as the ratio between dissolved and aggregated protein. We also considered the alternative option of assuming 
that the equilibrium constant corresponds to the concentration of free protein, inspired by the use of free 
monomer concentration to determine the stability of Ab fibrils25 as well as other fibril stability studies26; 
however, this approach does not yield a linear relationship between the free energy and [FA] and therefore 
does not allow us to extrapolate robustly to 0 M FA (data not shown). Data are instead fitted with eq. 2 and 
summarized in Table 2. In line with the general decline in values of [FA]50%, they reveal a remarkable reduction 
in stability upon removal of two repeats. The decrease is less significant when only one repeat is removed, due 
to the errors associated with the measurement, but they still reveal a reducing trend, particularly when viewed 
from the perspective of the midpoint of denaturation. 

The overall stability of the fibrils (6.8 kcal/mol for full-length FapC and less for the variants) (Table 2) is very 
modest compared to naturally occurring globular proteins which have stabilities in the 5-15 kcal/mol range72. 
The value is comparable to, but certainly not higher than, the stabilities of fibrils formed from a range of other 
proteins which are associated with neurodegenerative diseases or other misfolding conditions26 but not 
otherwise optimized to form fibrils. The free energy per residue for FapC (ca. 30 cal/mol/residue) is actually 
substantially lower than any of the measured stabilities for these proteins and peptides, for which the values 
vary from ca. 40 to 500 cal/mol/residue. The highest stability contribution per residue in this study is assumed 
by small peptides whose entire sequence is most likely integrated into the amyloid structure, while larger 
proteins with more extensive regions of non-amyloid structure lead to lower scores26. For FapC, it is likely that 
the linker regions are not involved in amyloid formation73; however, restricting the analysis to the 3 imperfect 
repeats as contributors to fibril stability only doubles this figure and still leaves it in the low end of the scale. 
Assuming that our method of fibril stability estimation is correct, this raises the question why a chemical 
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denaturant such as GdmCl, which effectively unfolds very stable proteins such as OmpA (DGD-N = 16 kcal/mol 
and t½

unfolding at 0M GdmCl ~ 800 years74), is quite unable to dissolve these fibrils. The point is made all the 
stronger by the fact that m-values for GdmCl based on our 3 globular proteins are ~ 3 times higher than for 
FA, illustrating the high efficacy of solubilization by GdmCl. Nevertheless, even a crass anionic surfactant 
like SDS only confers limited solubilization at temperatures as high as 95oC. We speculate that the unique 
solubilization properties of FA may reflect (1) a high activation barrier for FapC unfolding which is selectively 
reduced by FA due to favorable solvation of the transition state, (2) very favorable solvation of the denatured 
state or (3) a combination of the two phenomena. In the absence of kinetic data (which are currently not feasible 
to record e.g. by near-UV CD due to the high concentrations of FA needed and the low near-UV CD signal of 
FapC fibrils), it is not possible to provide any direct support for transition state stabilization, but it is worth 
noting the cooperative nature of the fibril build-up which in itself constitutes a significant activation barrier to 
dissociation. Thus, each FapC monomer is stabilized not only by interactions with other monomers in the fibril 
(at least two monomers on either side in the fibril and possibly also inter-sheet contacts between multiple 
protofilaments in a given fibril) but also by contacts between the individual imperfect repeats which most 
likely constitute b-hairpin helices21, 23.  

Using formic acid stability to predict the level of involvement of amino acids in fibrillation 

Based on the correlation in Fig. 5D between mFA and protein size, we use the mFA-values in Table 2 to predict 
the number of residues involved in FapC amyloid formation (Table 2). This assumes that the average degree 
of burial per residue (i.e. the reduction in solvent accessible surface area) is the same for the 3 globular proteins 
as for the residues forming amyloid structures. Such an assumption may be questioned. Loops can remain 
significantly exposed in the native state, and generally b-sheet proteins bury more surface area than a-helices 
and turns/loops, leading to ~10, 20 and 30% accessibility, respectively, compared to the denatured state75. A 
higher level of burial per residue means that a smaller number of residues is required to achieve the same level 
of burial, and therefore transfer of data based on e.g. pure a-helical properties to analysis of b-sheet proteins 
may lead to an overestimate of the number of residues involved in a given folding process. Both lysozyme, S6 
and ubiquitin contain significant amounts (10/46/34%, respectively) of b-sheet structure but also a major 
proportion of less organized structure like coils and turns (49/27/43%, respectively), leading to a lower level 
of burial than all-b-sheet structures.   

Full length FapC and all single-repeat mutants show the same overall level of amino acids involved (~60); this 
declines to ~40 for two double repeats but then rises steeply to 110 for the third double repeat (FapC DR2R3). 
The number of residues in the imperfect repeats are ca. 105 for full-length FapC, declining to 70 for single 
repeats and 35 for double repeats. Thus there is an overall satisfactory prediction for single repeats and two 
double repeats (with the caveats on mFA-values described above). The breakdown in the relationship between 
repeat length and m-values for FapC DR2R3 may be caused by a change in the nature of the fibril structure 
relative to the FA-denatured state. A greater m-value indicates a greater difference between compactness of 
the two ground states (FA-denatured and fibrillar states). Thus, either or both of the two states could change 
compactness; the denatured state could become more expanded and/or the fibrillar state more compact. The 
denatured state of FapC in FA has not been characterized in any detail, but we note that aggregated species are 
found at the very beginning of the aggregation of wt FapC according to Small Angle X-ray Scattering76, 77. 
This might be explained by a high propensity even in the denatured state to engage in intermolecular contacts; 
removal of repeats could destabilize these transient interactions and lead to a more fully expanded state. It 
seems unlikely that removal of fibrillar repeats would lead to a more compact structure unless the protein 
changes architecture to a fundamental extent, e.g. by integrating otherwise exposed regions such as the linker 
sequences into the fibrillar state. This could be a possibility in view of the ability of the repeat-free mutant to 
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form (admittedly very FA-sensitive) fibrils24, 78. More detailed but also methodologically demanding studies 
on the denatured and fibrillated states of FapC DR2R3, as well as the kinetics of their interconversion, are 
needed to address these questions. 

 

CONCLUSION 

We have quantitated the denaturing potency of formic acid against globular proteins using thermal scans and 
isothermal titration monitored by near-UV CD. FA unfolds globular proteins reversibly and cooperatively; the 
effects go beyond simple pH-driven denaturation and show a linear relationship between unfolding free energy 
and FA concentration, revealing that FA is ~3-fold less effective on a molar scale than guanidinium chloride 
as a denaturing agent. Nevertheless, protonated FA is radically different from its ionized formate counterpart, 
which actually stabilizes proteins. Formamide is ca. 3 fold weaker than FA as denaturant, highlighting the role 
of the acidic -OH group. Heat capacity changes indicate that the unfolded state is more compact in FA than in 
chemical denaturants. The mFA-value of unfolding scales with protein size, suggesting weak binding 
interactions between FA and the polypeptide chain. FA was used to solubilize fibrils of the functional amyloid 
FapC, revealing a surprisingly low stability. Importantly, stepwise removal of the imperfect repeats 
progressively decreased stability. Complete removal, while not preventing fibrillation, led to fibrils that were 
extraordinarily sensitive to FA, indicating that these repeats are central to the stability of functional amyloid.  

 

EXPERIMENTAL PROCEDURES 

Materials: Hen egg white lysozyme (HEWL), bovine ubiquitin (Ubi) and all other chemicals were from Sigma-
Aldrich. 

Design and purification of the FapC repeat deletion mutant proteins: Seven FapC mutant proteins (based on 
FapC from the Pseudomonas sp. UK4 strain) lacking 1-3 of the imperfect repeats (FapC DR1, DR2, DR3, 
DR1R2, DR1R3, DR2R3, DR1R2R3) were cloned into an ampicillin-resistant pET31b vector  without the N-
terminal signal peptide (aa 1-24) and with a C-terminal 6xHis-tag while the FapC wildtype (wt) was cloned 
into a kanamycin-resistant pET28a vector. The full amino acid sequences are included in Fig. S1. All proteins 
were expressed in E. coli and purified as described24, 67. Eluted protein fractions were immediately frozen in 
liquid nitrogen and stored at -80⁰C until further use.  

Purification of S6: For reasons of availability, we used double mutant of S6 rather than wt S6. Two Cys 
residues were inserted in the N- and C-terminal parts of the protein which show high mobility in the crystal 
structure and therefore are expected to have little, if any, effect on overall protein stability. Accordingly, a 
pET28(+) expression vector was produced by Genscript (Piscataway, NJ) to express the 101-amino acid (aa) 
S6 from Thermus thermophilus containing the mutations Met1Cys and Phe97Cys (S6M1C, F97C). The protein 
was expressed using a protocol based on the original procedure61. The plasmid was transformed into E. coli 
BL21(DE3) using single pulse electroporation at 1800V in an Electroporator 2510 (Eppendorf, Hamburg 
Germany). The transformed cells were incubated for 1 h at 37⁰C in Super Optimal with Catabolite repression 
medium, spread on an LB agar plate containing 50 μg/mL kanamycin and grown O/N at 37⁰C. A single colony 
was resuspended in ~ 2 mL LB medium, spread on freshly prepared LB agar plates and grown O/N at 37⁰C 
after which the cells were resuspended in a few mL LB medium and used to inoculate 4 L LB medium. The 
cells were grown at 37⁰C at 180 rpm, induced with 1 mM IPTG at OD600 ∼ 0.8, grown for additional 4 h before 
harvested by centrifugation (4000 rpm, 4⁰C, 20 min). The cell pellet was dissolved in a few mL 50 mM Tris 
pH 7.4 containing 1 mM TCEP, 50 mg/L RNase, 50 mg/L DNase and a tablet of Roche cOmplete Mini 
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Protease Inhibitor Cocktail, and stored at -80⁰C. After thawing, the cells were lysed by sonication, using a 
Q500 sonicator (Qsonica, Connecticut USA) set to ten 20 s pulses with 10 s pause at 20% intensity, using a 
1.6 mm Microtip probe. The lysate was centrifuged (30,000 g, 4⁰C, 30 min) and the pellet discarded. Nucleic 
acid contaminants were removed by addition of 0.5% w/v polyethyleneimine and stirring for 20 min at 4⁰C 
after which the solution was centrifuged again. The protein content was precipitated from the supernatant with 
70% (NH4)2SO4 and stirring for 1 h at 4⁰C. The solution was centrifuged (34,000 g, 45 min) and the supernatant 
discarded. The pellet was resuspended in MQ water with 1 mM TCEP and dialyzed against 50 mM Tris-HCl 
(pH 7.5) and 1 mM TCEP for 24 h. After filtration through a 0.22 μm filter, the solution was loaded onto a 
CM-Sepharose column coupled to an Äkta Pure system (GE Healthcare Life Sciences, Brøndby, Denmark). 
The sample was loaded on a column equilibrated with buffer A (50 mM Tris-HCL, 1 mM TCEP, pH 7.5) and 
run with 1 mL/min. The protein was eluted with a gradient of buffer B (buffer A + 1M NaCl) in 1 mL fractions. 
Based on SDS-PAGE, S6 was identified in the second major peak on the chromatogram (data not shown) and 
the S6-containing fractions were pooled and dialyzed against 50 mM Tris-HCL (pH 7.5) and 1 mM TCEP for 
24 h. Protein concentration was determined using an ε280 = 12,700 M-1cm-1 and a molecular weight of 11.97 
kDa on a NanoDrop 1000 (Thermo Scientific). S6 was aliquoted into 1 mL fractions of 1 mg/mL, frozen and 
lyophilized for later use.  

Circular dichroism spectroscopy: CD measurements were performed on a Chirascan-plus CD 
spectropolarimeter (Applied Photophysics, Leatherhead, UK). Lyophilized protein was weighed out on an 
analytical scale and dissolved directly in FA (or FM) of different concentrations. Both protein concentration 
and solution pH were measured afterwards. In control experiments, protein solutions were adjusted to similar 
pH values using HCl or NaOH. FA and FM absorb strongly below 240 nm, precluding the use of far-UV CD 
measurements. Protein denaturation was instead monitored in the near-UV (aromatic) CD region which reports 
on tertiary structure. All three proteins contain aromatic amino acids to different extents (HEWL: 6 Trp and 3 
Tyr, S6: 1 Trp and 4 Tyr, Ubi: 1 Tyr). Denaturation was followed with 1 mg/mL protein at 290, 282 and 285 
nm for HEWL, S6 and Ubi, respectively. The samples were transferred into a 3 mm quartz cuvette with a cap 
to avoid evaporation. Thermal scans were carried out between 5⁰C and 95⁰C with a scan rate of 1⁰C/min, step 
resolution of 0.1⁰C, 1 s time per point, and bandwidth of 2 nm. Data were fitted in KaleidaGraph using the 
following equation: 
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Here αN and αD are the ellipticity values of the native (N) and denatured (D) state, respectively, at 25⁰C and βN 
and βD describe the linear temperature dependence of the ellipticities of these two states. DHTm is the enthalpy 
of denaturation at the midpoint of denaturation, Tm. (NB: Tm is in units of Kelvin; we use the term tm to refer 
to the value in Centigrade) This equation does not include specific heat capacity ΔCp since this value cannot 
be determined with sufficient accuracy from a single thermal scan. However, by determining ΔCp separately 
(see Results), the free energy, DGT at 25⁰C can be determined using the following equation: 

∆𝐺( = ∆𝐻(" 61 −
(
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Using these ΔG values we calculate the fraction of natively folded protein (fN) as follows: 
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Fluorescence spectroscopy: 2 mg/mL protein stocks of lysozyme, S6 and ubiquitin were prepared from 
lyophilized material solubilized in MQ. The protein stocks were diluted into 1 mL samples with final 
concentrations of 1 mg/mL (lysozyme), 0.5 mg/mL (S6) or 0.25 mg/mL (ubiquitin) in FA concentrations 
ranging from 0-45% (v/v). Lysozyme was also treated with 10-90% (v/v) FM. The samples were incubated at 
RT for 30 mins before measurements to ensure that equilibrium was achieved. Fluorescence measurements 
were performed on a Cary Eclipse Fluorescence Spectrophotometer (Agilent) using a 10 mm quartz cuvette 
under isothermal conditions (25⁰C). Trp fluorescence was measured by excitation at 295 nm (5 nm slit) and 
the emission spectrum was recorded between 305 and 450 nm (2.5 nm slit), while combined Trp and Tyr 
fluorescence was recorded by excitation at 280 nm and emission at 295-450 nm. All spectra were recorded 
with 1 nm resolution and scanning speed of 0.5 nm/sec. Shift in Trp or Trp+Tyr emission intensity as function 
of FA or FM concentration was fitted to the following equation: 

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 =
(𝛼! + 𝛽![𝐹𝐴]) + (𝛼" + 𝛽"[𝐹𝐴])10,#$%.[01]#[01]&'%3/(#*(67('8))

1 + 10,#$%([01]#[01]&'%)/(#*(67('8))
	 (4) 

Here, analogously to eq. (2), αN and αD are fluorescence signal amplitude of the native and the denatured states, 
respectively, whereas βN and βD are the respective baseline slopes. [den]50% is the denaturant concentration at 
which [N] and [D] are equal. The factor –RT ln(10) = -1.36 kcal/mol ensures that the mD-N value reports on the 
linear dependence of DGD-N (rather than ln KD-N) on [FA]. This equation was also used to monitor unfolding 
of 1 mg/ml S6 in 0-40% FA at RT using the near-UV CD signal at 282 nm. 

