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Summary
[Catala]

La malaltia d’Alzheimer és un trastorn neuroldgic molt prevalent i la principal causa de
demencia a nivell mundial. Els seus principals trets patologics son les plaques amiloides i els
garbuixos neurofibril-lars, que corresponen a acumulacions de péptids -amiloide i proteines
tau agregades. Una de les principals quiestions sobre el desenvolupament de la malaltia és
entendre com aquestes proteines, habitualment no patogeniques, acaben seguint una via
d’agregacié aberrant que condueix a la malaltia. Tot i que s’han estudiat molts factors, encara

no es coneixen del tot els mecanismes implicats.

Aquesta tesi investiga el comportament agregatiu del péeptid B-amiloide i els elements que
interfereixen en la seva agregacio. Primer, hem estudiat les seves propietats electrostatiques
analitzant com les alteracions del pH i de la forga idonica modifiquen la seva agregacié. Hem
mostrat que canvis localitzats en el pH o la forga ionica, similars als que es poden donar en
compartiments petits com els endosomes, poden generar especies agregatives que es

propaguen més rapidament que aquelles formades en condicions fisiologiques.

En segon lloc, hem analitzat com les proteines exogenes de tipus prionoide derivades de la
microbiota intestinal poden interferir en I'agregacié dels peptids B-amiloide. Aixo és
important perque la microbiota intestinal és una comunitat bacteriana present en el nostre
organisme al llarg de tota la vida, la qual cosa incrementa la probabilitat d’interaccions entre
proteines bacterianes i humanes, amb possibles consequiencies negatives per a la salut. En
aquest estudi, hem observat que el microbioma conté proteines de tipus prionoide capaces
d’agregar-se, actuant com els prions dels llevats, i de provocar la sembra creuada (cross-
seeding) dels peptids B-amiloide. També hem vist que aquestes proteines sdn toxiques per a
cel-lules neuroblastoma humanes i poden provocar deteriorament cognitiu en models de

Caenorhabditis elegans.

En conclusid, aquest estudi posa en relleu diversos factors que poden alterar I'agregacio dels
peptids B-amiloide, posant especial émfasi en les proteines exogenes de tipus prionoide pel
seu potencial efecte perjudicial. A causa de I’exposicié continuada a la microbiota intestinal
al llarg de la vida, aquestes proteines poden representar un factor de risc potencial en la
patogenesi de la malaltia d’Alzheimer, tal com demostra la seva capacitat per afavorir

I’agregacid i el deteriorament cognitiu en sistemes model.



Summary
[English]

Alzheimer’s disease is a prevalent neurological disorder and the leading cause of dementia
worldwide. Its main pathological hallmarks are amyloid plaques and neurofibrillary tangles,
which are accumulations of aggregated AP peptides and tau proteins, respectively. Both
proteins are present under non-pathological conditions. One of the main questions about the
development of the disease is how these usually non-pathogenic proteins shift to an aberrant
aggregation pathway leading to the disease. Although many factors have been studied, they

are still not fully elucidated.

This thesis investigates AP aggregation behavior and the elements that interfere with its
aggregation. Firstly, we have studied its electrostatic properties by analyzing how pH and ionic
strength alterations modify aggregation. In this way, we have shown how localized changes
in pH or ionic strength, such as those occurring in small compartments like endosomes, can
produce aggregative species that are able to propagate faster than others formed under

physiological conditions.

Secondly, we have studied how exogenous prion-like proteins derived from the gut
microbiota can interfere with AP peptides aggregation. This is important because the gut
microbiota is a bacterial community present in our organism all along our lives. This increases
the probability of interactions between bacterial and human proteins, which could negatively
affect our health. In this study, we have seen that the microbiome contains prion-like proteins
capable of aggregating, acting like yeast prions, and cross-seeding amyloid  peptides.
Furthermore, those proteins were found to be toxic in human neuroblastoma cells and to

cause cognitive impairment in Caenorhabditis elegans models.

In conclusion, this study highlights several factors that can alter A aggregation, with
exogenous prion-like proteins emerging as particularly concerning. Due to lifelong exposure
to the gut microbiota, these proteins represent a potential risk factor in AD pathogenesis, as

demonstrated by their capacity to drive aggregation and cognitive decline in model systems.
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Introduction

1. Alzheimer’s disease

Alzheimer’s disease is a multifactorial and progressive neurodegenerative disorder and is the
most common form of dementia. The disease is characterized by cognitive impairment and a
decline in visuospatial perception (Binetti et al., 1998). The symptoms, which are normally
manifested at an advanced age (>65 years), vary depending on the state of the disease’s
progression. The primary symptoms are alterations in locomotion, loss of memory, and a
decline in the immune system that affects daily life actions (Knopman et al., 2021).
Alzheimer’s disease has a global distribution (Figure 1) with a higher prevalence in countries
with an older population. The current prevalence of Alzheimer’s disease is around 57 million
cases, with studies estimating an increase to around 150 million cases globally by 2050
(Nichols et al., 2022). The increased prevalence of the disease at advanced ages explains this
rise in the number of cases, as there has been a global increase in the population’s average
age. The people affected need a series of treatments and care that carry a high economic
cost. A significant portion of the direct cost for patient care is that the disease has a profound
impact on the patient’s relatives, as in the advanced stages, patients are often unable to care
for themselves (Grabher, 2018). This cost and the widespread prevalence pose a threat to
healthcare systems, resulting in less access to treatment for low-income households
(Alzheimer’s Impact Movement, 2016). Alzheimer’s disease’s first symptoms appear long
after the disease has started from a molecular point of view. This increases the difficulty of
diagnosis and treatment (Alzheimer’s association, 2023). This is because Alzheimer’s disease
diagnosis has long been based only on clinical symptoms that appear at the later stages of the
disease. In recent years, diagnosis has been improved, and it can now be detected at earlier
stages. However, it is important to detect the disease as early as possible (Clark & Karlawish,
2003; Self & Holtzman, 2023). Treating Alzheimer’s disease before cognitive symptoms
become noticeable could slow disease progression and make it possible to avoid associated
cognitive decline. However, when diagnosed at later stages, it is much more difficult to
prevent disease progression. Current treatments, such as brexpiprazole or donepezil, address
the symptoms of the disease and are unable to target the underlying causes; thus, they can
alleviate the symptoms but not cure the disease. In recent years, some treatments targeting
the causes of the disease have been approved by the FDA (Jaqua et al., 2024). This is the case

of lecanemab and donanemab, drugs that can reduce cognitive decline and improving quality
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of life. However, these drugs are not capable of stopping the disease (Jaqua et al., 2024; Self
& Holtzman, 2023). This highlights the importance of enhancing current treatments and

gaining a deeper understanding of how the disease is triggered and how it progresses.
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Figure 1 Global death distribution caused due to Alzheimer’s disease and dementia according to WHO in 2011
(Manivannan et al., 2015)

1.1 Pathological hallmarks of the disease

Regarding the causes of Alzheimer’s disease, several hallmarks have been detected. However,
no clear path leading to the disease has been determined. Only in around 10% of the cases
are the factors causing the disease known, and these are primarily familial variants in which
the disease develops at a much younger age than usual (Dorszewska et al., 2016; Piaceri et
al., 2013). The causes of sporadic forms of the disease, which account for 90% of cases, are
mostly unknown (Dorszewska et al., 2016; Piaceri et al., 2013). The first and most studied
factors have been the presence of neurofibrillary tangles and amyloid plaques, characterized
by intramolecular beta sheet structure. These hallmarks were first seen by Alois Alzheimer
and were studied more thoroughly in the second half of the 20th century, leading to the
current state of knowledge (Shemesh & Spira, 2010).

Amyloid plaques are extracellular accumulations of aggregated AP peptides, primarily

located in the hippocampus and the frontal cortex, and are present from the earliest stages
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of the disease (Furcila et al., 2019; Hoesen & Hyman, 1990; Shemesh & Spira, 2010). The
hippocampus is a brain region associated with the formation of new memories, while the
frontal cortex is involved in planning and executing activities. These areas, in addition to
exhibiting amyloid plaques, often show high levels of neuronal death. In contrast,
neurofibrillary tangles are intracellular aggregates of Tau protein that appear in later stages
of the disease (Duyckaerts et al., 2009; Furcila et al., 2019; Shemesh & Spira, 2010). Tau is
typically a soluble protein, but in Alzheimer’s disease, tau becomes hyperphosphorylated and

misfolds, leading to the formation of insoluble aggregates.

The amyloid plaques can be classified according to their density. For example, dense plaques
are formed by fibrils, while diffuse plaques are formed by amorphous aggregates (Figure 2).
It has been hypothesized that the diffuse plaques could be a previous step in the formation
of the dense plaques and could have the first toxic effects (Duyckaerts et al., 2009). This has
raised concerns about the potential differences in toxicity between various forms of the

amyloid peptide.

Figure 2 SR-UFTIR and anti-Ap antibody imaging of different types of plaques (Alvarez-Marimon et al., 2021) a)
Fibrillary plaque stained with anti-AP antibody staining. b) Absorbance ratios corresponding to fibrillary amyloid
aggregation (1630 cm™/1657 cm) ¢) Absorbance ratios corresponding to unordered (1645 cm/1657 cm®). d)
Unordered plaque stained with anti-Af antibody staining. b) Absorbance ratios corresponding to fibrillary amyloid
aggregation (1630 cm™/1657 cm) c) Absorbance ratios corresponding to unordered (1645 cm™/1657 cm™?).
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Both the tau and the AP peptides are conserved functional endogenous proteins, thus
research has focused on how their aggregation is initiated. Other factors apart from forming
part of the neurofibrillary tangles and amyloid plaques are that most familial Alzheimer’s
disease cases have mutations to genes related to the amyloid precursor protein (APP) or its
processing (Hatami et al., 2017). Also, Alzheimer’s disease is more prevalent in individuals
presenting Down syndrome, a pattern that has been related to the presence of APP gene on
chromosome 21, the chromosome triplicated in this syndrome (Wiseman et al., 2015). This
has led to the development of the amyloid-cascade hypothesis and the amyloid hypothesis.
Both hypotheses posit to the formation of an initial aberrant and toxic amyloid aggregate,
that causes a cascade of events and leads to the development of the disease (Karran et al.,
2011; Selkoe & Hardy, 2016). This is further reinforced by the clear association between
disease progression and the presence of amyloid plaques. However, other hypotheses such
as the vascular hypothesis, have been proposed. The vascular hypothesis is based on the
number of amyloid plaques that are associated with blood vessels, as hypoperfusion can
cause cognitive decline and memory loss (De La Torre, 2010; Scheffer et al.,, 2021).
Hypoperfusion leads to ischemia, causing oxidative stress in the neurons surrounding blood
vessels. According to this theory, amyloid plaques may originate from microhemorrhages that
cause ischemia, leading to an overproduction of the AP peptide (Kalaria, 2000; Scheffer et al.,
2021). Another theory involves oxidative stress, as the stress level is increased in Alzheimer’s
patients. This oxidative stress has been linked to the accumulation of metal ions observed in

amyloid plaques (Alvarez-Marimon et al., 2021; Huang et al., 2016).

Recently, the microbiome has gained increasing attention, as the relationship between
pathogens and neurodegeneration has been established (Seira Curto et al., 2022). Amyloid
structures from microorganisms could possibly interfere with host proteins, leading to the
formation of aggregates. This is the case in Parkinson’s disease, where it has been suggested
that the protein misfolding process could begin in the gut (Kwon et al., 2024). In addition,
patients with chronic infections are more susceptible to neurodegenerative diseases. Based
on these observations, our goal is to study how these microbial proteins could affect the
aggregation of AP peptides (Butler & Walker, 2021). AB peptides, and to a lesser extent Tau,
circulate throughout the body under non-pathogenic conditions and may therefore be

exposed to proteins from the microbiome (Avila et al., 2004).
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1.2 Tau protein

The Tau protein occurs at increased concentrations in the axons of neurons. The function of
Tau is associated with microtubule stabilization and vesicle transport (Avila et al., 2004; Guo
et al., 2017). However, in pathological conditions the protein is hyperphosphorylated and
aggregated forming insoluble fibrils (Figure 3) (Mishan et al., 2019). The hyperphosphorylated
tau protein has been correlated with cytotoxicity, being able to promote apoptotic cell death
(Avila et al., 2004; Guo et al., 2017). Although there is a correlation between extracellular
neurofibrillary tangles and neuronal death (Sebastian-Serrano et al., 2018), it has been
suggested, as for AP peptides, that the fibrillar forms are more inert and less toxic than the
intermediate conformations (Ghag et al., 2018). Intracellular tangles have been also observed
and are suggested to cause cell death (Fukutani et al., 1995). The pathological
hyperphosphorylation seems to be due to a dysregulation of control pathways. In those cases,
the phosphatases PP1 and PP2 malfunction, while the kinases GSK3 and CDK5 are active,
leading to hyperphosphorylation of the tau protein due to an imbalance between the
activities of the phosphatases and kinases (Bennecib et al., 2000; Rios et al., 2023; Rissman et
al., 2004). Tau hyperphosphorylation also causes a disassembly of the cytoskeleton, one of
the causes of neuronal dysfunction (B. Li et al., 2007). Apart from Alzheimer’s disease, tau
accumulation has been linked with another group of disorders which is known as

tauopathies.(Mishan et al., 2019)
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Figure 3 Tau protein in physiological and pathological conditions (Mishan et al., 2019). a) Physiologically tau
binds to microtubules, stabilizing them. b) In pathological conditions, tau is hyperphosphorylated, leading to
microtubule destabilization and leading to the formation of oligomers and ultimately, the development of
neurofibrillary tangles.
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2. AP peptides

AP peptides originate from the processing of the transmembrane protein APP and are usually
found extracellularly, hence being exposed to microbial proteins. Normally, APP is processed
by a-secretases, leading to a non-amyloidogenic pathway, while in Alzheimer’s disease, there
is an increase in the processing by B-secretases and y-secretases (Figure 4) that leads to the
formation of different amyloid peptides, from a length of 39 to 43 amino acids, with AB40 and
AB42 being the most prevalent species (O’Brien & Wong, 2011; Rahman et al., 2020). In non-
pathogenic conditions, both peptides are found in the organism, AB40 being more prevalent
(O’Brien & Wong, 2011; Rahman et al., 2020). However, in the case of the amyloid plaques,
their concentrations are reversed AB42 being the most prevalent. This is mainly due to their
physicochemical qualities, AB42 being much more hydrophobic than AB40 (Murphy & Levine,
2010). The AP peptides occur in the cerebrospinal fluid and plasma. The functions of APP and
the amyloid peptides have not been fully elucidated. APP possibly functions in vesicle traffic
and neuronal survival; the AB peptide has been reported to be a signaling molecule, involved
in bone healing, bone regeneration and antimicrobial defenses (Coronel et al., 2018). Since
AB42 levels may increase under pathological conditions, the AB42/AB40 ratio in the plasma

is used as a diagnostic marker for the disease (Pérez-Grijalba et al., 2019).
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Figure 4 APP processing pathways in Alzheimer’s disease (Rahman et al., 2020). In the non-amyloidogenic
pathway APP is cleaved by a-secretase giving an intracellular fragment CTFo. and an extracellular fragment
sAPPa.. CTFa can be further cleaved by y-secretases giving P3 and CTFy. In the amyloidogenic pathway APP is
first processed by B-secretases giving extracellular sAPPB and CTFB which is further cleaved by y-secretases
giving CTFy and the AP} peptides.
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2.1 The AP peptide sequence

The amyloid peptides range from a length of 39 to 43 amino acids, with AB40 and AB42 being
the most prevalent forms. In healthy individuals, AB40 accounts for about 90% of the total
amount, while AB42 accounts for around 10%. However, in the case of the amyloid plaques,
these concentrations are reversed, with AB42 being the most abundant form. This is due to
their physicochemical properties, as AB42 is much more hydrophobic than AB40 (Murphy &
Levine, 2010).

The hydrophobicity and aggregation propensity of AR peptides are determined by their amino

acid sequences (Figure 5).

AB40 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
————————— 1

AB42 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Figure 5. Sequence comparison of AB40 and AB42. Hydrophobic amino acids are shown in red. The two common
aggregation prone regions (“hot spots”) are highlighted with blue lines.

The primary difference lies in two additional hydrophobic amino acids at the C-terminus,
which increase the aggregation propensity of AB42. This enhanced propensity to aggregate
has been linked to the higher toxicity of AB42 and may explain its accumulation in the amyloid

plaques (Sgourakis et al., 2007).

2.2 AP peptide aggregation

AP peptides aggregate forming amyloid fibrils characterized by an intramolecular -sheet
structure. Its formation starts with the association of monomeric peptides, generating
oligomers that subsequently lead to the growth of amyloid fibrils. This has been described as
a low-energy folding process distinct from the protein globular landscape, where the
oligomers represent local minima of the folding energy, and the amyloid fibrils are a global
minimum (Dill et al., 2008; Raskatov & Teplow, 2017). Normally, protein folding should yield

a stable structure without forming aggregates; however, changes in the environment or
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external factors cause a switch to this conformational pathway, leading to aggregation (Figure
6). In familial Alzheimer’s, mutations alter the peptide sequence, making the protein more
prone to aggregation. In other cases, environmental factors such as changes in pH or
interference with already aggregated proteins can lead to changes in the aggregation
pathway. In this work, we have focused on studying these environmental effects and how

they alter the aggregative behavior.

Folding

> intermediates
o Partially @
:cj folded Oligomers
______ Native States
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substates aggregates fibrils
<< » < »
Intramolecular contacts Intermolecular contacts

Figure 6 Energy landscape for protein folding and aggregation (Raskatov & Teplow, 2017). It is shown how
unfolded proteins have the maximum free energy levels and folding them can lead to the native state which is
the more stable point that can be reached through intramolecular contact. On the other hand, aggregating
proteins can move to the part of the funnel driven by intermolecular contacts, being oligomers one of the less
stable forms, being local minima and the amyloid fibrils being the total minima.

The aggregation of AB peptides can result in different conformations (amorphous, fibrillar or
oligomeric), depending on the state and local conditions under which the aggregation occurs.
The oligomeric conformations are an intermediate formed during fibrilization (Sengupta et
al., 2016), whereas amorphous aggregates are energy minima states that, unlike fibrils, lack a

defined structure. Amorphous aggregates are usually formed due to environmental factors
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that promote rapid aggregation, preventing them from organizing into fibrils. These

aggregates, together with the oligomeric species, exhibit higher toxicity than the fibrils alone.

The kinetics of the AP peptides aggregating into amyloid fibrils, has been highly monitored
through several methods, one of the most used ones is the thioflavin-T fluorescent dye.
Thioflavin T intercalates between the beta-sheets of the amyloid fiber, which reduces its
vibrational mobility. As a result, when excited at the appropriate wavelength, it emits energy
in the form of fluorescence (Xue et al., 2017). The increase in fluorescence enables monitoring
of the formation of new amyloid fibrils from monomers. Although it has been highly studied,
no direct correlation between kinetics and disease has been established. Also, high variability
in the kinetics has been observed. Hence, it is very important to study the conditions that
alter the aggregation kinetics and ensure the stability of the compounds used for it. Thioflavin
T kinetics of AP peptides obtained in vitro follow a sigmoidal curve characterized by three
phases: (i) lag, (ii) exponential and (iii) plateau (Figure 7). This has been defined as a nucleation

process that proceeds in a stepwise manner (Meisl et al., 2016; Seira Curto et al., 2025).
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Figure 7 Schematic representation of a Thioflavin T amyloid kinetics ( Seira Curto et al., 2025). The first step of
the process is the lag phase, characterized by primary nucleation processes. The second step is the Elongation
phase, characterized by secondary nucleation, elongation and fragmentation process. The third step is the
plateau or stationary phase, which is characterized by an equilibrium between aggregation and disaggregation
processes.

The lag phase is characterized by primary nucleation, where monomers bind together to form
nucleation cores. The nucleation cores comprise several monomeric molecules that act as

points of initial fibril formation. The formation of the nucleation cores is the slowest part of
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the process and depends on the aggregative propensity of the molecules and their interaction
with the environment. Between the end of the lag phase and the beginning of the exponential
phase, there is a critical number of nucleation cores that can be used to grow amyloid fibrils
through elongation processes. New fibrils can grow from monomers binding the already
existing fibrils, through a secondary nucleation process. In addition, the formed fibrils can
break apart, forming new nucleation cores, which is accompanied by a rapid increase in the
fluorescence. In the case of elongation and secondary nucleation processes, we can have one-
step mechanisms, where monomers directly bind to the existing fibril, either becoming part
of the fibril or initiating a new fibril core. Additionally, two-step processes may occur, in which
monomers first bind to fibrils, forming intermediate fibril-monomer complexes that
subsequently convert into mature fibrils or new nucleation cores. Although these processes
can take place, they don’t usually act together which is why several types of models have
been established for the different types of aggregation kinetics (Meisl et al., 2016; Wei et al.,
2025). Characterizing the kinetics can enhance our understanding of how the fibrils form. The
final part of the kinetics is the plateau phase. The plateau phase is reached when most of the
monomers have aggregated. At this point, an equilibrium is established between the

aggregation and disaggregation processes.

From a biomedical perspective, identifying which AB peptide conformations exhibit toxicity is
essential. The oligomers appear to be more toxic than fibrils and may therefore be linked to
the disease. Fibrils, protofibrils, and oligomers have been reported to bind to microglia,
promoting the release of pro-inflammatory cytokines that lead to neuroinflammation and
neurodegeneration (Sondag et al., 2009). Oligomers also seem to be involved in this
inflammatory reaction by interacting with membrane receptors. Apart from this, oligomers

can also increase membrane permeabilization (Ghag et al., 2018; Sengupta et al., 2016).

2.3 The AP peptide structure

Amyloid fibrils, independently of their polypeptide sequence, exhibit a characteristic amyloid
fold consisting of stacked B-strands arranged in a cross-P architecture. The fibrils usually have
a diameter of between 10 and 20 nm and are composed of a varying number of
protofilaments that can assemble in different arrangements (Fitzpatrick et al., 2013). Inside
the aggregate the -strands are arranged perpendicularly, forming a cross-B-sheet motif. This

motif was one of the first characterized through its X-ray pattern, where reflections at 4.7A
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and at 10 A indicate the distances between the B-strands and between adjacent B-sheets
respectively as shown in Figure 8 (Fitzpatrick et al., 2013; Nelson et al., 2005; Vahdat
Shariatpanahi, 2019). Initially, this cross-B-sheet arrangement was thought to form
structurally uniform fibrils. These early structures were obtained from fibrils assembled in

vitro and from synthetic peptide.
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Figure 8 Schematcal representation of the cross-f sheet structure showing the inter-sheet and inter-strand
distances and their distribution in protofibrils that conform the amyloid fibrils (Vahdat Shariatpanahi, 2019).