Fibril stability towards formic acid (FA): Purified wt FapC and FapC mutants were desalted directly from 
elution buffer into pure MQ as described above. Concentration was measured by UV absorbance at 280 nm 
and the samples were fibrillated as above. a-synuclein was included for comparison and lyophilized a-
synuclein was solubilized in MQ, filtrated through 0.22 µm and concentration was determined by UV280 nm. a-
synuclein was fibrillated for 80 hours at 300 rpm, 37°C and was followed with ThT to make sure an end plateau 
was reached (data not shown). Fibrils were spun down (13,500 rpm, 15 min) and the concentration of protein 
remaining in the supernatant was measured. This allows for calculation of the amount of pelleted protein fibrils. 
The fibrils were then resuspended in MQ to a concentration of 1 mg/mL (assuming all fibrils were dissolved 
into monomers) and aliquoted into eppendorf tubes. The fibrils were pelleted again and the supernatant 
discarded before resuspending them at 1 mg/mL in different concentrations of FA followed by 10 min 
incubation at room temperature. The samples were again centrifuged and 20 µL of each supernatant was 
lyophilized for ~ 1 h. The lyophilized material was resuspended in 20 µL of MQ, mixed with reducing loading 
buffer (G Biosciences) and run on SDS-PAGE at 150 V for ~ 70 min together with a prestained PageRuler 
protein ladder (Thermo Scientific). Gels were stained for 45 min in Coomassie Brilliant Blue (CBB) solution 
(1.2 mM CBB, 5% ethanol, 7% acetic acid) and destained O/N in destaining solution (5% ethanol, 5% acetic 
acid). Gels were quantified using Gel Analyzer 2010a79 and normalized to the band where fibrils were 
dissolved in 100% FA. From these gel quantifications we can determine the percentage dissolution for a given 
mutant at the investigated FA concentrations by comparing with the 100% FA-treated sample where everything 
is dissolved. We derive a predicted relationship between the fraction of dissolved protein and [FA] as follows. 
We assume a linear relationship between the free energy of unfolding in FA (DGD-N

FA) and [FA]:  

∆𝐺"#!01 = ∆𝐺"#!:;<=> +𝑚01 ∙ [𝐹𝐴] = 𝑚01 ∙ ([𝐹𝐴] − [𝐹𝐴]?8%) = −𝑅𝑇 ∙ ln	(10) ∙ log	(𝐾"#!01 )
= −1.36 ∙ logT𝐾"#!01 U																																																														(5)	 
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where [FA]50% is the FA concentration where the fibrillar state (F) and the monomeric state (M) are equally 
stable, i.e. DGD-N

FA50% = 0 « DGD-N
water = -mFA*[FA]50% and operationally define KD-N

FA  =  [M]/[F] (analogous 
to the relationship between native and unfolded protein in conventional unfolding). This leads to the following 
expression for the percentage dissolved protein, ydiss, as function of [FA]: 

𝑦ABCC = 100 ∙
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[𝑀] + [𝐹]
= 100 ∙

1
1 + 1 𝐾"#!01X

=
100

1 + 10
#,)*∙([01]&'%#[01])

'.FG

	 (6) 

In this model, no protein dissolves in the absence of FA and all protein is dissolved at high [FA]. This is 
consistent with our observations. 

Fourier-transform infrared (FTIR) spectroscopy of the different fibrils: 2.0 μL of fibrillated sample was dried 
onto an Attenuated Total Reflection (ATR) crystal with dry nitrogen on a Tensor 27 FTIR instrument (Bruker 
Optics, Billerica, MA). OPUS version 5.5 was used to process the data, including calculating atmospheric 
compensation, baseline subtraction, and second-derivative analysis. All spectra were made as accumulations 
of 68 scans with a resolution of 2 cm-1 in the range of 1000-3998 cm-1. Only the 1600-1700 cm-1 range, 
comprising information about secondary structure, is shown. 

Fibril stability towards SDS: Fibrils formed by wt FapC and FapC mutants were produced as follows: The 
FapC solution was desalted from elution buffer (8 M GdmCl, 50 mM Tris-HCl, 300 mM imidazole, pH 8) into 
50 mM Tris-HCl, pH 7.4, in 0.5 mL fractions using a pre-equilibrated PD-10 desalting column (GE Healthcare) 
and concentration was measured on a NanoDrop using a theoretical extinction coefficient of 10095 M-1cm-1 
calculated from the amino acid sequences (all FapC variants contain 1 Trp, 3 Tyr and 2 Cys) using ExPASy 
(https://web.expasy.org/protparam/). Protein solutions were then allowed to fibrillate O/N at 37⁰C with 900 
rpm shaking in a table Eppendorf shaker (Thermo Scientific). After 24 h incubation, equal amounts of the 
fibrillated sample were aliquoted into 8 tubes and the fibrils were pelleted by centrifugation (13,500 rpm, 15 
min) in a MicroStar12 table centrifuge (VWR) and the supernatants were removed and the concentration of 
un-fibrillated monomer was measured to determine the exact amount of fibrillated protein. Next, a non-
reducing (58 mM SDS, 83 mM Tris-HCl, pH 6.8) and a reducing (58 mM SDS, 83 mM Tris-HCl, 1 mM TCEP, 
pH 6.8) SDS solution were prepared. The fibril samples were resuspended in 60 µL of either non-reducing or 
reducing SDS solution, yielding a final FapC concentration of 3.25 mg/mL. The samples were then incubated 
at 21⁰C, 50⁰C, 75⁰C or 95⁰C for 10 min. All samples were centrifuged as described previously and the 
supernatant of each sample was transferred to new tubes. Glycerol (10% (w/v)) and bromophenol blue (0.005% 
(w/v)) were added to the supernatants and the samples were analysed with SDS-PAGE. The intensity of the 
protein bands was quantified using ImageJ (https://imagej.net/). The percentage of solubilized FapC fibril was 
calculated for each sample by comparing their values to a dilution series of monomeric FapC protein of known 
concentrations. 
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TABLES 

Table 1. Thermodynamic parameters of lysozyme, S6 and ubiquitin denaturation in FA derived from the 
thermal and isothermal unfolding experiments measured by near-UV circular dichroism and aromatic 
fluorescence, respectively.  

Method Parameter Lysozyme S6 Ubiquitin 

 

Near-UV CD 

(thermal) 

ΔCp
FA (cal mol-1 K-1) 1101 ± 93 412.7 ± 88 928.3 ± 13 

mFA+pH (kcal mol-1 M-1) 1.58 ± 0.08 1.10 ± 0.11 0.79 ± 0.11 

mFA (kcal mol-1 M-1) 1.28 ± 0.10 0.81 ± 0.12 0.59 ± 0.11 

Fluorescence 

(isothermal) 

[FA]50% (M) 5.18 ± 0.05 4.86 ± 1.3 4.69 ± 0.40 

mFA+pH (kcal mol-1 M-1) 1.43 ± 12 0.66 ± 0.21 0.79 ± 0.11 

 

Table 2. Summary of FA stability of different FapC constructs based on solubilization measurements. 

Construct mFA+pH (kcal mol-1 
M-1) [FA]50% (M) # aa 

involved 
DGD-N

water  

(kcal mol-1) 
DGD-N

water /N 
(cal mol-1 residue-1) 

FapC wt 0.39±0.06 17.52±0.26 58±9 6.8±1.1 
30.2±4.9 

FapC DR1 0.33±0.01 16.28±0.06 53±2 5.3±0.2 
27.7±1.0 

FapC DR2 0.41±0.05 14.47±0.17 60±7 5.9±0.7 
30.4±3.6 

FapC DR3 0.44±0.07 14.14±0.20 63±9 6.2±0.9 
32.5±4.7 

FapC DR1R2 0.22±0.01 14.11±0.24 44±3 3.1±0.2 19.7±1.3 
FapC DR1R3 0.18±0.03 8.30±0.70 40±7 1.5±0.3 9.4±1.9 
FapC DR2R3 1.00±0.21 4.11±0.10 109±23 4.1±0.9 26.1±5.7 

FapC DR1R2R3 - <0.01  - - - 
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FIGURE LEGENDS 

Figure 1. The fapA-F operon and the FapC protein. The fapA-F operon encodes the six Fap proteins, FapA-
F. The Pseudomonas sp. UK4 FapC protein consists of a 24 aa N-terminal signal peptide (yellow) and three 
imperfect repeats (R1—R3, red) separated by two linker regions (L1-L2, light grey). Start and end amino 
acid positions for the different regions are shown in the upper corners and the length is shown below. 

Figure 2. Thermal unfolding curves of (A) lysozyme, (B) S6 and (C) ubiquitin in 10% v/v FA and in HCl 
solutions with the corresponding pH. In 10% FA all three proteins show significantly reduced thermal 
stability while maintaining a reversible two-state unfolding (Figure S2). The sigmoidal curves were fitted 
using eq. (1). 

Figure 3. Melting temperature of (A) lysozyme, (B) S6 and (C) ubiquitin. The FA concentration is 
represented both as molar concentration (M) and volume percentage (v/v%). Each melting temperature tm is 
obtained by thermal unfolding of the proteins at a given concentration of FA or HCl followed by fitting the 
sigmoidal unfolding curves eq. (1) (Fig. 2). tm values for all three proteins fall significantly at high FA 
concentrations compared to HCl solutions of the corresponding pH..   

Figure 4. Determination of the specific heat capacity of denaturation (ΔCp) of lysozyme in (A) FA and (B) 
HCl, (C) S6 in FA and (D) ubiquitin in FA by plotting DHTm versus tm. ΔCp of S6 and ubiquitin in HCl could 
not be determined due to insignificant difference in measured tm-values at different concentrations of HCl. 

Figure 5. Correlation between the change in the free energy of unfolding ΔΔGD-N and FA concentration 
(blue), HCl (red) and HCl-subtracted effect of FA (green) of (A) lysozyme, (B) S6 and (C) ubiquitin. (D) 
The m-values found in these panels are plotted versus the number of residues of the model proteins. The m-
values scale with the protein size of the three proteins analogously to GdmCl, where its slope is 2.6 times 
more steep, reflecting FA’s comparatively lower strength as a denaturant.  

Figure 6. Unfolding of (A) lysozyme, (B) S6 and (C) ubiquitin measured by intrinsic aromatic fluorescence 
(lysozyme and ubiquitin) and near-UV CD (S6). Blue points are measured equilibrium values while red 
points represent the predicted fraction of folded protein at 25oC based on thermal unfolding values. The red 
stippled curves are best fits of eq. 4 to the red points. These show a very good correspondence with the 
measured isothermal equilibrium dataset.   

Figure 7. All FapC proteins can form amyloid fibrils. (A) FapC variants were desalted from 8 M GdnCl into 
milliQ water and immediately fibrillated before FTIR analysis was performed on the formed fibrils. The 
normalized second derivative is shown. (B) Representative gel of the supernatants after treatment with FA 
(here shown for FapC ΔR3 protein). The band around 25 kDa is FapC solubilized by FA. (C) Percentage 
total protein present in supernatant after FA treatment as a function of FA concentration. Gel bands were 
quantified with ImageJ, normalized to the 100% FA band and fitted to eq. 6. There is a marked decrease in 
stability when the number of repeats is reduced.   

Figure 8. Solubilization of FapC fibrils in SDS. (A) Solubility of wt FapC in SDS at 20-95oC under reducing 
(1 mM TCEP) or non-reducing conditions. Solubility was quantified as in Fig. 7C. (B) Solubility under 
reducing conditions in SDS at 20-95oC for all 8 FapC variants. (C) Correlation between solubility in SDS at 
room temperature and the midpoint of denaturation in FA, shown for all 8 FapC variants. The three most 
destabilized variants are indicated with the same colors as in panel B. 

Figure S1. Protein sequences of FapC and the seven different FapC mutants. The 24 residues signal peptide 
has been removed and a C-terminal 6xHis-tag has been included (shown in bold) in all sequences. The three 
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imperfect repeats found in the wild-type FapC protein are colored blue (R1), green (R2) and orange (R3), 
respectively. The Cys residues of the C-terminal CXXC motif are colored red. 

Figure S2. Near-UV spectra of (A-B) lysozyme, (C-E) S6 and (F-G) ubiquitin. The top row shows curves 
recorded in 1% v/v FA before, during and after a thermal scan up to 90C. Refolding was done by slowly 
cooling the solution to the original temperature. The bottom row compares spectra recorded on non-heated 
protein either in 1% FA, milliQ water or 10 mM HCl pH 2. Background measurements were always 
performed and subtracted before plotting. 

Figure S3. Thermal unfolding of lysozyme in 0.27 M (a) and 2.7 M (b) sodium formate corresponding to 1% 
v/v and 10% v/v FA in terms of molarity. The blue dataset represent folding and refolding measured by CD 
at 290 nm (left y-axis) while the red dataset shows detector saturation (right y-axis). A dramatic rise in 
detector saturation is indicative of protein aggregation due to scattering of light as seen at 2.7 M formate. 
Increasing formate concentration caused a rise in melting temperatures of lysozyme (c).  

Figure S4. Systematic thermal denaturation of lysozyme in FM between 0%-80% v/v (A) showing a 
significant decrease of Tm when denaturing in FM compared to NaOH-buffered solutions of corresponding 
pH (B). Specific heat capacity is calculated (C) as the slope based on sigmoidal fits of data from A, which in 
turn is used for calculation of ΔΔGD-N of lysozyme (D) in FA (blue), NaOH (red) and the isolated FM effect 
(green). Isothermal equilibrium of lysozyme (E) measured by intrinsic aromatic fluorescence (blue) matches 
the predicted curve based on thermal unfolding experiments (E).  

Figure S5. The three FapC repeats have different propensities to form amyloids. The FISH Amyloid 
algorithm was used to investigate the three repeats R1 (residues 62-95), R2 (residues 127-160) and R3 
(residues 200-232) individually and look for amyloidogenic regions. Numbering of the repeats includes the 
24 residues signal peptide. 

Figure S6. Analysis of the amyloidogenicity of all non-repeat regions of FapC. These regions include the N-
terminal (including the 24 residues signal peptide), the two linkers (L1 and L2) and the C-terminal. The 
regions were analyzed using the ZipperDB algorithm. Hexapeptides with Rosetta energies below -23 
kcal/mol (red line) is predicted to form fibrils. 