However, due to the development of cryo-electron microscopy (cryoEM) a large number of
structures have been obtained. These samples have shown numerous different structures
arising from a single polypeptide sequence (Aubrey & Radford, 2025; Wilkinson et al.,
2023). Although all amyloid fibrils contain -strands, the arrangement of both the strand and
the protofibrils can vary among fibrils formed from the same peptide as shown in Figure 9,
where how the structure can vary even in the same fibril can be seen. Interestingly, fibrils
obtained from in vivo samples are significantly more homogeneous than those prepared in
vitro (Aubrey & Radford, 2025). The polymorphism of amyloid fibrils occurs at various levels,
from the amino acid sequence to the composition and number of monomers within the fibril
core, leading to variations in fibrils characteristics. Itisimportant to note that fibril structures
influence both the protein’s functional role and also its toxicity, as only certain amyloid fibril
structures are associated with pathogenesis (Marshall et al.,, 2014). Hence, it would be
valuable to determine the factors that determine these conformations, as blocking their
formation could potentially halt disease progression. The current challenge in amyloid

research is that, although many structures have been solved, there is no clear connection
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between the structure and toxicity or functionality. In this field, possible improvements in
cryo-electron tomography (cryoET) could provide insight into the structures of the fibrils in in
vivo settings (Gilbert et al., 2024). Regarding oligomers, these are not as well characterized
due to their transient nature, small size, and heterogeneity, which are key problems for
techniques such as cryoEM. It is essential to note that when referring to oligomers, we are
not dealing with a single, stable group of molecules with a shared structure, but rather a

heterogeneous population of molecules with different conformations (Shea & Daggett, 2022).

Figure 9 The same sequence can have different folds. Preliminary data obtained by our group in the CryoEM
facilities at ALBA synchrotron in collaboration with Damia Garriga. a) From the same preparation of AP peptides
in presence of exogenous prion-like proteins two clear conformations are spotted. Pointed by the black arrow
the one with a bigger helical rise while the one with the red arrow points at a fiber with a much smaller helical
rise making a much bigger number of twists per the same length. b) The helical rise changes in the same fibril as
shown by the orange arrow showing the variability even inside a same fibril.

This polymorphism and abundance of structures highlight the importance of studying the
factors that can alter the aggregate structures and determine their final conformational
pattern. Amyloid plaques are exposed to a wide range of elements, including proteins, nucleic
acids, and metals (Alvarez-Marimon et al., 2021; Suzuki & Nakaya, 2008). Moreover, amyloid
peptides respond differently to changes in ionic strength and pH. While exogenous factors
can further alter protein aggregation (Seira Curto et al., 2023). It is essential to investigate the
interplay among these factors to better understand their implications for fibril formation and

disease progression.

24



2.4 AP prion properties

Another important factor concerning the pathogenic role of AB is its prion-like properties. Ap
peptides are considered prion-like due to their ability to aggregate and transmit the
pathological conformations from cell to cell, promoting the spread of neurodegenerative
processes in @ manner similar to prion proteins. Prions are a group of amyloids that are also
capable of propagating between cells and organisms and, by doing so, are infectious (Sabate
et al., 2015). For this reason, they share many common properties with non-prion amyloids.
Amyloids are characterized by having a common fold pattern, the cross-B-sheet. This pattern
allows for interplay between molecules, as they have similar structures (Chiti & Dobson, 2006;
Jain, 2024). In the case of AB, although it is not transmissible under normal conditions, some
rare cases of transmission have been reported (Banerjee et al., 2024). In those cases, the
patients were directly treated with elements isolated from humans such as human growth
hormone (Banerjee et al., 2024). This transmissibility of conformation makes it even more
crucial to detect the disease at the early stages and to eliminate the aberrant AB peptide, as
its conformation can be transmitted. A common feature of amyloids is their hydrophobicity
and the ability to form hydrophobic interactions (Monsellier et al., 2008; Rousseau et al.,
2006; Stefani, 2012). This hydrophobicity is necessary at least in short specific regions, known
as hot spots, that act as facilitators and lead the aggregation of the full protein or peptide (De
Groot et al., 2005; Espargaro et al., 2015; Esteras-Chopo et al., 2005; Lépez De La Paz &
Serrano, 2004). They are characterized by a significant presence of hydrophobic residues,
including both aliphatic (Val,Leu, and lle) and aromatic residues (Phe,Tyr, and Trp) (Espargard
et al., 2015; Monsellier et al., 2008). Thus, the removal of these hot spots can eliminate the
protein’s aggregation ability, while the addition of hydrophobic sequences can restore it (De
Groot et al., 2005; Espargard et al., 2015; Esteras-Chopo et al., 2005). They also generally have
opposite charges, as this favors the attraction between separate molecules. These hot spots
are usually flanked by gatekeeper regions, which are responsible for maintaining tight control
over aggregation. These regions are rich in proline, which is incompatible with the cross-p-
sheet structure and charged residues that increase repulsion (E Rousseau et al.; Monsellier et
al., 2008). Such hot spot regions, which have clearly defined parameters, can be predicted
using molecular models. Several computational tools are available to predict proteins capable
of aggregating into amyloid fibrils. For example, AGGRESCAN and Zyggregator analyze the

properties of each amino acid and its neighboring residues to identify aggregation-prone

25



regions (Conchillo-Solé et al., 2007; Planas-Iglesias et al., 2024; Tartaglia & Vendruscolo,
2008).

2.5 Intrinsic aggregation modifiers

It is important to determine the factors that alter AP peptide aggregation by changing
properties such as concentration, pH or salt levels. Among these, concentration is one of the
main factors distinguishing in vitro from in vivo. The in vitro methods can reach higher
concentrations of the isolated peptide than those typically present in vivo. An increase in
peptide concentration promotes both the aggregation rate and the type of aggregates
formed. Thus, concentration can determine not only whether the peptides aggregate but also

whether the resulting aggregates are amorphous or fibrillar (Novo et al., 2018).
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Figure 10 AP peptide charge at different pH values (Seira Curto et al., 2023). AB40 at physiological pH has a
negative charge while at acidic pH two histidine protonate lading to a more positive charge.

The pH and ionic strength of the media are important, as the aggregation of the peptide is
correlated with its electrochemical properties. Alzheimer’s patients have a lower pH in the
brain and cerebrospinal fluid (Decker et al., 2021). In addition, alterations of endosomal and
lysosomal pH have been associated with malfunctions in AR peptide clearance and the
formation of extracellular plaques (Lee et al., 2022; Prasad & Rao, 2018). This malfunctioning
of peptide clearance can cause an accumulation of AP peptides, leading to an acceleration of
the aggregation process. The ionic strength can modulate AP peptide aggregation, as at a
neutral pH the peptide has a negative charge (Figure 10); salts can shield the peptide’s charge,
leading to a more ordered aggregation process compared to conditions without salt (Meisl et

al., 2017). The amyloids formed under a highly acidic pH differ in toxicity compared to those

26



formed at a neutral pH (Benseny-Cases et al., 2007, 2012). In this context, the first part of the
present study aimed to investigate how aggregates form across a pH range (pH 5.5 to 7.4)
similar to those observed in altered endosomes and lysosomes in vivo and how salts can play

an important role under these conditions.

Another important factor that alters peptide aggregation is its interaction with previously
aggregated AP peptides in a process called seeding, where pre-aggregated molecules act as
additional nucleation sites that recruit monomers, altering the aggregation process. As
explained above, the formation of nucleation cores is the limiting factor that determines the
length of the lag phase; hence, the presence of pre-aggregated structures can significantly
accelerate the aggregation process (Olsson et al., 2018). Importantly, in vivo the seeding can
occur between different species of the AP peptides, increasing the aggregation complexity
(X. Li et al., 2022; Ren et al., 2019). Seeding and cross-seeding processes are also capable of
transmitting folding patterns. Since amyloid fibers can have multiple structures, specific seeds
can transmit their structure as strains of AP fibrils (Cohen et al., 2016; D. Li & Liu, 2022;
Makowski, 2020). This property permits the extraction of structures from tissues by isolating
the fibrils and then amplifying their concentration in the presence of new monomers,
increasing their availability for subsequent analysis (Yang et al., 2022). From a biological
perspective, this property suggests that a pathological amyloid conformation could form at a
specific location, under particular conditions or due to an external cause, and then propagate

throughout the organism much like an infectious disease (D. Li & Liu, 2022).

The last intrinsic factor that we consider is time, a factor that is often overlooked. Amyloid
fibrils are generally considered stable and unchanging over time. However, recent
experiments have shown that this assumption is not untenable. Amyloid fibrils at the plateau
phase do not remain stable; rather, the fibrils can change their structure, forming new folds
with different properties (Wilkinson et al., 2023; Willis et al., 2025). In this way, the fibrils
kinetics do not stop at the plateau phase. Although the concept of fibril maturation is not
new, it was previously unknown how the folding pattern could change after fibril formation.
This factor, together with the strain-transmissive effects, could explain, in part, the apparent
homogeneity observed in amyloid fibrils obtained from in vivo samples. The amyloid samples
from patients have undergone a long maturation process that could have led to a prominent

species that would be transmitted to newly synthesized monomers. This could make it even
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more difficult to identify the toxic species that caused the disease, this amyloid fibril may

become erased from the patient at the end stages of the disease.

2.6 Extrinsic aggregation modifiers

After analyzing the intrinsic factors that affect AB peptide aggregation, it is also crucial to
consider extrinsic elements, those not related to the polypeptide sequence itself, including
both endogenous factors from the organism and exogenous molecules that may enter the

system.

Endogenous proteins
Several proteins have been demonstrated to interact with the AP peptides or play a role in
their clearance and oligomerization. One of the most well-studied examples is apolipoprotein
E (ApoE), whose primary role is lipid transportation as a component of lipoproteins(Hatters
et al., 2006). However, mutations of this protein are correlated with a higher prevalence of
Alzheimer’s disease and an earlier onset of the disease (Mufioz et al., 2019; Prasad & Rao,
2018; Wisniewski & Drummond, 2020). It is essential to investigate the effects of protein
interaction with the A peptides, as they can enhance the aggregative propensity or lead to
specific pathological conformations. A peptides are evolutionarily conserved; they have
important functions and are bound to interact with other proteins. Additionally, there may
be potential inhibitors of this pathological conformation that could inspire new therapeutic

approaches.

Lipids
Lipids have significant interactions with AP peptides. Firstly, the peptides originate near the
cell membrane, where they are cleaved from APP, and there is an association between cell
membranes and amyloid plagues (Cecchi & Stefani, 2013; Mrdenovic et al., 2022). The toxicity
of AP peptides has also been associated with their interaction with membranes, as they can
insert into the membrane, forming pore-like structures and increasing membrane
permeability (Viles, 2023). Another notable observation is that lipidic membranes can
accelerate the formation of oligomeric species of AP} peptides. This makes lipids a sensitive

element, as they are exposed to an increased concentration of AP peptides. Additionally, the
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lipidic layer, particularly the negatively charged microenvironment, can influence the

behavior of the peptide and expose it to aberrant aggregative amyloids (Sun et al., 2017).

Metals
There is a direct relationship between metals and AP peptides. Amyloids contain metal-
binding sites, and accumulations of metals surrounding the amyloid plagues have been
observed in human and mouse brains (Figure 11) (Alvarez-Marimon et al., 2021). Also, metals
can alter AP aggregation kinetics (Abelein, 2023; Ha et al., 2007). The fact that metals are
associated with oxidative processes has sparked research into the oxidative toxicity of AP
peptides. As mentioned previously, metals colocalize with amyloid plaques in tissues
associated with lipid peroxidation (Alvarez-Marimon et al., 2021; Sultana et al., 2009). For this
reason, it has been suggested that metals may accumulate due to the fibrils and thereby cause
oxidative damage. In line with this, amyloid plaques without oxidative damage have lower

amounts of metals.
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Figure 11 SR-uFTIR and ST-nXRF showing the colocalization of amyloid plagues and metals (Alvarez-Marimon et
al., 2021). Optical image with the three amyloid plaques numbered. UFTIR distribution of -sheet aggregation
(1630 cm™/1657 cm) and metal distribution of the same area for iron, copper and zinc.