Figure S7. Disulfide bond formation is not important for FapC fibrillation. Fibrillation of FapC as measured 
by Thioflavin T fluorescence is not significantly affected by the presence of 1 mM DTT (FapCreduced) or by 
mutating the two Cys residues to Ala (FapCCysless). 

 

FOOTNOTES 

Abbreviations: aa, amino acid; ATR, Attenuated Total Reflection; CD, circular dichroism, cac, critical 
aggregation concentration; E. coli, Escherichia coli; FA, formic acid; fap, functional amyloid in 
Pseudomonas; FTIR, Fourier-transform infrared; GdmCl, guanidinium chloride; HEWL, hen egg white 
lysozyme; MQ, deionised water; MRE, mean residue ellipticity; O/N, overnight; RT, room temperature; 
SASA, solvent-accessible surface area; SDS, sodium dodecyl sulfate; wt, wildtype 
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ABSTRACT 

The gut-brain axis is believed to play a role in a range of different diseases. In addition, cross-seeding 
between amyloidogenic proteins is receiving increasing attention as a possible mechanism for initiation or 
acceleration of amyloid formation by aggregation-prone proteins like αSN (a protein involved in Parkinson’s 
disease). In this paper we identify two proteins, Pr12 and Pr17, using a FA-based analysis of microbiome 
samples from PD transgenic rats and their WT counterparts. The method has proven to directly identify 
functional amyloid proteins (CsgA, CsgB and FapC) from cell lysates and Pr12 and Pr17 both show robust 
aggregation into ThT-positive aggregates that contain higher order b-sheets and have a fibrillar morphology, 
all indicative of amyloid proteins. In addition, the Pr17 aggregates showed some resistance towards FA as they 
required 32.7% FA (= 13.25 M) for half of the aggregated mass to dissolve. Treatment with proteinase K 
revealed that a protected fragment of ~ 9 kDa persisted 30 min digestion with the protease. Altogether this 
supports the use of the applied method for amyloid protein identification. The proteins, however, did not affect 
αSN aggregation in vitro. 
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INTRODUCTION 
 

Parkinson’s disease (PD) is a neurodegenerative movement disorder that affects 1-2% of all 
individuals above the age of 60 (1). PD is characterized by the loss of dopaminergic neurons in the substantia 
nigra pars compacta (SNpc) of the midbrain and the accumulation of intracytoplasmic protein deposits referred 
to as Lewy bodies (LBs) or Lewy neurites (LNs) (2). The LBs and LNs have been shown to be composed 
primarily of b-sheet-rich amyloid deposits of the intrinsically disordered protein α-synuclein (αSN) (3, 4) 
which is believed to be a key player in the development of PD.  

Within the cell, αSN is found in high concentrations at presynaptic structures (5-7). It has been 
suggested that αSN can spread via neuron-to-neuron propagation (8, 9) and progression of sporadic PD has 
been proposed to happen as a caudo-rostral process (moving from the lower brain stem via the basal midbrain 
and forebrain to the cerebral cortex) (2). Outside the central nervous system (CNS), LBs and LNs have also 
been observed in the enteric nervous system (ENS) in early stages of PD (10, 11). Spreading from the ENS to 
the CNS has been suggested to happen through the vagus nerve as vagotomised individuals have a decreased 
risk for subsequently developing PD (12, 13), and this has been confirmed in mouse models (14, 15). Further, 
enteric neurons secrete αSN under neuronal control (16). Studies in rats has also shown that human αSN, 
injected into the intestinal wall, can be transported to the dorsal motor nucleus of the vagus (DMV) via the 
vagal nerve (17). Similarly, injection of recombinant αSN pre-formed fibrils into the gastric wall of mice was 
shown to result in LB pathology in the brainstem and this was dependent on retrograde transport through the 
vagus nerve (18). 

The great majority of neurons in the enteric nervous system (ENS) are located in the myenteric and 
submucosal plexuses in the wall of the gastrointestinal (GI) tract (19). Enteric nerve fibers extend through the 
different layers of the GI tract and have been shown to connect directly with enteroendocrine cells (EECs) 
(20). Both EECs and intestinal epithelial cells express Toll-like receptors (TLRs) 1, 2 and 4 (21) and are 
therefore able to recognize different structures, often referred to as microbe-associated molecular patterns 
(MAMPs), expressed by e.g. gut bacteria. One example is the functional amyloid CsgA which forms 
extracellular curli fibrils in Escherichia coli (E. coli) and a wide range of other bacterial within the 
Enterobacteriaceae (22). These fibrils are recognized by TLR1 and TLR2 and mediate interleukin 1b 
production (23, 24). This suggests that MAMPs produced by bacteria in our microbiome could interact with 
our central nervous system (CNS) through the ENS, raising the possibility that αSN aggregation could be 
initiated through contacts with e.g. microbial proteins. In support of the pro-aggregatory role of CsgA, the 
amount of αSN deposits in aged rats and C. elegans PD models was increased after being orally fed with curli-
producing E.coli compared to animals that had been fed with a curli-deficient E. coli strain (25). Similar 
experiments have been performed in an αSN overexpressing Tg mouse model and again showed that exposure 
to curli correlated with increased αSN pathology in gut and brain together with GI and motor deficits (26). 
Introducing curli-producing E. coli in WT mice had no effect on motor functions, suggesting that curli works 
in concert with other predisposing factors (like αSN overexpression) to cause disease (26).  

Functional bacterial amyloid (FuBA) such as CsgA and its counterpart FapC in Pseudomonas species 
serve multiple roles in bacteria. They are unusually stable and often resist high concentrations of surfactant, 
denaturant or organic acids as well as being resistant to proteolysis. These robust properties may explain their 
ability to strengthen bacterial biofilms mechanically (27, 28) and increase their resistance to e.g. antibiotics 
(29). Whether bacterial biofilms are actually formed in the (healthy) human GI tract is unclear. Conditions like 
the high flow rate through parts of the GI tract (2-4 h through the small intestine), gastric acid and the 
production of mucus by goblet cells are believed to make it difficult for bacteria to attach to at least the upper 
part of the digestive tract. However, the transit time is markedly longer in the colon (~ 60 h) (30) and some 
bacteria produce hydrolytic enzymes that can break down the glycoproteins in the mucus and use the mucus 
layer as an energy and carbon source (31, 32). Many bacteria within the GI tract can form biofilm on medical 
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devises like feeding tubes (33, 34) and food particles (35). E. coli strains isolated from the GI tract can produce 
both extracellular cellulose and curli (36). 

Here we build on the observed correlation between FuBA and αSN aggregation. We analyse 
microbiome samples from three transgenic PD rats and three WT rats for the presence of FuBA and their 
possible link to αSN aggregation. Due to the high stability of the FuBA structure, the amyloid state is insoluble 
under most denaturing conditions and only dissociate into monomers at high concentrations (80-100%) of 
formic acid (FA) (37, 38). Thus, by treating complex samples with increasing concentrations of FA and 
identifying soluble proteins by trypsin digestion and LC-MS/MS analysis, potential FuBA can be identified 
by their exclusive appearance at high (80-100%) FA concentrations (39). In this way we identify 365 
candidates, which we subject to a bioinformatics analysis to narrow the list to the two most promising 
candidates (here called Pr12 and Pr17). These are expressed recombinantly and studied biophysically, 
demonstrating significant tendencies to form amyloid. In addition, we analyze their cross-interactions with 
αSN but do not find the presence of Pr12/Pr17 seeds to have any effect on αSN fibrillation. Thus, 
amyloidogenicity per se does not imply an ability to cross-seed fibrillation of αSN. 
 
MATERIALS AND METHODS 

Materials 

Faecal samples from three WT rats (WT1, WT2 and WT3) and three BAC-SNCA Tg Parkinson’s disease (PD) 
rats overexpressing human αSN (PD1, PD2 and PD3) (40) were kindly provided by Olaf Riess’s lab in 
Tübingen, Germany. All rats were female, three months old and kept in normal 12 h light/dark cycles. All 
animal had free access to both water and food.  

DNA extraction from WT and PD microbiome samples 

Three WT samples and three PD samples were analyzed. DNA was extracted from the microbiome samples 
with a FastDNA spin kit (MP Biomedicals), following the manufacturers’ instructions. Briefly, 50 mg of fecal 
pellet was subjected to bead beating (4x40 s at 6 m/s with 5 min incubations in between) in a Lysing Matrix E 
tube (MP Biomedicals) using a FastPrep-24 instrument. Protein was precipitated, after which DNA was bound 
to a binding matrix suspension and eluted. DNA concentrations were determined with a Qubit dsDNA BR kit 
and the quality confirmed using gel electroporation on a 2200 TapeStation with D1000 Screentapes (Agilent 
Genomics). 

V1-V3 16S rRNA amplicon sequencing 

All DNA samples were diluted to 5 ng/µL and mixed with barcode adaptors and a master mix containing 
dNTPs, MgSO4 and Platinum® Taq DNA polymerase high fidelity (Thermo Fischer Scientific) as previously 
described (41). The following PCR conditions were used: 2 min incubation at 95°C followed by 30 cycles of 
[20 s at 95°C, 30 s at 56°C ,60 s at 72°C] and 5 min at 72°C. PCR products, now referred to as libraries, were 
purified using an Agencourt AMPure XP bead solution (Beckman Coulter) and a magnetic rack. 
Concentrations were determined with a Qubit dsDNA HS kit and amplification was confirmed on a 2200 
TapeStation (Agilent Genomics). 30 ng of each library were pooled and submitted for sequencing. Amplicon 
data was processed as previously described (41). The raw sequencing data is available at the SRA with the 
accession IDs ERR3477180-ERR3477185. 

Direct identification of functional amyloid proteins in fecal samples by label-free quantitative MS 

Functional amyloids were identified as previously described (39). In short, 200 mg of each fecal pellet also 
used for DNA extraction were dissolved in 1 mL buffer (10 mM Tris-HCl, pH 8.0) containing 1X Halt™ 
protease inhibitor cocktail (Thermo Scientific). Cell lysis was achieved by bead beating in a Lysing Matrix E 
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tube (MP Biomedicals) for 4x20 s at 6 m/s with 5 min break on ice in between beatings. Aliquots of 25 µL 
were transferred to 18 eppendorf tubes per sample (six different FA concentrations in three technical 
triplicates) before 1 h of lyophilization. Samples were then mixed with FA at concentrations of 0% (ultraclean 
water), 20%, 40%, 60%, 80% and 100% and lyophilized overnight. Lyophilized material was resuspended in 
a special reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer 
(42) and run on AnyKD gels (Biorad) for 10 min at 120 V, just allowing the samples to enter the gel. The gels 
were stained with Coomassie Brilliant Blue (CBB) G250. Gel bands were then cut into smaller pieces and 
reduced in a 10 mM DTT/0.1 M NH4HCO3 solution for 45 min at 56°C after several washing steps. In each 
washing step the gel pieces were rehydrated with 0.1 M NH4HCO3 for five minutes before addition of 
concentrated acetonitrile (1:1 v/v). Proteins were then alkylated for 30 min at room temperature (RT) in a 
solution of 55 mM iodoacetamide/0.1 M NH4HCO3. Finally, the gel pieces were washed thoroughly with 0.1 
M NH4HCO3 and 1:1 v/v 0.1 M NH4HCO3/acetonitrile before drying in a vacuum centrifuge. In-gel digestion 
was performed overnight at 37°C by rehydrating the gel particles in 12.5 ng/µL trypsin in a 0.1 M NH4HCO3 
buffer. Peptides were recovered mainly from the overnight buffer but also extracted from the gel particles by 
incubation in 5% FA followed by addition of acetonitrile. This extraction was performed twice and all 
supernatants were pooled and dried by vacuum centrifugation overnight. Peptides were reconstituted in 0.1% 
trifluoroacetic acid and 2% acetonitrile and subjected to ultra-performance liquid chromatography (UPLC) 
tandem mass spectrometry analysis by injection and concentration on a trapping column before separation on 
a separation column (Pepmap™ C18, Thermo Scientific) with a gradient of buffer B (100% acetonitrile) of 
2% to 8% during the first minute and then from 8% to 30% in the following 39 min. Buffer B was then 
increased from 30% to 90% within 5 min. The UPLC system was coupled online to a Q Exactive Plus mass 
spectrometer (Thermo Scientific). The mass spectrometry data have been deposited to the ProteomeXchange 
Consortium (http://www.proteomexchange.org) via the PRIDE partner repository (43) with the dataset 
identifier PXD014649. 

Data analysis of LC-MS/MS data 

Protein identification and quantification were performed as previously described (39) using the MaxQuant 
v1.5.8.3 software (44) and the label-free quantification (LFQ) algorithm (45). The search was performed 
against the NCBI non-redundant protein sequence database. To prevent systematic errors, LFQ values were 
normalized between individual measurements and each protein is identified based on at least two detectable 
peptides. This allows for relative abundances to be compared across samples. Amyloid proteins are expected 
to give a sigmoidal appearance when their relative abundances are plotted against FA concentration (with 
higher FA concentrations, more protein monomer will be released from the fibrils and enter the SDS-PAGE 
gel). With an automated R-markdown script the data can be separated for each protein and the highest 
concentration will be given a value of 1. Hit proteins should fulfill the following requirements: 60 < f50 < 100, 
f’(f50) > 0.025 where f50 is the FA concentration required to depolymerize half of the amyloid fibrils and f’ 
(f50) is the slope of the fit at this concentration (39). The fit used was: 

𝑓(𝑥) = 1/(1 + exp(−(𝑎 + 𝑏𝑥)))   (I) 
Bioinformatic analysis  
A protein was considered to be a hit if at least one of the three triplicated showed a sigmoidal increase in 
abundance with FA concentration. Furthermore, as well-characterized FuBA systems like Fap in Pseudomonas 
and curli in E. coli all requires Sec-dependent secretion of the amyloid proteins, the hits were all analyzed by 
the SignalP 4.1 algorithm (46) to restrict the list to candidates containing a signal peptide. RADAR (47), 
AmylPred2 (48) and Clustal2.1 were used to identify imperfect repeats, amyloidogenic amino acid sequences 
and sequence alignments, respectively. 



5 
 

Expression and purification of candidate amyloid proteins 

pET30a vectors encoding proteins WP_032523104.1 and OAD22177.1 (referred to as Pr12 and Pr17, 
respectively) were prepared by Genscript. Both proteins were produced without signal peptides (residues 1-22 
for Pr12 and residues 1-18 for Pr17) but with an N-terminal His6 tag. E. coli BL21(DE3) bacteria were 
transformed with the expression vectors, spread on LB agar plate with 50 µg/ml kanamycin, grown up 24 h 
and then transferred to LB medium containing 0.1% glycerol, 50 µg/ml kanamycin and 4 mM MgSO4. Cells 
were grown up in an incubator at 37°C and 125 rpm and induced with 1 mM IPTG at OD600 of 0.6 – 0.8. After 
3 hrs, cells were harvested by centrifugation at 4000 g for 20 minutes. Pellets were suspended in 50 ml of 
denaturation buffer (8 M GdmCl, 50 mM Tris-HCl, pH 8.0) with one protease inhibitor tablet (Roche) per L 
medium, lysed by slow stirring of the GdmCl-cell pellet suspension overnight at 4°C and spun down at ~ 
12,500g for 30 min at 15°C. The supernatant was incubated with nickel-nitrilotriacetic acid beads (typically 
45 ml supernatant to 5 ml beads) for 1 h at 4°C on rolling table with 60 rpm, after which the beads were packed 
in an empty PD10 column and washed with washing buffer (8 M GdmCl, 50 mM Tris-HCl, 30 mM imidazole, 
pH 8.0) before elution of the protein into elution buffer (8 M GdmCl, 50 mM Tris-HCl, 300 mM imidazole, 
pH 8.0). Protein elution fractions of ~ 2 mL were immediately frozen in liquid nitrogen and stored at -80°C.  

Purification and preparation of αSN 

αSN was prepared as described (49) and protein concentration was determined at 280 nm using an extinction 
coefficient of 5,960 M−1 cm−1 and the molecular weight of 14,460 Da after the lyophilized αSN had been 
dissolved in 60 mM Tris buffer, pH 7.4, and filtered through a 0.2 µm filter.  

Thioflavin T (ThT) assays of Pr12 and Pr17 

The two proteins were first desalted into 1X PBS, pH 7.4, and protein concentration was determined at 280 
nm using extinction coefficients of 14,100 and 14,690 L mol-1 cm-1 for Pr12 and Pr17, respectively, based on 
their amino acid composition. The proteins were then immediately transferred to a 96-well Nunc optical bottom 
plate (Corning) containing 40 µM ThT. Fibrillation was followed using 445 nm excitation and 485 nm 
emission at 37°C on an Infinite Pro 23 (Tecan, Männersdorf) plate reader. Due to precipitation issues in 1X 
PBS, we started desalting the proteins from the elution buffer (8 M GdmCl, 50 mM Tris-HCl, 300 mM 
imidazole, pH 8.0) into 4 M urea in 1X PBS or 60 mM Tris, pH 7.4 (Pr12) or 8 M urea in 1X PBS, pH 7.4 
(Pr17) to keep the proteins monomeric. Using Amicon Ultra spin filters (Merck) with a 3 K (Pr12) or 10 K 
cutoff (Pr17) both proteins were upconcentrated to either 7.5 or 10 mg/mL. The aggregation behaviour of the 
two proteins (final concentration of 0.5 mg/mL) were then investigated in the presence of different urea 
concentrations or at different pH values. Because the proteins were upconcentrated in urea, concentrations of 
0.2 M (Pr12) or 0.4 M (Pr17) were also present in all ThT assays. The buffers used to investigate pH effects 
were 80 mM citric acid (pH 3), 60 mM citric acid (pH 4), 60 mM MES (pH 6), 1X PBS (pH 7.4) and 60 mM 
Tris (pH 8).  

Size-exclusion chromatography (SEC) analysis of urea-treated Pr17 

After fibrillation of Pr17 in the presence of increasing [urea], the samples were subjected to size-exclusion 
chromatography using a Superose 6 10/300 GL column (GE Healthcare). For each sample, the column was 
equilibrated with a buffer containing the same urea concentration in 1X PBS as the sample to be investigated. 
Then, 500 µL sample was injected and run with a flow rate of 0.5 mL/min on an ÄKTA Pure protein 
purification system (GE Healthcare). Control samples containing ThT alone at the lowest (0.4 M urea) and the 
highest (6 M urea) were also included. 
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Stability studies of Pr12 and Pr17 aggregates 

Pr12 and Pr17 fibrils were produced by desalting the protein directly into 60 mM MES, pH 6, and incubating 
the samples ON at 37°C at 300 rpm. Aggregates were pelleted by centrifugation (13,500 rpm, 15 min) in a 
MicroStar12 table centrifuge (VWR) and washed twice in milli-Q water (MQ) before equal volumes of 
aggregates were aliquoted into new tubes, Pellets were then treated with equal amounts of solutions containing 
increasing [urea] or [FA] and incubated for 10 min at RT before pelleted again. 20 µL of the supernatant was 
then transferred to new tubes and either mixed with R loading buffer (the urea-treated samples) or subjected 
to lyophilization (the FA-treated samples). After lyophilization the samples were mixed with 20 µL of a special 
loading buffer containing 8 M urea. Both the urea- and FA-treated samples were analysed with SDS-PAGE 
and quantified with ImageJ (https://imagej.net/). The percentage of solubilized Pr12/Pr17 aggregates was 
normalized to the 100% FA band and fitted to the following equation: 

𝑦!"## =
100

1 + 10
$%!"∙([)*]#$%$[)*])

-./0

	 

where [FA]50% is the FA concentration where half of the aggregates are dissolved, i.e. the two states 
(aggregated state and monomeric state) are equally stable. The m-value, as in conventional protein unfolding, 
is a measure of the potency of the denaturant. For treatment with proteinase K (ProtK), the protein mass in 
each pellet was first determined by treating one protein pellet with 100% FA and running this sample on SDS-
PAGE together with samples of known concentrations of 0.1, 0.2, 0.5 and 0.8 mg/mL. Pellets were then treated 
with different concentrations of ProtK in a buffer containing 60 mM Tris and 5 mM CaCl2 (pH 8) and incubated 
at 37°C for 30 min before the reactions were stopped by adding concentrated FA (giving a final [FA] of 50%, 
equal to 13.25 M). Samples were lyophilized in a Scanvac Coolsafe freeze dryer (Labogene) and subsequently 
analyzed on SDS-PAGE. 

Cross-interactions between microbiome proteins and αSN 

1 mg/mL αSN was fibrillated in the presence of Pr12 or Pr17 seeds using 40 µM ThT in a 96-well plate. A 3 
mm glass bead was added to each well and the program used allowed 300 rpm orbital shaking with readings 
every 1070 s and 600 s shaking between readings. Pr12 and Pr17 seeds were prepared by incubation ON at 
37°C with slow shaking (300 rpm). Aggregates were then spun down (13,500 rpm, 15 min) and washed twice 
with MQ before aliquoted into new tubes. Aggregates were pelleted again, and all supernatant was removed. 
Concentration in the pellet was determined in the same was as described above. To prepare seeds, aggregates 
of Pr12 and Pr17 were sonicated for 3*10 s with 10 s on ice in between using a QSonica Sonicator and 
subsequently added at 10%, 5% or 1% (v/v) to the 1 mg/mL monomeric αSN.  

Transmission Electron Microscopy (TEM) analysis of protein fibrils 

The same Pr12 and Pr17 aggregates as those used to study aggregate stability was also investigated with TEM. 
Pellets were resuspended in MQ and images were recorded as previously described (50). 

Fourier transform infrared (FTIR) spectroscopy of protein fibrils 

FTIR spectra were recorded on a Tensor 27 instrument (Bruker Optics). 2 µl sample was deposited on the 
surface of an attenuated total reflection crystal and dried with nitrogen gas. The system was continuously 
purged with nitrogen gas. Background and water vapor subtractions were performed to obtain a straight 
baseline. The samples were analyzed with OPUS 5.5. Only the amide I region (1600-1700 cm-1) is used for 
analysis.  
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RESULTS 

Identification of potential amyloid protein candidates in the rat microbiome  
Several studies have suggested that the human microbiome is changed in PD patients compared to healthy 
controls (51-67). The object of this study was not to attempt to elucidate statistically significant differences 
between healthy and PD-afflicted rats, but rather to carry out a more general assessment of the occurrence of 
functional amyloid in the microbiome. Nevertheless, given the potential involvement of the microbiome in the 
development of PD, we decided to compare healthy rats with a rat model of PD that overexpresses full-length 
human αSN and develops synucleinopathies both in the CNS and the PNS (40). After DNA extraction of the 
six fecal samples (WT1-3 and PD1-3), PCR was used to amplify the V1-V3 16S rRNA region to assess the 
relative bacterial composition. A separation along the first principal component (PC1) could be seen between 
the WT and PD samples (Fig. S1). However, the separation was not significant according to the permutations 
tests on the ordinated data (R2=0.4323; p-value=0.1; 719 permutations), reflecting the small sample size and 
the comparative youth of the individuals (all rats were three months old at the time of sample collection). 
Nevertheless, the samples provided an opportunity to search for possible FuBA through the differential 
solubilization of proteins at higher concentrations of formic acid, as described in the Experimental section. 
Protein identification with MaxQuant resulted in identification of between 447 (sample WT3) and 1314 
(sample PD2) proteins in each of the six samples (data not shown). As described in (39), proteins were 
quantified using the LQF algorithm and the R-markdown script. Based on this, we identified candidates with 
a characteristic sigmoidal signature in plots of solubility (i.e. extent of identification in the soluble fraction) 
versus FA concentration. Between 22 (sample PD3) and 110 (sample PD1) proteins (365 proteins in total 
across the six samples) were classified as hits, based on the criterion that at least one of the three replicates 
should show a sigmoidal signature. Of these 365 proteins, 27 (identified in the PD1, WT1 and WT2 samples) 
had at least two of the replicates showing a sigmoidal signature (Table S1). Of these, one particularly 
interesting protein is elongation factor Tu (EF-Tu) which appears three times in the PD1 sample. In fact, EF-
Tu appears as a hit 46 times (although in most of the cases only a single replicate shows the sigmoidal 
signature) across all samples and equally divided between PD (22 times) and WT samples (24 times) (data not 
shown). EF-Tu is interesting because the Gallibacterium anatis version of the protein (ID: KGQ60852.1) was 
recently identified as an functional amyloid-forming protein (68), indicating that this FA-approach is able to 
identify amyloid-relevant proteins. Negative controls like the household proteins glycose-6-phosphate 
isomerase (G6PI), 60 kDa chaperonin (60C) and phosphoenolpyruvate carboxykinase (PPCK) – which were 
identified 72, 32 and 143 times, respectively, across all 6 samples – do not show any specific signature across 
the FA concentration range (Fig. 1b). Because many functional amyloid systems are dependent on secretion 
through the Sec translocon, all protein hits were analyzed with the three different signal peptide prediction 
tools SignalP 4.1 (46), DeepSig (69) and SignalP 5 (70) and ranked according to the probability of containing 
a signal peptide. From this analysis 11 proteins were identified (Fig. 1a). Out of these 11 proteins only three 
proteins were predicted to contain a signal peptide by all three tools (Table 1).  
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Table 1: 11 proteins from the PD microbiome predicted to have a signal peptide and to show sigmoidal 
solubility curves. 

Protein ID Software with a positive signal 
peptide prediction  

Mature protein 
length (aa) 

Amyloid fraction 
(amyloidogenicity > 0.5) 

OAD22177.1 
(Pr17) 

DeepSig, SignalP 4.1, SignalP 5 170 0.29 

SDM27287.1 DeepSig, SignalP 4.1, SignalP 5 480 0.28 

WP_032523104.1 
(Pr12) 

DeepSig, SignalP 4.1, SignalP 5 105 0.35 

WP_004064712.1 SignalP 4.1, SignalP 5 1475 0.19 

WP_010522346.1 SignalP 4.1, SignalP 5 808 0.27 

EEZ20481.1 SignalP 5 380 0.20 

SFN13323.1 SignalP 4.1 411 0.32 

SFR13334.1 SignalP 5 361 0.22 

WP_004930518.1 SignalP 4.1 172 0.20 

WP_008197585.1 SignalP 5 121 0.31 

WP_092476479.1 SignalP 4.1 537 0.18 

  
In Table 1, the amyloid fraction represents the length of the amyloid regions expressed as a fraction of the 
protein length as predicted with the tool AmyloGram (71) when the threshold of amyloidogenicity was set to 
0.5 (Fig. 1c). We decided to select two proteins for recombinant expression to investigate their 
amyloidogenicity experimentally. We chose to limit ourselves to proteins predicted to contain a signal peptide 
by all 3 signal peptide predictors and to exclude large (> ca. 450 residues) proteins to avoid low expression 
levels. This left proteins WP_032523104.1 (12 kDa without the 22 aa signal peptide) and OAD22177.1 (17 
kDa without the 18 aa signal peptide) which we will from now on refer to as Pr12 and Pr17, respectively. Pr12 
was identified in sample PD3 while Pr17 was found in sample PD1. According to the Uniprot database Pr12 
is a DUF1499 domain-containing protein produced by the cyanobacterium Prochlorococcus marinus while 
Pr17 is a secreted protein produced by the vacuolate sulfur bacteria Candidatus Thiomargarita nelsonii. To 
obtain residue-specific information on the potential aggregation of Pr12 and Pr17, we used the TANGO web 
server software (72) to predict aggregation-prone regions. For both proteins it was seen that the signal peptide 
(SP) gave a high aggregation propensity (Fig. 2a,b), but interestingly, Pr17 also showed four separated 
stretches of 8-12 residues with high aggregation propensity (aggregation propensity value > 5%, dashed line) 
throughout the proteins sequence (Fig. 2b). Both proteins were also investigated for the presence of imperfect 
repeats using the RADAR tool (47). Whereas no repeats could be found for Pr12, two repeats were identified 
in the Pr17 sequence (Fig. 2b, insert). The repeats were not super well-conserved but, interestingly, two of the 
highly amyloidogenic stretches (TAAICAFVT and FVGATGFY) were covered by the repeat sequences. 

Pr12 and Pr17 both form ThT-positive aggregates with amyloid characteristics 
It was possible to recombinantly produce both proteins in E. coli at yields of 3.5-4.5 mg/L culture. The proteins 
were then purified to satisfying purity, as visualized by SDS-PAGE, by Ni-NTA chromatography thanks to a 
C-terminal His6 tail (Fig. 3). To analyse the two protein’s propensity to form amyloid, we started by analysing 
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their behaviour in a standard ThT fibrillation assay. ThT is a dye commonly used to study amyloid fibrillation 
as it shows a bright fluorescence when bound the amyloid fibrils and therefore is a suitable reporter for fibril 
formation. After desalting into PBS, the concentration of the two proteins was measured and the protein 
solutions was immediately investigated with ThT. It should be noted that when measuring protein 
concentration directly after desalting, the protein solution showed light scattering (tailing of the protein peak 
at wavelengths > 320 nm), indicating protein aggregation (data not shown). An instant increase in ThT signal 
could be observed for both proteins (Fig. 4a,b) but where Pr17 reaches a stable end level, the signal for Pr12 
starts decreasing right after reaching the maximum intensity after ~ 6 hours. No lag phase – typical for amyloid 
protein fibrillation – could be observed for any of the proteins. Notice that there is a short dip in the 
fluorescence signal around t = 0 (Fig. S2). Because we observe the same dip for all samples, we reckon this as 
a fluorescence artifact. This, however, might be explained by the rapid onset of aggregation already during 
desalting. Following fibrillation, FTIR was performed on the resulting fibrils and showed a pronounced peak 
around 1622 cm-1 for Pr12 (Fig. 4a, insert) and between 1624-1627 cm-1 for Pr17 (Fig. 4b, insert). Amyloid 
fibrils normally absorb strongly in the 1615-1630 cm-1 region (73) while native b-sheets absorb at 
wavenumbers in the 1630-1643 cm-1 range (74)). This indicates that Pr12 and Pr17 aggregates could be 
amyloid-like and nicely correlates with the presence of highly amyloidogenic stretches and two imperfect 
repeats in the Pr17 sequence (Fig. 2b). On the other hand, no apparent ques are provided by sequence analysis 
of Pr12 since it only has one slightly amyloidogenic six residues stretch and no imperfect repeats (Fig. 2a). 