Nucleic acids
Nucleic acids are usually not associated with AP peptides, as they are located in different
areas, although in some cases, contact between them may occur, and it is important to
consider these possible scenarios. Ap peptides in early stages of the disease can aggregate
intracellularly, where they may come in contact with nucleic acids (Chung et al., 2022;

Villarejo et al., 2022). Also, contact could occur in cases of cell death and apoptosis. It has also
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been reported that amyloid fibrils containing nucleic acids can cause systemic autoimmunity,

illustrating the dangers of this association (Di Domizio et al., 2012).

Exogenous aggregation proteins
Another type of exogenous factor that can alter the aggregation of AP peptides arises from
external influences. AP peptides can be cross-seeded by various aggregating proteins (Ren et
al.,, 2019; Zhou et al., 2012). In this study, we focus on exogenous prion-like proteins of
bacterial origin, which are capable of forming amyloid fibrils (An et al., 2016; Giraldo, 2024).
These proteins are of particular interest because the organism is exposed to a large number
of such molecules during its lifetime. Interactions with exogenous prion-like proteins may
shift AP peptides from their typical non-pathological pathway toward aggregation, thereby

contributing to disease.

3. The human microbiome

The term microbiome refers to the microorganisms living in the human body. The human
microbiome comprises more than 1000 bacterial species harboring more than 150 times the
number of human genes (NIH, 2009; Qin et al., 2010). The majority of the microbiome is
located in the gut, where the number of human cells is 10 times smaller than the number of
microbial cells (Qin et al., 2010). The metabolic activity of the microbiome surpasses that of
the liver and plays a role in various vital processes, including carbohydrate fermentation and
absorption (Bhattacharjee & Lukiw, 2013; Hill & Lukiw, 2015). The microbiome also acts as a
defense against pathogens through a competitive effect and by supporting infection and
disease resistance (Bhattacharjee & Lukiw, 2013). For these reasons, the microbiota has been
referred to as the largest diffuse organ system found in the human body. However, the
microbiome should not be seen as something fixed. Its composition can be altered by age,
diet, environment, and other factors. It is important to consider this variability, as no two
individuals share the same microbiome. Additionally, changes in its composition can lead to
dysbiosis, which negatively impacts human health. An imbalance in the microbiota is
associated with inflammatory and autoimmune disorders and can contribute to diseases such
as obesity, diabetes and cancer (Dua P, 2015; Hill et al., 2014; Liu et al., 2022; Miller et al.,
2021). In this study, we will focus on the emerging relationship between neurodegenerative

diseases and the human microbiome. First, there is a bidirectional communication system
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between the gut and the brain, the so-called gut-brain axis. Individuals with
neurodegenerative diseases have an altered gut microbiome, which frequently precedes the
appearance of cognitive symptoms (Friedland & Chapman, 2017; Hill-Burns et al., 2017,
Peterson, 2020). A clear example is Helicobacter pylori, a recognized risk factor for developing
Alzheimer’s disease. Alzheimer’s disease patients have a higher presence of antibodies
against these bacterial species in the cerebrospinal fluid and infection has been reported to
increase the risk of developing Alzheimer’s disease by at least 11% (Albaret et al., 2020;
Kountouras et al., 2006). Another important factor concerning Helicobacter pylori is that the
proteins that this bacterium produces are capable of crossing the blood-brain barrier, leading

to neuroinflammation (Noori et al., 2023).

3.1 Amyloids in the microbiome

Amyloids are widespread in the bacterial world and serve different functional roles. In
different habitats, such as seawater or sludge, the proportion of amyloid-positive bacteria has
been reported to range from 5% to 40% (Larsen et al., 2007). These findings indicate that
amyloids are not a rare feature limited to a few bacterial species, but rather a common and
widespread phenomenon within the bacterial domain. This has been supported by
computational approaches that have shown that 0.3% of all bacterial genes contain prion-like
domains (Harrison, 2019). Although this percentage may seem low, it represents an average
across all known bacterial genes and in some species, such as Staphylococcus aureus, this can

reach a up to 18% (Iglesias et al., 2015; Yuan & Hochschild, 2017).

Microbiome amyloids are generally extracellular proteins (Blanco et al., 2012) interacting with
the environment as sensors and contributing to bacterial adaptation (Barnhart & Chapman,
2006; Gebbink et al., 2005). Their extracellular location could be associated with a reduction
in bacterial intracellular toxicity and the associated energetic costs. Their functionalities are
usually associated with adhesion, biofilm formation and invasion (Barnhart & Chapman, 2006;
Gebbink et al., 2005). Other functionalities are illustrated by Microcin E492, a bacteriocin that,
when exported in monomeric and oligomeric forms, creates pores that induce bacterial lysis.
However, when it is in an amyloid fibrillar form, it acts as a reservoir and only when specific
environmental changes occur are the monomers released, producing the toxicity (Shahnawaz

& Soto, 2012). In the case of adhesins, these fibrillar amyloids form biofilms that are involved
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in host colonization (Dueholm et al., 2010; Larsen et al., 2008). It is interesting to observe
how bacteria are prepared for the toxicity that could be caused by these functional amyloids.
The amyloids’ function is safeguarded by chaperones that protect against intracellular
aggregation, by spatial compartmentalization for precise localization of the aggregation and
by temporal control, preventing aggregation until necessary. These tight regulations indicate
that, although functional, bacterial amyloids require careful control similar to human

amyloids.

One of the best-studied examples is Curli, a bacterial amyloid involved in extracellular matrix
formation. Curli proteins are encoded by seven genes organized into two operons (Bhoite et
al.,, 2019), allowing a tight regulation of their production. Additionally, two specific
chaperones prevent amyloid formation until the proteins are transported outside the cell
(Evans et al., 2015). All this highlights that while amyloids are functional and beneficial for the
bacteria, they can also pose a risk to the cell. This is particularly relevant since these bacteria

can reside within the human body.

3.2 Microbiome amyloids and neurodegenerative disease

Due to the large number of amyloids produced by the microbiome, it is important to
understand their interplay with neurodegenerative diseases. Proteins produced by the
microbiome can remain in contact with the host for years or even decades later if the bacteria
responsible for their production persist within the microbiota. Consequently, the probability
of interactions between microbial and human amyloids is high and should not be overlooked.
Studying the gut-brain axis is particularly important, as imbalances in the microbiota can

contribute to disease development, as illustrated in Figure 12.

Patients with Alzheimer’s disease or Parkinson’s disease have altered gut microbiota
populations (Hill-Burns et al., 2017; Peterson, 2020). In the case of Parkinson’s disease, this
relationship between the gut and brain has been clearly established. In a key study, rats were
colonized by two E. coli strains, one encoding no aggregation-prone Curli proteins and the
other an aggregation-prone variant. Those colonized with the aggregation-prone strain
showed increased cerebral inflammation and accumulation of alpha-synuclein (Chen et al.,

2016). A similar experiment was carried out by implanting human microbiota into mice; those
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with more locomotor problems were those from which the microbiota came from Parkinson’s
disease patients (Sampson et al., 2016). These experiments have shown a clear correlation
between Parkinson’s disease and the microbiota. In Alzheimer’s disease, alterations in the
microbiome of mouse models can either protect or exacerbate the disease, depending on the
bacterial composition (Harach et al., 2017; Loh et al., 2024). Beyond amyloid interactions,
other microbiota-derived factors also contribute to the disease development. For example,
sodium butyrate produced by Clostridium butyricum has a neuroprotective effect by inhibiting
microglial activation. In Alzheimer’s disease mouse models, elevating butyrate levels by

expanding Clostridium butyricum populations reduced proinflammatory cytokines levels (Loh

et al., 2024).
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Figure 12 Microbiome impact on amyloidogenesis (Seira Curto et al., 2022). The gut microbiome has a high
number of bacteria and possible prion-like proteins. These prion-like proteins can interfere with the human host
and cross-seed amyloidogenic proteins. Maintaining a balanced microbiota is important, as imbalances may
contribute to disease development. Probiotics could be a therapeutic strategy capable of restoring microbiota
balance and positively influence neurodegenerative disease progression.

An important question concern how these bacterial amyloids cross the blood-brain barrier.
This appears to be through the vagus nerve and systemic circulation (S. Kim et al., 2019). The
vagus nerve connects the brain and the gut, serving as a possible avenue for pathological
proteins to enter the brain. In addition, it functions at a sensory level by transmitting signals

to the brain that can trigger neuroinflammatory reactions (Han et al., 2022; Kasarello et al.,

33



2023; Peterson, 2020). Regarding alpha-synuclein aggregates, they have been demonstrated
to reach the brain via the vagus nerve (S. Kim et al., 2019). Increases in bacterial RNA and
bacterial populations have been observed in the brains of Alzheimer’s disease patients (Emery
et al., 2017; Pisa et al., 2017). This ability to enter the brain has also been demonstrated for
bacterial amyloids such as Curli and FapC and for bacteria such as Escherichia coli and
Neisseria Meningitidis (Coureuil et al., 2017; K. S. Kim, 2001). This demonstrates that the
ability to cross the blood-brain barrier is not an isolated phenomenon and must be
considered, given the prolonged exposure time of the host to these bacteria and their

metabolites.

Another question of interest concerns whether bacterial amyloid proteins are capable of
doing this cross-seeding. Bacterial amyloids have been reported to be able to mimic the host
amyloids and cross-seed, thereby propagating their conformations. One clear example is that
of biofilm-associated amyloids (BAPs), which, when injected into mouse brains, promote
alpha-synuclein aggregation (Fernandez-Calvet et al., 2024). Nasal infection with
Saccharomyces cerevisiae in mouse models of Parkinson’s disease worsens the disease, as the
Sup35 prion accelerates alpha-synuclein aggregation (Meng et al., 2023). Also, Curli and FapC
are able to seed alpha-synuclein and AP peptides both in worms and mice (Javed et al., 2020;
Lundmark et al., 2005; Zhou et al., 2012). This evidence supports the hypothesis that these
bacterial amyloids are capable of promoting the aggregation of human amyloids by a cross-
seeding mechanism. This fact underscores the importance of identifying bacterial amyloids
and assessing their toxicity and ability to trigger AP peptides aggregation. The cross-seeding
must be studied thoroughly to determine if it is merely an accelerative effect or if it has more
significant implications, such as transmitting their folding patterns. Human amyloids with
conformations derived from bacterial amyloids could be the ones having increased toxicity.
Additionally, bacterial proteins may alter the aggregation pathways in other ways, increasing

the presence of toxic non-fibrillary aggregates such as oligomers and amorphous aggregates.

It would be interesting to see if the bacterial amyloids could also interfere with the AR
aggregation, generating new polymorphs with properties different from those of the fibrils
formed by the AP unexposed to the microbiome amyloids and different from the fibrils

formed by the microbiome amyloids.
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Studying the interaction between microbiome peptides and AP peptides is currently
challenging due to the large number of prion-like proteins present in the microbiome. One
possible simplification approach would be to focus on the amyloid cores. Removing these
regions abolishes the amyloid properties, while their addition can induce aggregation (De
Groot et al., 2005; Espargaro et al., 2015; Esteras-Chopo et al., 2005). This property has been
successfully exploited in the yeast Sup35 functional prion model, since its translation
termination factor function depends on its ability to aggregate. This functionality, combined
with an adenine intermediate gene truncated by a stop codon, enables the nonsense
suppression assay, which allows rapid screening for [PSI+] prion activity (Balbirnie etal., 2001;
Krishnan & Lindquist, 2005; Kushnirov et al., 2000). Focusing on the amyloid cores also
facilitates the implementation of large-scale studies, as working with small peptides is much
more feasible than with full-length proteins. This approach allows researchers to evaluate
whether these amyloid cores can aggregate in vitro and interact with AP peptides, thereby

altering their aggregation process.