Fibrillation of Pr12 is sensitive to urea 
To avoid premature aggregation of the proteins, urea was added to the desalting buffer and it was observed 
that while 4 M of urea was enough to inhibit fibrillation of Pr12 (Fig. 5a, red curve), high concentrations of 
Pr17 required 8 M urea to inhibit the formation of ThT-positive aggregates (Fig. 5a, blue curve). We then 
investigated in more detail the effect of urea on Pr12/Pr17 fibrillation at pH 7.4 and showed that [urea] ³ 1.5 
M completely inhibited 0.5 mg/mL Pr12 (Fig. 5b) while Pr17 was slightly more robust and showed aggregation 
even in the presence of 2.5 M urea (Fig. 5c). Pr17 no longer aggregated in the presence of 4 M urea due to a 
decrease in protein concentration (0.5 mg/mL vs 2.5 mg/mL in Fig. 5a). Following fibrillation, the samples 
were spun down and the supernatants were analysed with SDS-PAGE. For Pr12, a good correlation was seen 
between the samples showing aggregation (0.2 M, 0.5 M, and 1 M urea) and the loss of protein from the 
supernatant (see insert in Fig. 5b and Fig. S3). However, for Pr17 all protein stayed in solution after 
centrifugation despite the increase in ThT seen for the 0.4-2.5 M urea samples (data not shown). To see if the 
difference in ThT fluorescence was caused by the formation of different species of Pr17, we analysed these 
samples with SEC. The results confirmed this: the samples that gave a high ThT fluorescence signals (0.4-2.5 
M urea) contained some higher order oligomers that eluted from the column together with the void volume 
while samples with low/no ThT fluorescence signal (4 and 6 M urea) only show the Pr17 monomer peak 
eluting around 17 mL (Fig. 5d). Note the retardation of the monomer peak which we attribute to a rise in 
viscosity with rising urea (though increased expansion of the protein with urea concentration cannot be 
excluded). This retardation is even more pronounced for the free ThT in the samples that elutes at 23.6 mL in 
6 M urea but not until after 36.3 mL in 0.4 M urea (Fig. 5e, blue curve) (for raw data see Fig. S4a). Interestingly, 
the correlation between ThT elution volume and increasing urea concentrations (Fig. S4a) greatly resembles 
the relationship obtained when plotting the end point ThT levels of Pr17 from Fig. 5c as a function of urea 
concentration (Fig. 5e, red curve). The relationship between monomers and oligomers in each sample is 
visualized more clearly by plotting the monomer/oligomer intensity as a function of urea concentration. The 
two curves cross each other (indicating roughly equal amounts of both species) at 2.25 M urea (Fig. 5f). The 
same samples as those investigated with SEC were also analysed on SDS-PAGE under both non-reducing 
(Fig. S4b) and reducing (Fig. S4c) conditions as the protein contains four Cys residues (position 32, 42, 87 
and 103). Under non-reducing conditions, a dimer band can be seen for all the samples and are also seen in 
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SEC as a shoulder to the monomer peak (Fig. 5d). Oligomers are seen as a smear in the top part of the gel. 
However, despite the big change in monomeric Pr17 seen with SEC, the amount of monomer is almost constant 
across the samples (except the 0.4 M sample in lane 3 where the intensity of the monomer band is a bit lower) 
when investigates with SDS-PAGE. This indicates that the oligomers are sensitive to SDS and break up into 
monomers and dimers during gel electrophoresis.    

pH dependence of Pr12 and Pr17 fibril formation 
We also investigated the tendency of the two proteins to aggregate at different pH values. For Pr12 (Fig. 6a) 
there was a rapid increase in fluorescence within a few hours, particularly between pH 4-7.4, but again no lag 
phase could be observed. No fibrillation was observed at pH 3 and only a very small increase in ThT 
fluorescence could be observed at pH 8. At pH 7.4, the fibrillation curve showed a similar behaviour to what 
we saw in Fig. 2a and Fig. 5b (both experiments performed at pH 7.4) with an instant increase followed by a 
signal decrease after 5 hours. We tested if this was an effect of the buffer by repeating the urea experiment 
(Fig 4b) with 60 mM Tris buffer instead of 1X PBS at pH 7.4 but still observed the same ‘overshoot’ behaviour 
and this time with great variation between the triplicates (Fig. S5a, purple curves). To test further, we 
aggregated the same solution of 0.5 mg/mL Pr12 in 60 mM Tris, pH 7.4, in seven different wells to see if they 
would also give different ThT results. We saw that they varied largely in their ThT endpoint (Fig. S5b) but 
analysis of the resulting aggregates with FTIR showed that they were identical in terms of secondary structure 
(Fig. S5c). We therefore conclude that the ‘overshoot’ behaviour reflects a stochastic aggregation behaviour 
at this pH and suggest that Pr12 has a different aggregation mechanism at neutral pH compared to both more 
basic and more acidic conditions where the aggregation curves are more reproducible. The theoretical pI of 
Pr12, obtained with the Expasy tool ProtParam (https://web.expasy.org/protparam/) based on the amino acid 
sequence, is 4.98 and cannot account for the big difference seen between pH 6 and pH 7.4.  

Investigations of Pr17 aggregation across different pH values show that Pr17 aggregation is relatively robust 
and happens at all pH values tested, although only to a very small extent at pH 3 (Fig. 7a). The theoretical pI 
of Pr17 is 4.27. At pH 6 the aggregation curves always showed great variation between different experiments 
and sometimes gave an overshoot as in Fig. 7a but with great variation between individual runs (Fig. S6).   

To elucidate the extent of aggregation, we spun down samples after the ThT assay and quantified the 
distribution of soluble (supernatant) and insoluble (pellet) protein by SDS-PAGE both for Pr12 (Fig. 6b) and 
for Pr17 (Fig. 7b). Pr12 showed very low levels of soluble protein between pH 4 and 6, corresponding nicely 
with the corresponding ThT end levels. At pH 7.4 and 8 the protein stays soluble despite the initial increase in 
ThT seen at pH 7.4. Similarly, for Pr17 after 25 hours fibrillation, we saw very low solubility at pH 3, 4 and 6 
and much higher solubility at pH 7.4 and pH 8 despite the fact that the end-point ThT levels are identical for 
pH 4 and pH 8. The aggregation behaviour in this pH range is relevant considering the great variation of 
intraluminal pH throughout the GI tract (75). In the stomach, the pH can be as low as 1.5 in the fasted state 
(76) but rapidly changes to pH 6 in the duodenum and increases further to around neutral at the end of the 
small intestine. This is followed by a second drop to pH 5.7 in the cecum and a final increase to 6.7 when 
reaching the rectum (75). It is therefore interesting that Pr12 and Pr17 behave differently in terms of forming 
soluble vs insoluble aggregates across this pH range. The aggregates samples were also investigated with TEM 
and also showed pH-dependent differences in aggregate structure: at pH 4 both proteins had formed a mesh of 
very thin, fibrillar structures (Fig. 6c and 7c) while at pH 6, Pr12 showed more amorphous aggregates with no 
apparent fibrils being present (Fig. 6c) and Pr17 showed a mix of fibril and amorphous structures (Fig. 7c). 

Pr17 aggregates are more stable than Pr12 towards urea and FA but not proteinase K 
The high stability of the FuBA structure ensures that functional amyloids stay insoluble under denaturing 
conditions and only dissociate into monomers at high concentrations (80-100%) of FA (37, 38, 77). We 
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therefore decided to investigate whether Pr12 and Pr17 aggregates show the same degree of stability towards 
denaturants like urea and FA. Fibrils were mixed with increasing concentrations of either urea or FA and the 
dissolved fraction was analyzed with SDS-PAGE. By normalizing to the 100% FA band (where we assume 
100% of the fibrils dissolve) we can determine the denaturant concentration required to dissolve half of the 
fibrils, [den]50% (for gel examples for Pr17 see Fig. S7). For Pr17 we determined [urea]50% to be ~ 4.4 M (as 
determined by visual inspection) and [FA]50% to be 32.7 ± 3.7% after fitting the data points to a sigmoidal 
curve (Fig. 8a). Pr12, in contrast, was especially sensitive towards FA with a [FA]50% of as low as 0.1% (Fig. 
8b). The value of ~is much lower than the stabilities of [FA]50% > 50% we normally see for functional amyloids 
(and even for many destabilized mutant versions of the functional amyloid protein FapC) (L.F.B.C., J.S.N., 
D.E.O., in review). Rather, the [FA]50% value of 0.1% for Pr12 is similar the [FA]50% value determined for αSN 
fibrils (L.F.B.C., J.S.N., D.E.O., in review). In terms of stability, neither Pr12 nor Pr17 classify as a classical 
functional amyloid protein but Pr17 aggregates do exhibit some resistance towards FA. 
We also treated protein aggregates with increasing concentrations of proteinase K (ProtK) to elucidate if the 
aggregates formed by the proteins – especially the more stable Pr17 aggregates – contained a protected core. 
In this case, we would expect to see a clear band on SDS-PAGE after ProtK treatment. High concentrations of 
proteinase K (Pr12/Pr17:protK ratios of 1:1 (m/m) and 1:0.1 (m/m)) resulted in complete digestion of the full-
length protein for both proteins. Both kinds of aggregates give rise to a smaller fragment of ~ 7 kDa for Pr12 
(Fig. 8c, fragment II) and ~ 9 kDa for Pr17 (Fig. 8d) at ProtK concentrations down to 0.01 (lane 4). At 
Pr12/Pr17:protK (m/m) ratios of 1:0.001 appr. 40% of Pr12 (Fig. 8c, lane 3) and 15% of Pr17 (Fig. 8d, lane 4) 
remained full-length after treatment. Interestingly, for Pr12 a slightly bigger fragment of ~ 11 kDa appeared 
when treated with lower proteinase K concentrations (Fig. 8c, lane 4-7). However, the full-length protein still 
dominated. This 11 kDa fragment is the first to be cleaved off (but only to a low degree as no apparent change 
can be seen in the intensity of the full-length protein band) by ProtK and is fully degraded at higher ProK 
concentrations. The 9 kDa fragment of Pr17 appears to be relatively protected from the proteolytic attack when 
in the aggregated structure. However, the intensity of the band is lower at the 1:1 ratio (lane 2) than the 1:0.1 
ratio (lane 3), so it is not completely resistant towards proteolytic degradation. 
For comparison, we also investigated the effect of proteinase K on an entirely unstructured yet aggregation-
prone protein, αSN, and saw that it was completely degraded at all proteinase K concentrations investigated 
(Fig. 8e). 

Co-incubation of Pr12 and Pr17 with αSN 
To study the effects of Pr12 and Pr17 on fibrillation of αSN, we compared the fibrillation of monomeric αSN 
in the absence and presence of these two proteins. We incubated monomeric αSN with seeds made from 
aggregated Pr12 or Pr17. As seen on Fig. 9, neither the presence of Pr17 or Pr12 seeds had any significant 
effect on αSN fibrillation that fibrillated with a lag phase of ~ 5 hours in all four samples. 

 

DISCUSSION 

Functional amyloids like the curli fibrils are often part of bacterial biofilms. Up to 40% of all bacteria 
form biofilms (78) and it does therefore comes as no surprise that biofilms and bacterial microcolonies have 
been observed in the human GI tract (79-82) where up to 1011 colony forming units (CFU) are found per mL 
in the colon (83). In addition, bacterial biofilms have been found associated to food particles in faecal samples 
from healthy individuals (35, 84, 85) and has also been visualized directly in mice (86). To date, however, 
studies of mucosal biofilms in the GI tract are largely limited to confirm diseases like ulcerative colitis (81, 
87-89), peptic ulcer disease (90), Crohn’s disease (51) and cases of diarrhea (91, 92).  
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Here we sought to identify amyloid proteins in the microbiome of PD Tg rats and their healthy WT 
counterparts. One aspiration was to establish if the PD microbiome was enriched for amyloidogenic proteins, 
which might in turn indicate that microbial products produced in the GI tract could play a role in 
neurodegenerative diseases like Alzheimer’s (93, 94) and Parkinson’s disease (17, 95) as suggested. We, 
however, observed strikingly similar numbers of hit proteins identified from either of the two groups (181 hits 
for the three PD samples vs 186 hits for the WT) and therefore cannot make any definite conclusions in this 
regard. Two proteins, here referred to as Pr12 and Pr17, were identified based on a combination of 
experimental (formic acid solubility/MS), bioinformatics analysis (the presence of a signal peptide and high 
amyloidogenicity across the amino acid sequence) and feasibility (a modest size compatible with recombinant 
expression). Both proteins were originally identified from the PD samples (Pr12 from the PD3 sample and 
Pr17 from the PD1 sample). The two proteins have not been biophysically characterized before but here we 
show that both proteins readily form ThT-positive aggregates to some extent at all pH values investigated (pH 
3-8). Pr17 even aggregates in the presence of high concentrations (> 2.5 M) of urea. The aggregation process, 
however, did not follow classical sigmoidal kinetics which involve an initial lag phase where nuclei are formed 
and grow (96). The absence of a lag phase is indicative of amorphous aggregation, even though fast 
amyloidosis has also been reported (97, 98). Methods such as stopped flow, which offer a higher time 
resolution, might be useful to gain further insight into the lag phase of Pr12 and Pr17. The aggregates formed 
at pH 7.4 for both proteins show a major band between 1621 and 1627 cm-1 when analysed with FTIR, 
indicating extended b-sheet structures like those present in amyloid fibrils. TEM images also revealed worm-
like fibril structures for both proteins. However, when the stability of the aggregates towards FA was 
investigated, Pr12 showed extreme sensitivity and dissolved at very low FA concentrations ([FA]50% ~ 0.1%) 
while Pr17 aggregates were more robust and required 32.7% FA for half of the aggregated material to dissolve. 
This value is lower than the 80-100% that are normally required to dissolve functional amyloid fibrils into 
protein monomers (37, 77) (and also lower than the 50% value that was used as a criterion when searching the 
MS data for possible hits – see ‘Materials and methods’ and (39)). However, other functional amyloids, such 
as the TasA fibrils produced by Bacillus subtilis, have also been found to dissolve at lower (~ 20%) FA 
concentrations (99) and we therefore cannot exclude that a given protein is an amyloid based on the FA stability 
alone. The presence of several amyloidogenic hotspots and two imperfect repeats in the Pr17 sequence further 
supports its robust fibrillation behaviour. Interestingly, the various pH values encountered throughout the GI 
tract differently affect aggregation and solubility of the resulting Pr17 aggregates. Aggregation was almost 
completely inhibited at pH 3. Even though the stomach pH can be very low in the fasted state it can upon food 
consumption rise briefly (within minutes) to around pH 5 before it slowly declines for ~ 2 hours before it again 
reaches pH 1.7 (76). However, since the bacterial count in the stomach is very low (< 103 CFU per mL (100)) 
we believe that the conditions in the small and large intestines (pH values ranging from 5.7 to 7.4) are more 
relevant. 