Although our research focuses on the amyloid microbiome peptides and how they can alter
the AP peptides aggregation, it is essential to consider that the microbiome can influence
neurodegenerative disease through multiple pathways. This highlights the broader
significance of microbiome-host interactions and the necessity of understanding their role in

disease progression.
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Aims

The main aim of this thesis is to contribute to the understanding of how the interplay between
the microbiome and the human organism influences the development of neurodegenerative
diseases, such as Alzheimer’s. To this end, the work is primarily focused on identifying the
factors that affect the aggregation of Ap peptides.

The research conducted throughout this thesis began with efforts to improve our
understanding of AB aggregation, particularly its dynamicsin vivo, and to enhance the
reproducibility of aggregation kinetics in vitro. Subsequently, the presence of amyloids in the
microbiome was investigated, along with their potential threat to the nervous system and
their ability to modulate AP aggregation at multiple levels.

The results obtained are presented in three different chapters, and the specific aims

addressed in each are listed below:

Chapter |
-Determine the effects of physiological pH changes on AB40 aggregation.

- Assess the role of ionic strength in stabilizing the aggregation process.

Chapter Il

- Use computational tools to analyze the presence of prion-like proteins in the gut
microbiome.

- Characterize the amyloidogenic and propagation capabilities of the identified prion-like
proteins, both in vitro and in microbial models.

- Determine the ability of prion-like protein candidates to interfere with AB40 aggregation.
- Assess the toxicity of prion-like protein candidates in human neuroblastoma cells and C.

elegans models.
Chapter Il

- Characterize the influence of microbiome-derived prion-like proteins on AB40 and AB42 co-

aggregation and on subsequent propagation events.
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CHAPTER I: AB40 Aggregation under Changeable Conditions

This chapter contains the article published in International Journal of Molecular Sciences
“Seira Curto, J., Fernandez, M. R., Cladera, J., Benseny-Cases, N., & Sanchez de Groot, N.
(2023). AB40 Aggregation under Changeable Conditions. International Journal of Molecular
Sciences, 24(9). https://doi.org/10.3390/ijms24098408”

The supplementary data associated with this work is available in Section “Appendix 1” of this

thesis.
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Abstract: Homeostasis is crucial for cell function, and disturbances in homeostasis can lead to
health disorders. Under normal conditions, intracellular pH is maintained between 7.35 and 7.45.
Altered endosomal and lysosomal pH together with a general drop in brain pH are associated with
the aggregation of amyloid-3-peptide (Af) and the development of Alzheimer’s disease. Under
acidic conditions, close to the A isoelectric point, the absence of charges favors the formation
of intermolecular contacts and promotes aggregation. Here, we analyzed how pH levels affect
the aggregation of AB40 considering the variations in brain pH and the coexistence of different
aggregated conformations. Our results suggest that different macromolecular conformations can
interact with each other and influence the aggregation process. In addition, we showed that neutral
pH and physiological salt concentrations favor a slow aggregation, resulting in ordered, stable
fibrils, with low cytotoxic effects. Overall, we highlight the complexity of the aggregation processes
occurring in different physiological and pathological environments.

Keywords: amyloid-p-peptide; charge repulsion; aggregation

1. Introduction

The intracellular space is complex and dynamic. Cellular homeostasis depends on the
maintenance and regulation of internal conditions in time and space. Impaired homeostasis
is an age-related problem that has been observed in many neurodegenerative diseases.
In these disorders, impaired removal of misfolded and aggregated proteins can trigger a
cascade of events that ultimately leads to cell death [1-3].

Similarly, the maintenance of an appropriate acid-base balance is essential for the
correct functioning of human body processes [4]. Under normal physiological conditions,
the intracellular and interstitial pH is between 7.35 and 7.45. Changes in pH can inhibit
enzymatic activity, interrupt metabolic pathways, and disturb the membrane transport of
proteins. Significantly lower pH has been measured in the brain and cerebrospinal fluid
(CSF) of patients with Alzheimer’s disease (AD) [5] (Figure 1A). In addition, alteration of
endosomal and lysosomal pH has been related with problems in amyloid-B-peptide (Ap)
clearance and the formation of extracellular Ap plaques [2,6].

A is generated through the proteolytic cleavage of x-, 3-, and y-secretases on amyloid
precursor protein (APP), a single-pass transmembrane protein [7-9]. This cleavage can
produce different extracellular Ap peptides with lengths ranging from 37 to 49; however,
the most abundant forms are Ap40 (~90%) and AR42 (~10%) [10-12]. In a disease context,
AP42 is the main major constituent of the amyloid plaques in the brains of patients with
Alzheimer’s disease, whereas A 340 aggregates accumulate at the arteriolar walls in cerebral
amyloid angiopathy [12-14]. The two extra residues at the C-terminus A{342 result in
faster aggregation kinetics compared to A340. Interestingly, under mixed conditions,
both peptides can interact and influence each other’s aggregation [15-18]. A can enter
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the cell via endocytosis for subsequent degradation by lysosomes [2,6,19]. When cell
homeostasis is affected, this degradation pathway can fail, causing A accumulation and
aggregation. Additionally, the acidity of these organelles can accelerate the aggregation
process (Figure 1A) [2,6,20].

A Evidences of pH alteration in Alzheimer’s disease
HEALTH DISEASE
Poorly acidified - AB aggregation
lysosomes > Z
Autophagy Z Amyloid plaque
disfunction formation
APOE4 Lysosome
astrocyte alkalinization
NHE6 Endosome
decrease acidification
Control brains ' A AP patients
and CSF (v, ) brains and CSF

pHE pH |

APB N-terminal region
1-DAEFRH¢SGYEVH;H,,QK-16

!

pK=7.1 pK=6.4 pK=6.0

pHs in this work pH=7.4 pH=6.8 pH=6.2 pH=5.5

Net charge -2.9 -2.0 -0.9 0.2

Figure 1. pH influences the net charge of A} and Alzheimer’s disease development. (A) Three pieces
of evidence of pH alterations in Alzheimer’s disease. (i) Poor acidification of autolysosomes results
in autophagy dysfunction and precedes AB deposition and amyloid plaque formation [2]. (ii) In
ApoE4 astrocytes (with the E4 allele of apolipoprotein E), downregulation of the Na+/H+ exchanger
NHES results in over-acidification of the endosomes and pH increase in lysosomes [6]. (iii) Lower pH
has been measured in the brains and cerebrospinal fluid (CSF) of patients with Alzheimer ‘s disease
(AD) [5]. (B) Scheme of the A3 N-terminal sequence, comprising histidines whose protonation is
affected in the pH range analyzed in this study. The scheme shows the amino acid position and pK of
the histidines and the net charge at each pH.

Protein aggregation is highly influenced by hydrophobicity and net charge [4,21-24].
When the pH approaches the isoelectric point (pl), the absence of charges removes the
repulsion forces and favors the formation of intermolecular contacts involved in the aggre-
gation process. The presence of salt ions can have a similar effect by shielding repulsive
ionic interactions [25]. Our previous studies with A(340 showed that the aggregates formed
at neutral or acidic pH have different structures and cell toxicities [23,24]. However, the
processes inside the cell are dynamic, and pH can change regularly in organelles [4,6].
Based on this, we aim to go forward here and shed light on the different toxic protein
species that can arise under moderate pH and salt concentration changes. For this purpose,
we analyzed how pH levels affect the aggregation of Af340 considering the changeable
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conditions of the intracellular space and the pH alterations that can occur locally in the
extracellular space. Based on the pH reported for the altered endosomes and lysosomes
in AD (Figure 1B), we focused on a range of pH from 5.5 to 7.4 and salt from 0 to 150 mM
of NaCl (the most abundant salt found in multicellular organisms [25-27] widely used in
aggregation assays [25,26,28,29]). We characterized the biophysical differences between
the aggregates that form under these conditions considering the possible coexistence of
different aggregated conformations and their ability to interact and interconvert. We found
that salt and pH modulate the structure, stability, and cellular toxicity of the aggregates.
Overall, we propose that even small cellular changes in pH and salt concentration could
result in a complex and variable mixture of multimeric forms, which are able to interfere
with each other to different degrees.

2. Results
2.1. pH and Salt Effect on AB40 Aggregation

Taking into consideration the different intracellular environments where the presence
of AP40 has been detected [6], and with the aim of understanding how pH and NaCl con-
centration may influence the kinetics and conformation of A(340 aggregates, we measured
amyloid aggregation at different pH and NaCl conditions. Here, we specifically tested four
different pH values (7.4, 6.8, 6.2, and 5.5) (Figure 1B), similar to those previously measured
in endosomes and lysosomes (Figure 1A), and seven concentrations of NaCl ranging from
0 to physiological conditions (150 mM), to understand the extent to which the presence of
this salt influences the aggregation of AB40 at different pH values.

AP40 aggregation was monitored every 10 min under quiescent conditions at 37 °C
(Figures 2A-D and S1). In general, lag time and half-life (t1/2) decrease when the pH
becomes more acidic, consistent with the charge reduction (from —3 to nearly 0) when
approaching the isoelectric point (pl, 5.3) (Figures 2E,F and S2). The increase in salt has a
similar effect, which can be explained by the reduction of repulsive forces exerted by the
peptide’s negative charges (Figure 2E,F). However, at a pH close to the pl, the repulsion
effect was lower, we did not observe any effect of NaCl on the aggregation process, and
the half-lives were similar for all conditions (Figure 2D). In contrast, when the net charge
was —3 (pH 7.4) and the salt concentration was low (from 0 to 25 mM), the aggregation
kinetics were too slow to be measured over the time scale reported here (16 h) (Figure 2A).
Kinetic analysis for longer times showed that they achieved a plateau and remained stable
(Figure S3). Meisl and coworkers obtained similar results when analyzing the effect of
ionic strength on AB42 aggregation [25]. They found that the reduction in electrostatic
repulsion surrounding the peptide can accelerate the incorporation of new monomers
into the fibrils, which in turn reduces the impact that the fragmentation can have on the
elongation speed [25].

To study the aggregates’ conformation, we chose a 100 mM NaCl concentration, which
is close to the physiological values, and two extreme pHs (7.4 vs. 5.5). We analyzed the
morphology of the aggregates using transmission electron microscopy (TEM) (Figure 2EG)
and the secondary conformation using infrared spectroscopy (IR) (Figures 2H and S4).
Under these experimental conditions, the aggregates at pH 7.4 are arranged into long
and straight fibrillar structures that tend to group into clumps. However, at pH 5.5 the
aggregates are shorter, less ordered, and more dispersed. This agrees with the IR absorbance
spectra, which show the presence of oligomeric/amorphous aggregates at pH 5.5 and,
in a lower amount, at pH 6.2. The IR spectra at these pH values show a characteristic
band at 1690 cm~! together with a clear beta-sheet band at 1623 cm ™!, which is associated
with the presence of an antiparallel 3-sheet, which is typical of oligomers and amorphous
aggregates. Several studies have associated the presence of bands at 1623 cm ™! and
1690 cm ! to antiparallel beta, whereas the sole presence of the band around 1620 cm ™!
is associated with parallel (fibrillar) beta-sheet structures [30,31]. Consistently, at pH 7.4,
we detected only the 1623 cm ! absorption peak characteristic of the beta-sheet structure,
suggesting the presence of fibrils (Figure 2H and Figure S4). Conversely, at a net charge
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(9}

t(1/2) (hours)

above -5 (pH 11), no signal of B-sheet structure (1623 cm~!) or amorphous aggregates
(1690 cm 1) was detected, just a wide peak at 1645 cm ™! typical of an unfolded monomeric
form [32]. In agreement with this, the initial stock sample at pH 11 only showed monomeric
particles under dynamic light scattering (DLS) [33,34], and no aggregated structures were
observed at the TEM grid (Figure S5).
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Figure 2. Effect of pH on A340 aggregation and conformation. We measured aggregation kinetics
at four different pH values: (A) 7.4, (B) 6.8, (C) 6.2, and (D) 5.5. For each pH, we also analyzed
seven NaCl concentrations ranging from 0 to 150 mM. (E) Plot showing the A(40 net charge at
different pH values, calculated with Protein Calculator v3.3 (Chris Putnam, Scripps Research Institute).
(F) Scheme showing the repulsive forces between A molecules at high and low pH and high and
low NaCl concentrations. (G) Plot showing the relationship between the half-life (t(1/2)) of the
kinetics presented in panels (A-D) and the NaCl concentration. TEM images of aggregates formed at
(H) pH 5.5 and (I) pH 7.4. (J) FTIR spectra of Ap40 aggregates incubated at four different pH values
(5, 6,7.4, and 10) and for 24 h. Arrows indicate the position of the following wavelengths: 1690 cml,
1645 cm~! and 1623 cm . The spectrum at pH 10 demonstrates that the initial stock solution does

not contain beta-sheet structure. It just shows a wide band at 1645 cm™!

corresponding to random
structures, indicating that the peptide is monomeric at the beginning of the experiments. The peaks

at 1690 cm ! and 1623 cm ™! indicate the presence of antiparallel beta-sheet structures.