Based on the results presented here, we conclude that Pr17 holds great promise as a novel functional 
amyloid protein while Pr12 instead appear to form more amorphous b-aggregates. We speculate that Pr12 
might form amyloid fibrils in the presence co-factors that could be available in vivo. None of the two proteins 
could be shown to have any effect on αSN fibrillation when Pr12/Pr17 seeds were incubated together with 
monomeric αSN. This, however, does not necessarily mean that the microbiome is not involved in the 
development of PD. First of all, the rats investigated were relatively young (3 months) and the signs of disease 
at this age is still very modest, counting subtle locomotor deficits, reduced ability to discriminate smells and 
more dot-like appearance of αSN in the striatum nerve end terminals (40). At this age, no deficits in locomotor 
activity could be detected and the amount of insoluble (urea-treated) αSN in most brain regions investigated 
(olfactory bulb, striatum, substantia nigra and hippocampus) was unchanged (40).  
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ABBREVIATIONS 

aa, amino acids; αSN, α-synuclein; CBB, Coomassie Brilliant Blue; CFU, colony forming unit; E. coli, 
Escherichia coli; FA, formic acid; FTIR, Fourier transform infrared; FuBAs, functional bacterial amyloids; 
LFQ, label-free quantification; MQ, milli-Q water; PD, Parkinson’s disease; ProtK, proteinase K; RT, room 
temperature; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; SEC, size-exclusion 
chromatography; SP, signal peptide; TEM, transmission electron microscopy; ThT, thioflavin T; UPLC, ultra 
high-performance liquid chromatography; WT, wild type 
 
 
FIGURE LEGENDS 
 
Figure 1. Identification of potential amyloid protein candidates. (a) The eleven hit proteins proposed to contain 
a secretion signal peptide. Data points can be hidden behind each other in some of the graphs. Not all proteins 
were identified in all three replicates. (b) Examples of negative controls including the household proteins 
glycose-6-phosphate isomerase (G6PI), 60 kDa chaperonin (60C) and phosphoenolpyruvate carboxykinase 
(PPCK). (c) AmyloGram prediction of amyloidogenicity probability per residue of the two best qualified 
amyloid candidate proteins WP_032523104.1 (Pr12) and OAD22177.1 (Pr17). The orange lines represent the 
threshold value of 0.5 for amyloidogenicity. Vertical red lines represent predicted positions of signal peptides 
cleavage sites after residue 22 and 18, respectively.  
 
Figure 2. TANGO analysis of the sequence of Pr12 (a) and Pr17 (b). The vertical red lines show the location 
of the signal peptide (SP). The horizontal dashed line represents an aggregation propensity value of 5%. In 
addition, both protein sequences were analysed with the RADAR tool (47) but imperfect repeats could only 
be identified for the Pr17 sequence (insert in (b)). 
 
Figure 3. SDS-PAGE analysis of Ni-NTA purified samples of Pr12 and Pr17.  
 
Figure 4. Pr12 and Pr17 readily form ThT-positive aggregates. Pr12 and Pr17 were immediately subjected to 
a ThT fibrillation assay after desalting. FTIR was performed on the pellet after fibrillation and showed cross-
b characteristic peaks between 1620-1630 cm-1.   
 
Figure 5. Fibrillation of Pr12 and Pr17 in the presence of urea. (a) Pr12 and Pr17 were desalted directly into 
a solution containing 4 M urea and subjected to a ThT fibrillation assay. Because Pr17 still aggregated at 4 M 
urea, the experiment was repeated with 8 M urea for this protein. (b) Investigation of Pr12 aggregation in the 
presence of increasing concentrations of urea followed by centrifugation of the samples and SDS-PAGE 
analysis of the supernatants to determine the amount of soluble protein left after aggregation (insert). (c) 
Investigation of Pr17 aggregation in the presence of increasing concentrations of urea followed by (d) SEC 
analysis of the same samples including a control of Pr17 in 8 M urea (to keep it monomeric). (e) Correlation 
between the ThT end levels from (c) and the ThT elution volumes from (d). (f) Correlation between the 
decrease in Pr17 oligomer and the increase in monomeric Pr17 with increasing urea concentrations. 
 
Figure 6. pH dependence of Pr12. (a) Pr12 was aggregated in the presence of ThT at different pH values and 
the samples were afterwards separated into soluble and insoluble fractions by centrifugation. (b) The soluble 
part (the supernatant) was analysed with SDS-PAGE. (c) TEM images of aggregates formed at either pH 4 
(top) or pH 6 (bottom).  
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Figure 7. pH dependence of Pr17. (a) Pr17 was aggregated in the presence of ThT at different pH values and 
the samples were afterwards separated into soluble and insoluble fractions by centrifugation. (b) The soluble 
part (the supernatant) was analysed with SDS-PAGE. (c) TEM images of aggregates formed at either pH 4 
(top) or pH 6 (bottom).  
 
Figure 8. Stability investigations of Pr12 and Pr17 aggregates. (a) Aggregates formed by Pr17 were dissolved 
in increasing concentrations of urea (left) or formic acid (right) and the amount of dissolved protein was 
visualized using SDS-PAGE after lyophilization. Quantification was performed on these gels using ImageJ. 
(b) Aggregates formed by Pr12 were dissolved in increasing concentrations of formic acid and dissolved 
protein was visualized with SDS-PAGE after lyophilization of 20 µL of the supernatant. The Pr12 aggregates 
dissolved even at very low formic acid concentrations. Aggregates of Pr12 (c) and Pr17 (d) and monomeric 
αSN (e) were subjected to digestion with increasing ratios of protein:proteinase K up to 1:1 (m/m) followed 
by SDS-PAGE analysis. 
 
Figure 9. No cross-interaction between αSN and Pr12/Pr17 seeds. 1 mg/mL αSN was fibrillated in the presence 
of different concentrations of Pr12/Pr17 seeds. The experiment was done in triplicates. 
 
Figure S1. Principal component analysis (PCA) of the microbiome composition of PD vs. WT rats showing a 
separation of the two groups along the 1 principal component. 
 
Figure S2. A fluorescence artefact is seen as an initial dip in ThT fluorescence around t = 0 observed for all 
samples. The data is the same as in Fig. 4 but here we have zoomed in to show the progression of the ThT 
fluorescence signal during the first two hours. 
 
Figure S3. Supernatants of Pr12 samples after fibrillating 0.5 mg/mL protein in the presence of different 
concentrations of urea. The lanes between 1.5 M and 2 M urea are empty with some spill over from the other 
lanes. 
 
Figure S4. (a) Retardation of the ThT elution peak with increasing urea concentrations (and thereby increasing 
viscosity). Samples from the SEC experiments were analyzed with SDS-PAGE using either non-reducing (b) 
or reducing (c) loading buffer. 
 
Figure S5. (a) Aggregation of Pr12 at pH 7.4 using a 60 mM Tris buffer instead of 1X PBS followed by SDS-
PAGE analysis and quantification of the amount of soluble protein after aggregation (insert). (b) Seven 
samples containing the same solution of 0.5 mg/mL Pr12 were fibrillated to check if the differences in ThT 
end level was a consequence of different aggregate structures being formed. (c) Identical FTIR spectra obtained 
from the samples in (b). 
 
Figure S6. Aggregation of Pr17 at different pH values – the experiment shows the highly unproducible 
aggregation kinetics of Pr17 at pH 6 (blue curves). 
 
Figure S7. Dissolution of Pr17 aggregates by incubation with increasing concentrations of formic acid (left) 
or urea (right). 
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Appendix 1 



 

Study Method Reduced in PD Increased in PD How many PD 

patients are 

medicated? 

Age and sex 

matched 

with 

controls? 

Constipation? 

[1] Sequencing 

of the V1-V3 

region of the 

16S rRNA 

gene 

Prevotellaceae, 

Clostridiales 

Incertae Sedis IV 

Lactobacillaceae, 

Verrucomicrobiacea

e, 

Bradyrhizobiaceae. 

Furthermore, 

Enterobacteriaceae 

were increased in 

patients with the 

postural instability 

and gait difficulty 

(PIGT) but not the 

tremor dominant 

(TD) phenotype 

70 of 72 (of the 

control subjects 

more use 

medication 

(warfarin, statin) 

for 

cardiovascular 

and 

cerebrovascular 

disease than the 

PD group) 

Yes Reported 

Wexner score 

(goes from 0 to 

30 where 30 is 

severe 

constipation) of 

an average of 5 

for the PD 

patients and 2 

for the controls 

[2] Quantitative 

RT-PCR of 

16S or 23R 

rRNA 

Clostridium 

coccoides, 

Bacteroides fragilis  

Lactobacillus 

(especially L. 

gasseri) 

45 of 45 Yes Stool frequency 

was measured 

and was 3.1 ± 

1.2 for PD 

patients and 

significantly 

higher in the 

control group 

(7.6 ± 4.6)  

[3] Sequencing 

of the V4 

region of the 

16S rRNA 

gene 

Blautia, 

Coprococcus, 

Roseburia 

(Lachnospiraceae) 

Akkermansia 

(Verrucomicrobiae), 

Oscillospira 

(Clostridia), 

Bacteroides 

26 of 38  Only sex, 

age was 

greater in 

the PD 

group  than 

for controls 

Constipation 

severity was 2.8 

± 3.4 (relates to 

a 1-10 scale 

where 10 is the 



(61.6 ± 9.4 

vs 45.1 ± 

14.4) 

most severe 

constipation) 

[4] Quantificati

on of target 

bacteria 

using real-

time qPCR 

Bacteroidetes, 

Faecalibacterium 

prausnitzii, 

Lactobacillaceae, 

Enterococcaceae 

Bifidobacterium, 

Enterobacteriaceae 

(no difference 

between PD 

phenotypes)   

34 of 34 Only age, 

more males 

in the PD 

group (24 of 

34) 

compared to 

the control 

group (18 of 

34) 

7 out of 34 PD 

patients 

reported to be 

constipated 

[5] Sequencing 

of the V4 

region of the 

16S rRNA 

gene 

Pasteurellaceae, 

Lachnospiraceae 

(Blautia, Roseburia 

and unclassified) 

Bifidobacterium, 

Lactobacillus, 

Tissirellaceae, 

Christensenellaceae, 

Akkermansia 

(Verrucomicrobiae) 

3 unmediated out 

of 185 (1.6%) 

Only age, 

more males 

in the PD 

group (132 

of 197) 

compared to 

the control 

group (51 of 

130) 

Reported by 

43.4% in the 

PD group 

compared to 

4.7% in the 

control group 

[6] Sequencing 

of the V3-V5 

region of the 

16S rRNA 

gene 

Blautia, 

Faecalibacterium, 

Ruminococcus  

Escherichia-Shigella, 

Streptococcus, 

Proteus, 

Enterococcus  

2 unmediated out 

of 24  

Only age, 

more males 

in the PD 

group (16 of 

24) 

compared to 

the control 

group (6 of 

14) 

Reported 

Wexner score 

(goes from 0 to 

30 where 30 is 

severe 

constipation) of 

an average of 

17.58 ± 5.43 for 

the PD patients 

and 1.29 ± 2.59 

for the controls 



[7] Sequencing 

of the V1-V2 

region of the 

16S rRNA 

gene 

 Lactobacillaceae, 

Barnesiellaceae, 

Enterococcacea 

29 of 29 (of the 

control group 

there was a high 

prevalence of 

cardiovascular 

comorbidity) 

Only age, 

more males 

in the PD 

group (23 of 

29) 

compared to 

the control 

group (13 of 

29) 

20 out of 29 PD 

patients 

reported to be 

constipated 

while this was 4 

of 29 for the 

controls 

[8] Sequencing 

of the V3-V4 

region of the 

16S rRNA 

gene 

Dorea, 

Bacteroides, 

Prevotella, 

Faecalibacterium 

Christensenella, 

Catabacter, 

Lactobacillus, 

Oscillospira, 

Bifidobacterium 

Not reported (PD 

patients: n = 89, 

controls: n = 66)   

Only age, 

nothing 

reported on 

gender 

Not reported 

[9] Metagenomi

c shotgun 

analysis 

(sequencing 

of entire 

genome 

DNA) 

Prevotellaceae, 

Erysipelotrichecea

e 

Akkermansia, 

unclassified 

Firmicutes  

90% of PD 

patients – 

however, no used 

L-DOPA (n = 31). 

Controls had 

higher use of 

statins (11 

compared to 1 in 

the PD group) 

and 

acetylsalicylic 

acid (7 compared 

to 2) 

Yes (only 

males 

participated 

in the study)	

Similar in both 

groups 

[10] Sequencing 

of the V4 

region of 

both the 

16S and 

 Akkermansia, 

Verrucomicrobiacea

e, 

Verrucomicrobiales, 

Verrucomicrobia 

76 of 76 (6 in the 

control group (n 

= 78) were using 

the diabetes 

medication 

metformin while 

Yes 62% of PD 

patients and 

24% for the 

controls 



18S rRNA 

genes  

this was 7 in the 

PD group) 

[11] Sequencing 

of the V4 

region of the 

16S rRNA 

gene 

Firmicutes, 

Tenericutes, 

Euryarchaeota, 

Lachnospiraceae, 

Streptococcaceae, 

Methylobacteriace

ae, 

Comamonadaceae

, Halmonadaceae, 

Xanthomonadacea

e, 

Actinomycetaceae, 

Springomonadace

ae, 

Pasteurellaceae, 

Micrococcaceae, 

Idiomarinaceae, 

Brevibacteriaceae, 

Gemellaceae, 

Methanobacteriac

eae, Brucellaceae, 

Hyphomonadacea

e, 

Intrasporangiacea, 

Bifidobacteriaceae, 

Eubacteriaceae, 

Aerococcaceae, 

Desulfovibrionaceae 

74 of 74 Only age, 

more males 

in the PD 

group (49 of 

74) 

compared to 

the control 

group (23 of 

44) 

Reported 

Wexner score 

of an average of 

8.81 ± 5.03 for 

the PD patients 

and 2.04 ± 1.02 

for the controls 

[12] Sequencing 

of the V3-V4 

region of the 

16S rRNA 

gene 

 Clostridium IV and 

XVIII, 

Aquabacterium, 

Holdemania, 

Sphingomonas, 

Butyricicoccus, 

Anaerotruncus 

45 of 45 Yes  Reported by 24 

(53.3%) of PD 

patients and 3 

(6.7%) of 

controls 



[13] Sequencing 

of the V4-V5 

region of the 

16S rRNA 

gene 

 Verrucomicrobiae, 

Gammaproteobacter

ia 

14 of 14 Yes Not reported 

[14] Sequencing 

of the V3-V4 

region of the 

16S rRNA 

gene 

Lachnospiraceae Lactobacillaceae, 

Enterobacteriaceae, 

Enterococcaceae  

80 of 80 Only age, 

more males 

in the PD 

group (65%) 

compared to 

the control 

group (50%) 

Not reported 

[15] Sequencing 

of the V4-V5 

region of the 

16S rRNA 

gene 

Prevotellaceae, 

Bacteroides 

Ruminococcaceae, 

Verrucomicrobiacea

e, 

Porphyromondaceae

, 

Hydrogenoanaeroba

cterium, 

Lachnospiraceae 

NK4A, 

Desulfovibrionaceae, 

Pasteurellaceae, 

10 of 10 Yes Reported by 8 

(80%) of PD 

patients and 2 

(20%) of 

controls 

[16] Sequencing 

of the V4-V5 

region of the 

16S rRNA 

gene 

Prevotella Parabacteroides, 

Verrucomicrobia, 

Butyricimonas, 

Mucispirillum, 

Lactobacillus   

80 of 80 (14.3% 

of the control 

group suffered 

from 

hypertension 

while this was 

only 7.5% in the 

PD group. Similar 

% of subjects in 

both groups 

Yes Reported by 53 

(66.3%) of PD 

patients and 10 

(12.3%) of 

controls 



suffered from 

diabetes mellitus) 

[17] Sequencing 

of the V4-V5 

region of the 

16S rRNA 

gene 

Lachnospiraceae 

(particularly 

Roseburia), 

Ruminococcus 

Proteobacteria, 

Verrucomicrobia, 

Bifidobacteriaceae, 

Christensenellaceae, 

Coriobacteriaceae, 

Lactobacillaceae, 

Enterobacteriaceae, 

Verrumicrobiaceae 

(particularly 

Akkermansia), 

Oscillospira 

39 drug naïve out 

of 193  

Only age, 

more males 

in the PD 

group 

(59.6%) 

compared to 

the control 

group 

(41.6%) 

Reported by 99 

(51.2%) of PD 

patients and 21 

(18.6%) of 

controls 
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Table II-3. Hit proteins identified using the metagenome as reference database 

Sample Protein Protein annotation 

PD1 1 Uronate isomerase 

  2 Inosine-5'-monophosphate dehydrogenase  

  3 Chromosome partition protein Smc  

  4 Outer membrane protein SusE  

WT1 1 DNA-directed RNA polymerase subunit alpha  

  2 Hypothetical protein 

  3 Outer membrane protein 41  

  4 DNA-directed RNA polymerase subunit alpha 

WT2 1 Hypothetical protein 
 

PD1 

Uronate isomerase: 

MDENFLLDTVTAQDLYHNHAAKMPIIDYHCHLIPEMVASDHKFKSITELWLGGDHYKWRA 
MRTNGVDEKYCTGTETSDWEKFEKWAETVPYTFRNPLYHWTHLELKTAFGIDKLLSPKTA 
REIFDECNEKLQQPGYTARGFMRKYNVECVCTTDDPIDDLRYHKQTKESGFEIRMIPAWR 
PDKAMAVDNTSNFAAYVNKLGEVADVEITTFNDLITALQKRHDFFHENGCRLSDHGIEEF 
YDEPYTDSQIETIFEKAMREQQLSQQEIRQFKHCMLTKFAEMDYDSDWTQQFHYGAIRDN 
NSRMFAKLGPDTGFDSIGEFNTAKAMSHFLDHLNAEGKLTRTILYTLNPCANEVIATMLG 
NFQDGSCPGKIQFGSGWWFNDQLDGMTRQMNALSVLGLLSRFVGMLTDSRSFLSYPRHEY 
FRRLLCNLLGNDVEKGLLPNDMESLYRMVEDISYNNAKNYFKF 

Inosine-5'-monophosphate dehydrogenase: 

1. MAGNVATGDGTRGLIEAGADAVKVGIGPGSICTTRVVAGIGVPQITAIMDSYAVAKEYGI 
PIIADGGIKYSGDMTKAIAAGGNVCMMGSIFAGCEESPGTFELFQGRKYKVYRGMGSIAA 
MENGSKDRYFQSDARKLVPEGVEGRVAYKGNVEDTVFQLMGGLRSGMGYCGTRTIEELKS 
NGRFVKISAAALRESHPHDIHITKEAPNYSVEE 
 

2. MLERVEALVKAHVDVVVLDSAHGHSANVIHCVKMIKEAFPDLQVVAGNVATGEAARDLIE 
AGADCIKVGIGPGSICTTRVVAGIGVPQISAIMDCYSVAKEYGIPIIADGGIKYSGDITK 
AIAAGGSVCMMGSMFAGCDESPGTFELYQGRKYKVYRGMGSIAAMENGSKDRYFQSDAKK 
LVPEGVEGRVAYKGLVEDTVFQMLGGLRAGMGYCGAKDIKTLQETGKFVKISAASLKESH 
PHDIHITKEAPNYSVDE 
 

3. MAGIGVPQITAIMDSYAVAKEYGIPIIADGGIKYSGDMTKAIAAGGNVCMMGSIFAGCEE 
SPGTFELFQGRKYKVYRGMGSIAAMENGSKDRYFQTDAKKLVPEGVEGRVAYKGNVEDTVFQLMGGLRSGM
GYCGTQTIEELKENGKFVQISAAALRESHPHDIHITKEAPNYSVEE 
 

4. MVGNGATGEAARMLADAGADCVKVGIGPGSICTTRVVAGVGVPQLSAVYDVACALPGTGV 
PLIADCGLRYSGDVVKALAAGGWSVMIGSLVAGTEESPGETVIFNGRKFKTYRGMGSLEA 
MENGSKDRYFQSGVQEVKKLVPEGIAGRVPYKGSVQEVIYQMVGGLRSGMGYCGAATIEQ 



LHNAKFTRITGAGVLESHPHDITITSEAPNYSRSE 
 

5. MGNVATGAAARLLADNGADAVKVGIGPGSICTTRVVAGVGVPQLSAVYDVYNALRDTDVP 
LIADGGLRYSGDVVKALAAGGSSVMIGSLVAGTEESPGETIIFNGRKFKSYRGMGSLEAM 
EQKNGSKDRYFQGDTTEVKKLVPEGIAGRVPYKGTVQEVIYQMVGGLRSGMGYCGAKTIG 
NLHDAKFTRITNAGVMESHPHDISITSEAPNYSRPND 
 

6. MAIAMALQGGLGVVHKNMSIQAQAGEVANVKSVVVPAGSTKAAVDDNNRLLVAAAVGVTS 
DTFERAEALLKAGADAIVIDTAHGHSAGVLRKIAEIREHFPNATLIAGNVATGEATRALL 
DAGVDVVKVGIGPGSICTTRVVAGVGVPQITAIYDAASVAREYNKPIIADGGIKYSGDVV 
KALAAGGNAVMLGSMLSGTTEAPGEIFEDNGKKYKAYRGMGSVGAMAQAHGSSDRYFQGG 
VNEANKLVPEGIEARVEYKGDVSDIVFQIDGGLRSGMGYVGAGNIPTLIEKAQFVQITNA 
GLIESHPHDVQITRSAPNYK 
 

7. MTSENLITAPVGTSLREAEAVLQKHKIEKLPLVDESGKLAGLITIKDIERVIEFPNAAKD 
SQGRLLVAAAVGVTSDTFDRAEALFTAGADAIVIDTAHGHSAGVLRKIKEIREHFPDRTL 
IAGNIATGEGARALFEAGVDVVKVGIGPGSICTTRVVAGVGVPQITAIYDAAAVAREYGK 
TIIADGGIKYSGDIVKALAAGGDAVMLGSMLAGTDESPGEFEIFQGRKFKTYRGMGSLAA 
MKKGSSDRYFQGAVNEANKLVPEGIEGRVAYKGTATDIIFQMVGGLKSGMGYTGAENILA 
LHESAQFIEMSGAGLKESHPHDVQITKEAPNYSVQ 
 

8. MSEYGAKFVKEGLTFDDVLLIPAESDVTPDKVQLQTKLTKDITLNIPLMTAAMDTVTESR 
MAIAIAREGGIGVVHKNMTIEDQATEVDKVKRSENGVITNPFFLSPNHLASDAEALMNKY 
RISGVPICEEDGTLVGILTNRDMRFMSDYSVKISTVMTPKDQLVTAKEGTTLEDAKKILM 
GSKVEKLPLVDKNGKLTGLVTIKDIEKSVKYPNTARDKNGRLLCAAALGVTNDVLDRARA 
LYEAGVDAFVLDSAHGHSMNIMKSVEKVKNAFPEVSLIAGNVATADATEALIKAGADAVK 
VGIGPGSICTTRIVAGIGVPQITAIYDSAERADKYGIPVIADGGIK 
 

9. MSNWETKFAKKGLTFDDVLLIPAESHVLPNEVDLSTKLADNLKLNIPLISAGMDTVTEGA 
MAIAMALQGGLGVVHKNMSIQAQAGEVANVKSVIVPASATKAAVDDQHRLLVAAAVGVTS 
DTFERAEALLEVGADAIVIDTAHGHSVGVLRKIKEIRDHFPNKTLIAGNVATGDGTRALF 
DAGVDVVKVGIGPGSICTTRVVAGVGVPQITAIYDSATAAREYHKPIIADGGIKYSGDVV 
KALAAGGNAVMLGSMLSGTTEAPGELFEENGKKFKTYRGMGSVGAMAQAHGSSDRYFQGG 
VNEANKLVPEGVEARVEYKGDVSDVVFQIDGGLRSGMGYVGAADIPSLIEKAQFVQITNA 
GLKESHPHDVQMTKAAPNYK 
 

10. MSNWDTKFAKKGLTFDDVLLIPAESHVLPNEVDLSTQLADNLKLHIPLISAGMDTVTEGP 
MAIAMALQGGLGVVHKNMAIQAQAGEVANVKSVVVPAGATKAAVDDNNRLLVAAAVGVTS 
DTFERAEALLKAGADAIVIDTAHGHSAGVLRKIAEIREHFPDATLIAGNVATGEATRALF 
DAGVDVVKVGIGPGSICTTRVVAGVGVPQITAIYDAASVAREYNKPIIADGGIKYSGDVV 
KALAAGGNAVMLGSMLSGTTEAPGEVFEDNSKKYKAYRGMGSVGAMAQAHGSSDRYFQGG 
VNEANKLVPEGIEARVEYKGDVSDIIFQIDGGLRSGMGYVGAGDIPTLIEKAQFVQITNA 
GLIESHPHDVQITRSAPNYK 
 

11. MSLWGTKFAKKGLTFDDVLLIPAESHVLPNEVKLDTKLAPNLQLHIPLISAGMDTVTEGN 
MAIAMAENGGLGVIHKNLSIEAQVEEVKKAKRKTVDPNLPHPAVDDQGRLLAAAAVGVTS 
DTFERAESLLEAGADAIVIDTAHGHSAGVLRKIKEIREHFPNATLIAGNVATGEGTAALF 
DAGVDVVKVGIGPGSICTTRIVAGVGVPQITAIYDAASVAQKYGKKIIADGGIKYSGDVV 
KALAAGGNAVMLGSMFSGTTEAPGAIFTNEGKQFKSYRGMGSVGAMSQQHGSSDRYFQGG 
VNEANKLVPEGVEALVPYKGDVSNIIYQIDGGLRAGMGYVGAGTIEELIENSQFVQITNA 
GLRESHPHDIQMAKEAPNYGGSDL 
 

12. MSLWETKFAKKGLTFDDVLLIPAESHVLPNEVKLDSKLAPNLQLHIPLISAGMDTVTEGN 
MAIAMAENGGLGVIHKNLSIEAQVEEVKKAKGKTVDPNLPHPAVDKQGRLLTAAAVGVTS 
DTFERAESLLEVGADAIVIDTAHGHSAGVLRKIKEIREHFPNATLIAGNVATGEGTAALF 
DAGVDVVKVGIGPGSICTTRIVAGVGVPQITAIYDAASVAQKYGKKIIADGGIKYSGDVV 
KALAAGGNAVMLGSMVSGTTEAPGTIFTNEGKQFKSYRGMGSVGAMSQQHGSSDRYFQGG 
VNEANKLVPEGVEALVPYKGDVLNIIYQIEGGLRAGMGYVGAGTIEELIKNSQFVQITNA 



GLRESHPHDVQMAKEAPNYGGSDL 
13. MMSAGMDTVTEHRMAIAMARQGGIGIIHKNMSIEQQAEEVDKVKRSENGVITDPFSLSPE 

NTLEDANNLMGKFRISGVPITEGGKLVGIITNRDLKFEEDFSKKIKESMTSEGLITAREG 
ITLEEAKTILAKARKEKLPIVDGDFNLKGLITIKDIEKQIKYPLSAKDSQGRLLCGAAIG 
ITANCLERAQELVNAKVDVVVMDSAHGHSANVLRTVDMVKSKFPDLQVIAGNVATGEAAE 
ALIKAGVDAVKVGIGPGSICTTRIVAGIGVPQITAVMDCYEVADKYGIPVIADGGIKYSG 
DMTKAIAAGANVCMMGSIFAGCDESPGTFELFQGRKYKVYRGMGSIAAMENGSKDRYFQS 
DAKKLVPEGVEGRVAYKGSVEDTVFQLMGGLRSGMGYCGTHTVEELKKNGKFVKISAASL 
KESHPHDIHITKEAPNYSVDE 
 

14. MGTIIGEGITFDDVLLVPAYSEVIPNQVDLTTYLTKKIKLNIPLMSAGMDTVTEYRMAIA 
MARQGGIGIIHKNMSIEAQAEEVDKVKRSENGVITDPFYLSPEHTLKDADELMAKFRISG 
VPITEGKKLVGIITNRDLKFEEDFSKKIKECMTSKNLVTAGENITMVEAKNILAKARVEK 
LPIVDKDFNLKGLITIKDIEKQIKYPNSAKDSQGRLLCGAAVGITANVLERVEALMKAHV 
DVVVLDSAHGHSANVIRCVKMIKEAFPELQVIAGNVATGEATKALIEAGVDAVKVGIGPG 
SICTTRVVAGIGVPQISAIMDCYAVAKEYNIPIIADGGIKYSGDITKAIAAGGSVCMMGS 
MFAGCDESPGSYELYQGRKYKVYRGMGSIAAMENGSKDRYFQTDAKKLVPEGVEGRVAYK 
GMVEDTVFQMLGGLRSGMGYCGAADIKTLQENGKFVKISAASLKESHPHDIHITKEAPNY 
SVDE 
 