2.2. pH Exchange and Cross-Seeding

To understand how pH changes can affect the structure of preformed aggregates and
the interaction between them, we analyzed (i) the effect of pH change (Figure 3A) and
(ii) the cross-seeding between aggregates formed at different pH values (Figure 3B). The
TEM images show that the aggregates grown in acidic conditions are pH sensitive, and
after 24 h of increasing the pH to neutral, the aggregates progressed to straight fibrils,
which were shorter than those grown at pH 7.4. These fibrils were also more abundant, to a
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pH switch
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similar extent as the amorphous aggregates at acidic pH (Figure 3C). Meanwhile, when the
pH of the aggregates grown at 7.4 was decreased, no significant structural changes were
observed (Figure 3D).
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Figure 3. Effect of cross-seeding and pH switch on AB40 aggregation and conformation. (A) Scheme
showing the different steps of the pH switch assay (related to images (C,D)). (B) Scheme showing the
different steps of the cross-seeding assay (related to images (E,G,H)). The striped pattern indicates
that AB40 is aggregated, and the dotted pattern that A(340 is soluble. TEM images for the aggregates
formed: (C) with the first 24 h at pH 5.5 and the second ones at 7.4, (D) with the first 24 h at pH 7.4
and the second ones at 5.5, (G) at pH 7.4 with seeds formed at pH 5.5, and (H) at pH 5.5 with seeds
formed at pH 7.4. (E) Aggregation kinetics at pH 7.4 with and without different seed types. The
fluorescence measured with seeds formed at pH 5.5 is significatively larger than with the seeds
formed at pH 7.4 (p-value < 0.01). The inside plot shows no normalized fluorescence after 16 h of
aggregation. The t1/2 in hours for the different samples are as follows: unseeded (6.61 £ 0.10),
seeds pH 7.4 (5.38 + 0.01), seeds pH 6.8 (5.1 & 0.259), seeds pH 6.2 (4.83 &+ 0.17), and seeds pH 5.5
(4.44 £ 0.19). (F) The percentage of cell viability after incubation with different concentrations of
AP40 aggregated at different pH values (measured using the MTT assay). The plot shows triplicates
of the two independent assays. The lines represent the mean corresponding to each concentration of
the added aggregates. The significance against the control of 100% viability was measured using the
Bonferroni test (****, <0.0001). At concentrations of 2.5 uM and 5 uM of aggregates, the fluorescence
difference between seeds formed at pH 5.5 and seeds formed at pH 7.4 is also significant (p = 0.001
and p = 0.0003, respectively). The measurements of the different controls are shown in Figure S6.
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Based on the observed morphological changes and the labile character of the aggre-
gates formed at acidic pH, we analyzed their ability to seed the aggregation at pH 7.4
(Figure 3E). This is important because fibril fragility is associated with the presence of
shorter aggregates, the release of a larger number of growing ends, and the acceleration of
the aggregation process [22,35]. Accordingly, we measured shorter half-life times (t1/2)
when A 340 was seeded with aggregates formed at a low pH, indicating a higher seeding
ability. Interestingly, the TEM images from the different seeding assays showed aggregates
with similar morphology: mature fibrils that, in some cases, formed clumps (Figure 3G,H).

2.3. AB40 Aggregates Toxicity

Less stable aggregates are associated with the formation of more endpoints and higher
cellular damage [22,35]. Along these lines, we measured cell viability, using the MTT assay,
after 24 h of incubation with A340 aggregated at pH 5.5 and 7.4 (Figures 3F and S6). The
colorimetric measures showed a significant decrease in viability at concentrations above
1.25 uM, but only in cells incubated with aggregates formed at pH 5.5 when the viability
decreased to close to 40%. Importantly, we previously demonstrated, using uFTIR, that
cell culture conditions do not affect the presence of A340 amyloid fibrils formed at pH
7.4 or pH 5.5 [36]. In addition, this assay showed an increased level of oxidation in cells
incubated with aggregates formed at pH 5.5 [36], in agreement with the present results.

3. Discussion
3.1. pH Effect on AB40 Aggregation

Recent studies have recapitulated the intracellular origin of the Ap aggrega-
tes [1-3,6,19,37], which are related to autophagy impairment and pH imbalances. Lee
and co-workers observed, in AD mouse models, that the poor acidification of autolyso-
somes results in autophagy dysfunction and precedes A3 deposition and amyloid plaque
formation [2]. In the case of the E4 allele of apolipoprotein E (ApoE4, the strongest genetic
factor in sporadic AD), downregulation of the Na*/H* exchanger NHEG6 results in over-
acidification of endosomes and inhibition of Ap clearance [6]. In this context, in ApoE4
astrocytes, the pH of the endosome was reduced from 6.21 to 5.37, and the pH of the
lysosome increased from 4.08 to 5.20.

However, pH alterations were not only detected in these intracellular organel-
les [11,19,29,38-42]. The postmortem brains and cerebrospinal fluid of AD patients also
show a significantly lower, although moderate, pH compared to the controls. Infusion of
low-pH cerebrospinal fluid, in APP-PS1 mice, increases A3 plaque load [4]. Moreover, a pH
reduction can also be found under inflammatory and apoptotic processes and at the surface
of anionic phospholipid membranes [5,43]. Overall, these events could place A3 close to
pl, reducing its solubility and favoring its self-association and aggregation [4,21,22].

As the pH changes from physiological (7.4) to the pI (5.3) [44], His6, His13, and His14
are protonated successively, generating new interactions and favoring the transition from
soluble to aggregated [20,26]. Acidity affects the morphology and toxicity of Af3 aggregates
(Figures 2 and 3). Protein aggregation is a very sensitive process, and the interaction
and rearrangement of the molecules during the aggregate assembly could be influenced
by multiple factors (temperature, charges, hydrophobicity, ionic strength), resulting in
different macromolecular conformations or strains [21-24,36,38,41,45]. Amorphous and
less organized structures are also associated with lower stability, large reactivity, and
cellular toxicity [21-24,36,39,41,45]. Thus, small changes in the A uptake and degrada-
tion could affect the self-assembly process [1-3,6,37,46,47]. Moreover, under changeable
conditions, different conformational assemblies can coexist, interact, and influence each
other’s aggregation.

3.2. Effect of pH Exchange and Cross-Seeding on AB40 Aggregation

Here, we evaluated the effect of changes in the electrostatic repulsion on A(40 aggre-
gation, taking into consideration the different environments that this peptide can encounter
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in the cell [1,6,22,37-39,48,49]. We also presumed that the conditions in the cell can change
and that different A340 assemblies can rise and interact. Based on this assumption, we
performed a series of experiments, ranging from neutral (7.4) to acidic pH (5.5) and from
physiological concentrations to 0 uM of NaCl. We also analyzed the effect of pH alteration,
decreasing the pH from neutral or increasing it from an acidic solution. Following these
alterations, we analyzed the coexistence of assemblies grown under different conditions.

In agreement with previous publications, our experiments support electrostatic re-
pulsion as a driving force in aggregation, modulated by the change of pH and salt con-
centration [23-26,38,41,50,51]. The pH decrease from 7.4 to 5.5 results in a net charge
variation from -3 to 0.2, and by getting closer to AR40’s pl, the aggregation kinetics be-
come faster (Figure 4). Similarly, the increase in NaCl reduces the repulsion between the
negative charges, accelerating aggregation, except under acidic pH, when the charges are
already nearly neutralized. The aggregates formed at different pH values have different
morphologies and structural content. As previously reported, under neutral conditions,
the aggregates are more fibrillar and contain fewer oligomeric and protofibril structures
than under acidic pH conditions [23,24,51]. A faster aggregation process may hinder the
correct assembly of the different molecules, resulting in less ordered aggregates than fibrils
presenting antiparallel 3-sheet structures, similar to those detected in vitro in the early
stages of the amyloid fibril formation process [30,31]. Here, we altered the aggregation
conditions by incubating the preformed aggregates at a second different pH or by seeding
the process with different assemblies (Figure 3A,B). Overall, different aggregates were
observed at different pH values. Aggregates grown under acidic conditions are pH sen-
sitive and can seed aggregation stronger than those formed at neutral pH, resulting in
a larger amount of aggregates (Figure 3E). This could be a consequence of the different
arrangements of these assemblies. In general, less ordered forms, such as oligomers or
protofibrils, are associated with lower stability and higher toxicity (such as the generation
of reactive oxygen species or the disruption of membranes) [1,23,24,39,51-53]. In line with
this, we have previously reported that, in leakage experiments, the aggregates formed
at pH 5.5 have a higher capacity to disrupt phosphatidylcholine model membranes than
fibrils formed at pH 7.4 [23].

Assembly Conformation Properties
pH=7.4 High repulsion | Highly ordered pH-resistant
aggregates (]
\, | 2
= "=/ = -
TN Slow nucleation ,
@7/  — Low toxicity
—
— ©
Net charge -3
pH=5.5 Low repulsion Less ordered pH-sensitive
| | aggregates “i',;\
- 1 ‘=\‘
Fast nucleation
High toxicity
Net charge 0 E >

Figure 4. Effect of pH on Af40 aggregation, conformation, and toxicity. This table summarizes
the differences between the aggregates formed at pH 7.4 and pH 5.5. At these pH values, A340
has a different net charge (—3 vs. 0), resulting in different repulsion forces and aggregation speeds.
Meanwhile, at pH 7.4 the aggregates are ordered and pH resistant and exhibit low toxicity. At pH 5.5,
the aggregates presented abundant oligomers and protofibrils, which are pH sensitive and toxic.
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In relation to the stability of the different aggregates, we observed that the aggregates
formed at pH 7.4 barely changed their morphology at acidic pH, while those formed at
pH 5.5 evolved to a more ordered form when placed at neutral pH (Figure 4). This suggests
that aggregates formed at pH 7.4 may be more stable (less pH sensitive) than those grown
at pH 5.5. In addition, the smaller size and higher abundance of aggregates formed at
pH 5.5 may also provide more end-points for amyloid fibril growth [22].

3.3. AB40 Aggregation under Complex Conditions

Low pH can be found in intracellular organelles as well as in the presence of oxidized
or pre-apoptotic membranes. These membranes present negative charges on their surfaces,
which increase the concentration of protons and cause a local pH decrease [23]. In addition,
pathological vascular events, such as ischemia and microhemorrhages related to AD, can
cause a lack of oxygen, leading to a local decrease in pH in the extracellular space [54].
In patients with Alzheimer’s disease, there are changes in the concentrations of several
ions. For example, Vitvitsky and co-workers found an increased concentration of positive
ions, Na* and K*, in comparison with control brains, pointing to a possible accelerated
aggregation process [55].