15. MATIIGEGITFDDVLLVPAYSEVTPNMIDLSTKLTKKISLNIPMMSASMDTVTEHRMAIA 
MARQGGIGIIHKNMSIQAQAEEVDKVKRSENGVITDPFSLSEDNTLSDADDLMAKFRISG 
VPITNNGKLVGIITNRDLKFETDYSKKIKDCMTSEGLITAREGITLEEAKQILAKARKEK 
LPIVDQDNNLKGLITIKDIEKQIKYPDSAKDEQGRLLCGAGVGITANMMERVEALVAAHV 
DIIVVDSAHGHSKNVVTAVQNIKSAYPDLQVIAGNIATGEAAKALIEAGADCVKVGIGPG 
SICTTRVVSGIGVPQITAIMDCYEVAKQYDIPIIADGGIKYSGDMTKALAAGANVCMMGS 
IFAGCDEAPGTFELFQGRKYKVYRGMGSLAAMENGSKDRYFQENAKKLVPEGVEGRVAYK 
GSVEDTVFQLIGGIRSGMGYCGCPTIETLHSNGRFIKISAASLKESHPHDIHITKEAPNY 
SMDE 
 

16. MGQIIGEGITFDDVLLVPQYSEVIPNQVSLETNLTKTIKLNIPMMSAGMDTVTEYRMAIA 
MARQGGIGIIHKNMSIEAQADEVDKVKRSENGVISDPFYLSPEHTLEDANNLMAKFRISG 
VPVTEGKKLVGIITNRDLKFETDFTKKIKESMTSEGLITAHQGITLDEAKQILARSRKEK 
LPLVDDEGNLTGLITIKDIEKQIKYPLAAKDSQGRLLCGAAVGVTANILERVDALVQKHV 
DCIVIDTAHGHSANVLKVIKMVRDAYPELQIIAGNVATGSATEALINAGVNCVKVGIGPG 
SICTTRVVAGIGVPQITAIMNCYETAKKYGVPIIADGGIKYSGDMTKSIAAGASVCMMGS 
IFAGCDESPGTFELFQGRKYKVYRGMGSIAAMENGSKDRYFQTNAKKLVPEGVEGRVAYK 
GTVEDTVFQLMGGLRSGMGYCGARDIKTLQETGQFVKISAASLKESHPHDIHITKEAPNY 
SVADD 
 

17. MGTEMCSDKFGKQGLTFDDVLLIPGASDVTPNMIDLHTTLVKGVVLNTPIMTAAMDTVTE 
ANMAIAIAREGGIGIIHKNMTIEQQADEVDKVKRSENGVIANPFSLTVDHVVADADNLMG 
KYKISGVPIVDNAGKLVGIITNRDMRFLSDFNQKIGDVMTKDNLITAPVGTTMEEAQATL 
RKHKIEKLPIVDEEGYLKGLITIKDIEKAVQYPNSARDSKGRLLCGAAIGITGDVLERTG 
ALVEAQVDVLVLDSAHGHSKNIMECLKKVKAAYPNIPVIAGNIATAEAAEDLIAAGADAV 
KVGIGPGSICTTRVVAGIGVPQITAVYDVAKVAQKHGIPVIADGGIKYSGDIVKAIAAGA 
NVVMLGSLLAGCAESPGETEIYQGRQFKVYRGMGSLAAMACGSKDRYFQSGAKKLVPEGV 
EGRVPYKGAVADSVFQLIGGIRAGMGYCGCPTIEDMHRKAKFVQITSAGLIESHPHDIQI 
TKEAPNYSAHV 
 

18. MSFIADKIVMDGLTYDDVLLIPAYSEVLPKTVELTTKFSRNIELKVPFVTAAMDTVTEAK 
MAIAIAREGGIGVIHKNMSIEEQARQVAIVKRAENGMIYDPVTIKRGSTVRDALALMSEY 
RIGGIPVVDDERYLVGIVTNRDLRFEKDMDKRIDEVMTKENIVTTNQSTDMEAASQILQE 
HKIEKLPVVDKDGKLVGLITYKDITKAKDKPMACKDAKGRLRVAAGVGVTADTLDRMQAL 
VDAGADAIVIDTAHGHSMYVIEKLKEAKKRFPNIDIVVGNIATGEAAKMLVEAGADGVKV 
GIGPGSICTTRVVAGVGVPQLSAVYDVAKALKGTGIPLIADGGLRYSGDVVKALAAGGYS 
VMIGSLVAGTEESPGDTIIFNGRKFKSYRGMGSLEAMENGSKDRYFQSGTADVKKLVPEG 
IAARVPYKGTLYEVIYQLVGGLRAGMGYCGAANIEQLHDAKFTRITNAGVLESHPHDVAI 



TSEAPNYSRPQ 
19. MSFIADRVKMDGLTFDDVLLIPAYSEVLPRSVDLTTKFSRNITLNVPLVSAAMDTVTESQ 

LAIAIAREGGIGVIHKNMSIAEQARQVHAVKRAENGMIYDPVTIKRGSTVRDALSMMEEY 
HIGGIPVVDDDRKLVGIVTNRDLRFERDLDRSVDDVMTKENLVTTNQSTNLDEAAAILQA 
HKIEKLPVVDSEGHLIGLVTYKDITKAKDKPHACKDALGRLRVAAGVGVTADVMDRVDAL 
VAAGVDAIVIDTAHGHSRGVVDVLRRVKAKYPHIDVVVGNIATGEAAKYLVENGADGVKV 
GIGPGSICTTRVIAGVGVPQLSAVYDVAKALDGTGVPLIADGGIRYSGDIVKALAAGGYS 
VMLGGMLAGVEESPGDTIIYNGRKYKSYRGMGSLEAMEKGSKDRYFQAGETDTRKLVPEG 
IAARVPYKGSLYEVVYQMLGGLRAGMGYCGAANIEKLHEAKFTRITNAGVAESHPHDVAI 
TSEAPNYSASSK 
 

20. MNKFTQYYENKFLGEALTFDDVLVAPAYSEILPSDVITATKLTNSITLNIPIVSAAMDTV 
TEAKLAIAMAQVGGLGFIHKNMSIEKQADEVDKVKRSESGMIVDPITIDPDQTIGDAWEL 
MTKYKISGIPVVKNGKLCGILTNRDLRFVKDTSSKVSEYMTSENLVTVPVGTSFEDAIEH 
LHKHRIEKLLVVDDNYCLKGLITIKDINKRLKYPLASKDKMGRLLAGAAVGTAPDTLERV 
DELVSKKVDVITVDTAHGHSQKVIDMVNQIKRKYPDLQVVAGNVATSAAVRELAKAGADC 
VKVGIGPGSICTTRIVAGVGVPQITAILDCSVAARDAGIPIIADGGIKYSGDIVKAIAAG 
ANSVMLGSLLAGTLEAPGEIELYQGRSYKVYRGMGSVGAMKDGSKDRYFQDGTVSDVKFV 
PEGIEGRVHFKGELNHTIYQLIGGLRSGMGYAGCKTIDDLRSNAKFVRITSAGLSESHVH 
DVQITKEAPNYWVK 
 

21. MSNWDTKFTKKGLTFDDVLLIPAESNVLPNEVDLSVQLAKNLKLNIPIISAGMDTVTESS 
MAIAMARQGGLGVIHKNMTIEQQADEVNKVKRSESGVIIDPFFLTPKHTVAEAEGLMTKY 
RISGVPIVESMDSRKFCGIITNRDIRFVSDHNIEIGEVMTKDNLITAPEGTSLEKAEAIL 
QQHKIEKLPIVNEAGELTGLITIKDIEKVVEFPAAAKDEHGRLLVAAAVGVTSDTFERAT 
ALLNAGADALVIDTAHGHSAGVIRKIKEIREHFPDATLIAGNVATAEATRALFDVGVDVV 
KVGIGPGSICTTRIVAGVGVPQLTAIYDAASVAREYGKAIIADGGIKYSGEIVKAIAAGG 
NAVMLGSMLAGTDEAPGETIIYEGRRFKTYRGMGSLGAMDSTHGSSDRYFQSGVNEANKL 
VPEGIEGRVAYKGSVADIIYQMDGGLRAGMGYVGAANLKDLNDNAQFVQITGAGLRESHP 
HDVQITKEAPNYSTR 
 

22. MYAGALYPHARTLNRINKENERNECFTEWIFFAKFARNKFQNNMSSFVADKIVMDGLTFD 
DVLLIPAYSEVLPRTVELKTKFSRNIELNIPFVTAAMDTVTEAAMAIAIAREGGIGVIHK 
NMSIEEQARQVAIVKRAENGMIYDPVTIRRGSTVREALDMMAEYHIGGIPVVDDDNRLVG 
IVTNRDLRFELCPERKIDEVMTSENLVTTDIQTDLVAAAKILQENKIEKLPVVDGDNKLV 
GLITYKDITKAKDKPMACKDEKGRLRVAAGVGVTADTLDRMKALVEAGADAIVIDTAHGH 
SKSVIEKLVEAKAAFPGVDIVVGNVATGAAAKMLVEHGADAIKVGIGPGSICTTRVVAGV 
GVPQLSAVYDVACALAGTGVPLIADGGLRYSGDVVKALAAGGYSVMIGSLVAGTEESPGD 
TIIFNGRKFKSYRGMGSLEAMENGSKDRYFQAGTKDVKKLVPEGIAGRVPYKGTLQEVVY 
QLVGGLRSGMGYCGACCIEKLHEAKFVRITNAGVMESHPHDISITSEAPNYSRPE 
 
Chromosome partition protein Smc: 
 
MKKSFLLLGLFALLLSACAGKDEKKIQEDSLKIADLTAEYEEATNFNDSLMLLMGDIYTG 
LDSINTQEGLLYNMGSGDAADRRAEIRRNLSAIKARLAANKQLLESMEAKVKSSGNENSV 
QAKTIAQLRKHIEQQDAKIAQLESDLSKAKDEITNLNTQVAETQEQVKAETQAKEEAQAA 
TVAAENEANKVYYAIGSNKELKNKGLLAKKFLGTTKVLKGQFDASYFVAADKRTLKSIPT 
NAKKVKIWTNMPEGSYRIVGEKDGPKTIEITNPAKFWSLSSHLVIQTD 
 
Outer membrane protein SusE: 
MKKISIILAMSAVALGFSSCKQEDEPKFHEPSSFTVSTPALQNVEFATANDMTDAATFNL 
FCTQPDYGYSAICKYSAIVSLDPECPVETVVDEETGVKTVQAIPGKSVVLENQNPTSAAM 
AFKTYDLGIALLNLGGIVNDADAYAASDFAKSPVKCYFRALCEIEGIANSQIASTNTVSY 
NAVRVMYAEKKAAWIYICGDVVNPDTKVVDGFKGPSMANFDHYYNNFRLEEPEDQIGNKL 
FVGKFNLNPKSDAPNLENVDDTSQFRFFTELLGWTNTASLGSAEGDFYVLPIADKFAAGY 
DGDIVLQGVGNWGVWVSEQTPMTIVVDLVQNKLYVKEGFHDVTFVGRNPEFN 

WT1 



DNA-directed RNA polymerase subunit alpha: 

MAILAFQKPDKVVMLESNNSFGKFEFKPLEPGYGITVGNALRRILLSSLEGYAISSIRID 
GVNHEFDTIPGVKEDVTNIILNLKKVDLKQIVDGTQAENATITVSGQEVFKAGDIGKVLT 
GFEVLNPDEVICHLDPSASFQLDITINKGRGWVPAEENSNPNDAIDVIAIDSIYTPIKNV 
KYTVENFRVDQKTDYEKLIIEITTNGSILPKDALKEAAKILIYHFMLFSDEKITLETTEV 
DSNEEFDEEVLRMRQLLKSKLVDMDLSVRALNCLKSAEVETLGELVVYNKTDLLKFRNFG 
KKSLTELDELLANLNLSFGMDISKYKLDKE 

Hypothetical protein: 

MKSSALTNGAIKPTAAGNMGMEFGEAYPDFADMVFTANEMLVAGSAIFGVEAAEDGSSIA 
TMFYDVADEAAVKAAAEKAGLTLKSDAEHGSYYSFPLDFDPEVDPALGSPRCEAVLANEQ 
RLDTTYVSGAINIMVNDKPNPDGYRWEAGEYWVKPGDTDFGIIPRVYNDPGDLTALKLTM 
KSSALTNGAIKPTAAGNMGMEFGEAYPDFADMVFTANEMLVAGSAIFGVEAAEDGSSIAT 
MLYDVADEAAVKAAAEKAGLTLKSDAEHGSYYSFPLDFDSEIDPALGSPRCEAVLANEQR 
LPTTYVSGVINIIIPTETTTTTTTTTDTTTTTTTTTITTTSGTGTTTSGSGTTTTTTTTA 
TTTSGDIVWNDLIGDTNLDGRVGVQDIICLNKYLLGQITLNPQAMRNATCKDDGSVNINE 
INSDDLMSLMRYLVDFIPSLPEA 

Outer membrane protein 41: 

MKKIFTLVAAAAFAASVSAQTVTESKSTDNWYVGVNGGVASAMKGHALLKDLTPNAGIRV 
GRYFTPVFGLAVESNAYFKNTNGYTNGTVVNAINTSLLGTVNLSNWFGGYKGEPRFFEVS 
AVAGMGWGHIFGTPSDYTKDDHLTSKAGLDFAINLGKDKAWQVYIEPAVIWSLGGGELSA 
ANNFKYNANFSNLQLNAGVVYKFGNSNGTHNFTIAQVRDQAEIDGLNARINDLRSDLNGK 
DAQLAAKDRQIADLQKALDDCNKKPKYEKPATATNLQPTVLFRQGKSVVDAAQYAPIELI 
AQYMKNHRDATVEIKGYASPEGSKEFNQKLSEKRAEAVKNILVKKYKIAADRLTTKGCGE 
TDKLFEQVEFNRVATFNDSTK 

DNA-directed RNA polymerase subunit alpha: 

MAILAFQKPDKVLMLEADNHFGKFEFKPLEPGYGITIGNALRRILLSSLEGFAISSIRID 
GVKHEFDTIPGVKEDVTNIILNLKKVNLKQTVEDTDFEKATITVSGQEEFTAGDIGKVLN 
GFEVLNPDLVICHLDPSASFTIDLTINKGRGWVPAEENRNANDAIDVLAIDSIYTPIQNV 
KYTVENFRVDQKTDYDKLTLEITTDGSILPKDALKEAAKILIYHFMLFSDEKITLETDEA 
DGEEEFDEEVLHMRQLLKSKLVDMDLSVRALNCLKSAEVETLGELVVFNKTDLLKFRNFG 
KKSLTELDEFLANLNLSFGMDISKYKLDKE 

WT2 

Hypothetical protein: 

MNARIAELHNKVFSTPQGSREREQAINSLSDSERTAVFNLEKDYMLGRITRQDIAEMKQE 
GNETMTYAQFKKKSDSGKRGVMQELSQFAKESPELYQQYRERYHKEQDEQAKLHNRRLTE 
NTFKNKPFSIR 
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