Ap’s pH dependence may also be associated with the formation of different conforma-
tional strains and with disease heterogeneity [21,39,56]. Accordingly, seeding experiments
with A3 aggregates obtained from the brains of patients with AD affected by different phe-
notypes resulted in structurally distinct fibrils [21,22,57]. In this way, oligomers have been
reported to be less stable and more toxic than amyloid fibrils [1,23,24,39,51-53]. Phenotypic
severity has been also associated with fibril fragility, because its fragmentation releases
new growing ends that can seed new fibrils and accelerate the aggregation process [22,35].
Our results showed that the aggregates formed under acidic conditions present higher
cytotoxicity and seeding. This agrees with our previous work where larger amounts of
oligomers were present at lower pHs [23,24], but also suggests the presence of a larger
number of endpoints. These results also point to an amplifying effect (Figure 3E); although
aggregation is slow at neutral pH, the presence, at some point, of seeds formed at lower
pHs could rapidly saturate the cell with highly stable aggregates and trigger the formation
of extracellular plaques [2]. In fact, the study of AD mouse model APP/PS1 brains using
FTIR microscopy has demonstrated the presence of non-fibrillar aggregates in situ, which
is compatible with the FTIR spectra of oligomers and aggregates formed at low pH in the
early stages of the disease (3-6 months). At later stages of the disease, a decrease in this
type of aggregate was observed, and a higher number of fibrillary plaques were found [58].
The present work agrees with the co-existence of different macromolecular conformations
and their possible cooperation triggering a harmful aggregation process [21]. In addition,
it supports neutral pH and physiological salt concentrations being conditions that favor
a slow aggregation process, resulting in ordered, stable, and less cytotoxic fibrils. This
agrees with previous works showing that fibrils are safer aggregates than oligomers or
protofibrils [22,35]. Based on these results, blocking or slowing down the aggregation
process by favoring electrostatic repulsion could be an effective strategy to reduce toxic
effects [2,6]. Moreover, owing to the sensitivity of aggregates to these variable conditions, it
is possible to control the conformation of aggregates and their properties, a strategy already
exploited by the cell to form functional amyloid structures [59]. In the case of Af3, this could
be a positive and evolutionarily selected property to activate its antimicrobial activity, since
on the bacterial membranes the negative charges could favor Ap’s aggregation and the
consequent cell disruption [60]. Overall, the data presented here highlight the complexity
of the aggregation processes occurring inside the cell and in the extracellular space and
support the idea that the physio-pathological processes able to modify pH can play a
significant role in triggering the onset of AB340 aggregation.
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4. Material and Methods
4.1. AB40 Peptide Preparation

Synthetic A340 (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV-NH,)
was purchased from Proteogenix (Schiltigheim, France). Stock solutions were prepared
by dissolving 1 mg of the peptide to a final concentration of 250 pM and adding 20 mM
sodium phosphate buffer, 0.04% NH3, and NaOH to a final pH of 11. Then, the peptide
was sonicated for ten minutes (Fisherbrand Pittsburgh, PA, USA, FB15051) without sweep
mode and stored at —80 °C until needed [23].

All samples were prepared in low protein-binding microcentrifuge tubes (ThermoFisher
Scientific, Waltham, MA, USA). The pH was measured at the start and end of all the
aggregation reactions to confirm that it remained stable. For the pH change assays, 100 pL
of sample after 24 h of aggregation at pH 7.4 was used, and 20 mM HCl was added to
reach a pH of 5.5. For aggregates formed at pH 5.5, 20 mM NaOH was added to reach a
pH of 7.4. For the seeding assays, 300 uL of preformed aggregates was obtained after 24 h
of aggregation and 5 min of sonication. Preformed seeds were added to the corresponding
aggregation reactions to a final seed concentration of 2.5 mM. The monomeric concentration
of AP40 used was 25 pM. The control of unseeded reaction has the buffers at pH 7.4 and
25 uM of monomeric A340 (everything but the seeds).

4.2. ThT Aggregation Kinetics

Thioflavin T was dissolved in Milli-Q water at 5 mM stock, filtered with a 0.2 um filter,
diluted to 0.5 mM, and stored at —20 °C prior to use. ThT fluorescence was measured every
10 min using a 440 nm excitation filter and a 480 nm emission filter using bottom-optics
in a plate reader (TECAN Infinite+ NANO). Samples were placed in a flat-bottom, black,
non-binding 96-well plate (Greiner bio-one). A total of 100 puL of sample was added per
well. Each condition was measured in triplicate. The AB40 peptide stock, initially at pH 11,
was diluted to 25 uM in sodium phosphate buffer under the corresponding pH and salt
conditions. HCl was added at a concentration of 15 mM to reach a pH of 5.5. The pH in the
wells was measured both at the start and end of the experiment to ensure the pH stability
throughout the aggregation process. ThT was added to 20 mM final concentration. The
aggregation reaction was performed at 37 °C, under quiescent conditions. The t1/2 is the
time necessary, at a given condition, to reach 50% of the final fluorescence signal. The lag
phase was calculated by considering its ending as the point at which it reached 10% of the
final fluorescence.

4.3. Dynamic Light Scattering

The monomeric state of Af340 at the stock solution (250 uM, pH 11) was analyzed
using a NANOTRAC FLEX in situ particle size analyzer (Microtrac TM). A total of 50 uL
of the sample was added to the tip of the laser of the DLS equipment, and a 90 s analysis
was performed.

4.4. Transmission Electron Microscopy

After 16 h of aggregation in low protein-binding microcentrifuge tubes, under the
corresponding conditions, a 10 uL sample was placed onto carbon-coated copper grids,
incubated for 5 min, and dried with Whatman paper. The grids were washed with dis-
tilled water, negatively stained with 2% (w/v) uranyl acetate for 2 min, and then dried.
Micrographs were obtained using a JEM-1400 (JEOL, Tokyo, Japan) transmission electron
microscope (TEM) operated at an accelerating voltage of 80 keV.

4.5. Infrared Spectroscopy

Infrared spectroscopy was performed as described by Benseny-Cases, 2007 [24]. Briefly,
100 uM peptide was incubated for 11, 15, and 24 h in sodium phosphate buffer in D,O
at the corresponding pH at 37 °C under quiescent conditions. Then, 30 mL of peptide
was deposited between two CaF2 windows separated by a 50 mm Teflon separator. All
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measurements were carried out on an FTIR Mattson Polaris spectrometer equipped with
a liquid-nitrogen-cooled mercury—cadmium-telluride (MCT) detector at 37 °C. The spec-
trometer was purged continuously with dry air. For each spectrum, an average of one
thousand scans were averaged at an instrumental resolution of 2 cm~!. The spectra were
recorded in the range of 400 to 4000 cm~!. To obtain the infrared spectrum of the peptide,
the spectrum of the solvent was subtracted from the sample, and all spectra were corrected
for the atmospheric water vapor contribution. Each experiment was repeated three times.

4.6. Cell Cytotoxicity Assay

Neuroblastoma SH-SY5Y cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 1% glutamine,
and 1% (v/v) penicillin/streptomycin. The cells were maintained at 37 °C and 5% CO; in a
75 cm? cell culture flask. Differentiation to neuronal cells started 24 h after plating by re-
placement of the maintenance medium with differentiation culture medium for 7 days and
refreshment every 72 h. The differentiation culture medium consisted of DMEM supple-
mented with 2.5% inactivated FBS, 1% penicillin/streptomycin, 1% glutamine, and 10 uM
retinoic acid. Differentiation was monitored microscopically by morphological assessment.

For the cytotoxicity assay, the cells were seeded in 96-well plates and treated at a den-
sity of 2 x 10% cells/well. AB40 at pH 5.5 and pH 7.4 was added at different concentrations,
and after 24 h of incubation, cell viability was detected by MTT assay. After removing
the medium, 10 uL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution (5 mg/mL) and 100uL of the medium were added to each well and incubated at
37 °C for 4 h. Then, 150 uL of dimethyl sulfoxide was added to each well to dissolve the
formazan after discarding the supernatant. Absorbance values were quantified using a
plate reader (TECAN Spark) at a wavelength of 490 nm. For each pH, the data are expressed
as a percentage of viability with respect to non-treated cells. The non-treated cells were
grown in a medium containing the same amount of buffer, at the corresponding pH, but
without Ap40. Figure S6 compares these two controls (pH 7.4 and pH 5.5) and a culture of
cells non-treated and without the addition of any extra buffer (neither pH 7.4 nor pH 5.5).
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Abstract

The gut is exposed to a wide range of proteins, including ingested
proteins and those produced by the resident microbiota. While
ingested prion-like proteins can propagate across species, their
implications for disease development remain largely unknown.
Here, we apply a multidisciplinary approach to examine the rela-
tionship between the biophysical properties of exogenous prion-
like proteins and the phenotypic consequences of ingesting them.
Through computational analysis of gut bacterial proteins, we
identified an enrichment of prion-like sequences in Helicobacter
pylori. Based on these findings, we rationally designed a set of
synthetic prion-like sequences that form amyloid fibrils, interfere
with amyloid-beta-peptide aggregation, and trigger prion propa-
gation when introduced in the yeast Sup35 model. When C. elegans
were fed bacteria expressing these prion-like proteins, they lost
associative memory and exhibited increased lipid oxidation. These
data suggest a link between memory impairment, the conforma-
tional state of aggregates, and oxidative stress. Overall, this work
supports gut microbiota as a reservoir of exogenous prion-like
sequences, especially H. pylori, and the gut as an entry point for
molecules capable of triggering cognitive dysfunction.

Keywords Microbiome; Neurodegeneration; Prion Protein; Aggregation;
Amyloid
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Introduction

Amyloid-forming proteins can exhibit prion-like properties,
facilitating the transmission of their aggregated form between cells.
A phenomenon observed in Alzheimer’s disease (AD) and
Parkinson’s disease (PD), where amyloid-associated proteins
propagate within the neuronal system of patients (amyloid-p-
peptide (AP) and tau for AD, and alpha-synuclein for PD)
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1
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24 & Natalia Sanchez de Groot (215

(Banerjee et al, 2024; Duyckaerts et al, 2019). Moreover, this is a
global event that can occur between species (Ritchie and Barria,
2021). Hence, it is of great interest to explore the structural and
sequential properties that define how amyloid proteins trigger
aggregation or cross-seed non-orthologous polypeptides (Ritchie
and Barria, 2021; Sampson, 2025).

Prion-like proteins are polypeptides that can adopt different
conformations thanks to possessing large, disordered regions. It has
also been reported that these regions can contain a segment capable
of driving the aggregation of the entire protein, which is the basis
for the amyloid stretch hypothesis (Sabate et al, 2015; Pallares et al,
2016; Esteras-Chopo et al, 2005). When isolated, this segment,
known as the amyloid core, can not only self-assemble but also
trigger the aggregation of other prion-like sequences (Krishnan and
Lindquist, 2005; Osherovich et al, 2004). These core sequences are
rich in amino acids that despite being associated with disordered
conformations also keep amyloid propensity such as asparagine
(N), glutamine (Q), and tyrosine (Y). This enhanced propensity to
aggregate within a disordered segment acts as a nucleation point
that favors an ordered self-assembly without the requirement of
conformational unfolding (Sabate et al, 2015). Moreover, the
presence and strength of these amyloid cores influence the
prionogenic potential of the protein that carries them (Osherovich
et al, 2004).

The origin of many neurodegenerative diseases such as AD is
sporadic, and thus associated with environment and lifestyle.
Recent insights have implicated both diet (Grant and Blake, 2023;
Jansens et al, 2019; Lambrecht et al, 2019) and gut microbiota as
potentially pivotal factors in the onset and progression of these
diseases (Walker and Czyz, 2023; Walker et al, 2021; Fang et al,
2020; Hashim and Makpol, 2022). In this line, antibiotic treatments
and microbiota transplantation have been raised as plausible
strategies to modulate pathology (Sampson et al, 2016).

The brain-gut microbiota axis is believed to act as a bidirectional
link between the gastrointestinal (GI) tract and the central nervous
system. In the gut, extracellular proteins are accessible for
interactions with host molecules and are also susceptible to
degradation (Holmgvist et al, 2014; Kim et al, 2019b), especially
in the small intestine, thus facilitating the exposure of aggregation-
prone segments. Gut microorganisms and their products can be
found in the brain and the vagus nerve serves to transport bacteria
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Exogenous prion-like proteins
can enter through the gut and

Jofre Seira Curto et al

Approach to connect the properties and effects of exogenous prion-like proteins

affect neurodegenerative
disease development

Search for prion-like
sequences present

in the gut microbiome.
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Figure 1. Studying exogenous prion-like proteins.
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(A) The gastrointestinal tract is exposed to a diverse array of prion-like proteins, some of which are ingested while others may be produced by the resident microbiota.
These proteins and their fragments can traverse the enteric system, the vagus nerve, or the bloodstream to reach the brain. (B) Diagram illustrating the approach
employed in this study to investigate the properties and impacts of exogenous prion-like proteins. Top: Initial identification of prion-like sequences within the gut
microbiome. Middle: Validation of computational predictions through the selection of amyloid core sequences for assessment of aggregation and toxicity. Bottom:
Utilization of validated amyloid cores to construct exogenous prion-like proteins for testing their propagation and effects following ingestion in C. elegans. (C) Flowchart
illustrating the procedure for screening of prion-like sequences in the gut microbiome and selecting amyloid-forming core candidates. (D) Top: Pie chart depicting the
distribution of annotated descriptions within the 914 prion-like sequences identified in the gut microbiome. It just shows those annotations found with at least 2% of
frequency. Bottom: Pie chart illustrating the distribution of phyla associated with the 914 prion-like sequences detected in the gut microbiome. It just shows those phyla
found with at least 1% of frequency. Information about the genera within each phylum and its enrichment/depletion with respect to the original list is presented in Dataset

EV2.

and their metabolites from the GI tract to the brain (Fig. 1A),
thereby supporting their potential impact on the development and
progression of neurodegenerative diseases (Bauer et al, 2016; Bonaz
et al, 2018; Kim et al, 2021; Vidal-Veuthey et al, 2022; Kim et al,
2019a; Holmqpvist et al, 2014; Walker and Czyz, 2023; Ritchie and
Barria, 2021; Friedland and Chapman, 2017; Thapa et al, 2023).

2 Molecular Systems Biology

One possible explanation of this connection is the ability of
microbiota amyloid proteins to cross-seed the aggregation of host
proteins. Supporting this idea, curli extracellular amyloid aggre-
gates formed by Escherichia coli have been shown to accelerate
alpha-synuclein aggregation in PD animal models (Walker et al,
2022; Wang et al, 2021; Sampson et al, 2020). Worryingly,
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numerous homologs of the curli amyloid protein (CsgA) are found
across the prokaryotic kingdom, each exhibiting different effects on
alpha-synuclein aggregation (Bhoite et al, 2022; Ferndndez-Calvet
et al, 2024). Despite this, the link between the pathologic
phenotype, toxic mechanism, and molecular properties of amyloid
proteins remains elusive.

To shed light on this question, our strategy integrates multi-
disciplinary experiments from in silico sequence studies to
phenotypical analyses in animal models. This approach facilitates
the understanding of the connection between biophysical proper-
ties and the ability to trigger neurodegenerative diseases (Fig. 1B).
Our computational work detected sequences with prion-like
properties in 63% of the species classified as from the GI tract in
an NIH Human Microbiome Project (NIH-HMP) (Peterson et al,
2009; Park et al, 2019) dataset, with a special enrichment of prion-
like sequences in Helicobacter pylori. The amyloid cores of these
sequences were rationally applied in a series of interconnected
in vitro, and in vivo analyses. We designed a set of synthetic prion-
like proteins to be introduced into the C. elegans digestive tract,
which led to sensory memory impairment and lipid oxidation. The
formation of immature and more reactive protein aggregates (He
et al, 2012; Nimmrich et al, 2008; Lesné et al, 2013) appears to be
associated with this. Overall, our findings offer insights into the
relationship between the ingestion of exogenous prion-like
sequences and neurodegenerative diseases, providing knowledge
that may be valuable for the prevention and treatment of these
diseases.

Results
Screening for prion-like sequences in the gut microbiome

Previous publications have reported an average of 0.3% prion-like
sequences per genome in the bacterial domain (Seira Curto et al,
2022; Iglesias et al, 2015; Espinosa Angarica et al, 2013; Harrison,
2019; Lancaster et al, 2014; Toombs et al, 2012; Sabate et al, 2015;
Gil-Garcia et al, 2021). To investigate their prevalence within the
gut microbiome, we screened the protein sequences collected in the
NIH Human Microbiome Project (NIH-HMP) (Peterson et al,
2009; Park et al, 2019) using three different algorithms: PAPA
(prion aggregation prediction algorithm, https://
combi.cs.colostate.edu/supplements/papa/) (Toombs et al, 2012),
PLAAC  (prion-like amino acid composition, http://
plaac.wi.mit.edu) (Lancaster et al, 2014), and pWALTZ (Fig. 1C,
https://bioinf.uab.es/p WALTZ) (Sabate et al, 2015). These
approaches identify disordered sequences with a prion-like
composition and provide a score that reflects the probability of a
sequence behaving as a prion.

The original list derived from the NIH-HMP (http://
downloads.hmpdacc.org/data/reference_genomes/body_sites/
Gastrointestinal _tract.pep.fsa) (Peterson et al, 2009; Park et al,
2019) contained 457 species and 2,540,637 sequences, from which
1,468,784 are unique entries (Fig. 1C; Appendix Fig. S1). Using
PAPA, we obtained 16,498 sequences (1.12%) with a positive prion
aggregation propensity and when using a more stringent PLAAC
score, we obtained 2978 sequences (0.20%) that had a prion-like
domain. Merging these two sets of data, we identified 914 sequences
(0.06%) that met both criteria, which we refer to as the positive

© The Author(s)
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prion-like set (Dataset EV1). The proportion of prion-like
sequences obtained with our approach (0.06%) aligns with previous
reports of prion-like sequences in the bacterial domain (Seira Curto
et al, 2022; Iglesias et al, 2015; Espinosa Angarica et al, 2013;
Harrison, 2019; Lancaster et al, 2014; Toombs et al, 2012; Sabate
et al, 2015; Gil-Garcia et al, 2021). These 914 sequences are found
in 284 species, corresponding to 63% of the species collected in the
GI NIH-HMP dataset. Given the ability of prion-like proteins to
spread across species, this finding supports the hypothesis of gut
microbiota being a reservoir of proteins with infectious potential
(Seira Curto et al, 2022).

Functional and taxonomic analysis of the prion-
like sequences

One striking feature of the 914 positive prion-like sequences is the
high proportion of hypothetical or uncharacterized proteins, which
constitute 40% of the set (Peterson et al, 2009; Park et al, 2019)
(Dataset EV1). Most of the sequences collected in the NIH-HMP
have been identified via genome shotgun sequencing, and those
identified as hypothetical are open reading frames without a
characterized homolog in the protein databases. By examination of
the disordered regions predicted by MobiDB-lite (UniProt)
(Peterson et al, 2009; Park et al, 2019), it is possible to detect
repeated patterns (Appendix Fig. S1 and Dataset EV1), which
suggests that these proteins may have conserved yet unidentified
cellular roles that require a prion-like composition (Visconti et al,
2019; Tjaq et al, 2015; Desler et al, 2012).

The remaining 60% of positive prion-like sequences, with
estimated homology, can be grouped into 10 categories according
to their annotated descriptions (Fig. 1D and Dataset EV1). The two
main categories are membrane-associated (31.8%) and transporter
(30.2%) proteins, which play direct roles in facilitating interactions
between bacterial cells and the extracellular milieu.

The sequences collected in the NIH-HMP GI set are associated
with 457 bacteria species. A preliminary analysis of the 914 positive
prion-like sequences revealed that most belong to species whose
phyla have been previously related to neurodegenerative patholo-
gies, particularly AD (Khaled et al, 2023; Panza et al, 2019; Vogt
et al, 2017). However, for a global vision of their presence, we
analyzed how the positive prion-like sequences are distributed
within the different phyla and compared them to the original GI
NIH-HMP set (Fig. 1D and Dataset EV2).

Half of the prion-like sequences correspond to Campylobacter
(53%; Fig. 1D). In our list, this phylum is predominantly
represented by Helicobacter pylori species, and the Helicobacter
genus presents a seven-fold enrichment compared to the sequences
collected in the GI NIH-HMP set (Dataset EV2). The second most
abundant phylum in terms of prion-like sequences was Firmicutes,
which accounts for 24% of the identified sequences. However, it is
important to note that these high quantities may be due to their
abundance in the former list (48%; Dataset EV2). This phylum
includes genera such as Coprobacillus (6%), Eubacterium (6.5%),
Ruminococcus (6.5%), Lachnospiraceae (6.5%), Lactobacillus (19%),
and Clostridium (22%), collectively representing the predominant
members. 13% of the prion-like sequences come from the
Bacteroidetes phylum, which is one of the most prevalent phyla
in the human gut microbiome (Khiabani et al, 2023). The last
phylum with more than 5% of prion-like sequences in the positive
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list is Proteobacteria (Pseudomonadota), which includes several
pathogenic bacteria (such as Acinetobacter or Neisseria) and the
widely studied E. coli. However, in proportion, there are three times
fewer sequences from this phylum in the prion-like positive list
than in the GI NIH-HMP set.

Computationally selected amyloid cores self-nucleate
into amyloid-like fibrils

To validate the screening and to design a collection of exogenous
prion-like sequences, we selected the amyloid cores of 10 prion-like
positive sequences (Methods, Figs. 1B and EV1-2 and Dataset
EV3). For this aim, we used pWALTZ, an algorithm that identifies
the 21-amino-acid segment, within a Q/N-rich disordered region,
with the highest amyloidogenic potential (Sabate et al, 2015). This
length is sufficient for the formation of transmissible p-folds of the
HET-s yeast prion domain (Wan and Stubbs, 2014; Wasmer et al,
2010) and is the minimal size that maximizes the discrimination
between prionic and non-prionic sequences (Sabate et al, 2015).

To ensure sufficient amyloid propensity for the experimental
assays, the amyloid cores were selected based on defined criteria,
including pWALTZ scores above 73.55, Q/N-rich content, and
host-interaction implications (see Methods). These sequences
represent a diverse set of protein functions enriched in prion-like
characteristics (Table EV1). The selected amyloid cores (see
Methods) were named using a prefix corresponding to their species
of origin, followed by a number from 1 to 10, reflecting their
PWALTZ score and grouping by protein description (Table EV1,
Dataset EV3). Their polypeptide sequences were chemically
synthesized, and their ability to self-assemble into fibrillar
aggregates was tested. The synthetic peptides were diluted in the
aggregation buffer and then incubated at 37 °C without agitation.
The presence of amyloid aggregates was assessed using transmis-
sion electron microscopy (TEM), Fourier-transform infrared
spectroscopy (FT-IR), and binding to the amyloid dyes
thioflavin-T (ThT) and Congo red (CR). All peptides exhibited
the ability to form fibrillar structures (Fig. 2A) that were rich in
beta-sheet conformations (Fig. 2B). Additionally, all peptides
exhibited positive binding for at least one of the amyloid-specific
dyes (Fig. 2C,D; Appendix Fig. S2). Together, these findings
demonstrate the capacity of the predicted amyloid cores to catalyze
self-nucleation into amyloid fibrils.

A set of eight control sequences with low aggregation propensity
was designed to demonstrate that the observed amyloid properties are
intrinsic to the selected prion-like sequences rather than artifacts
(Methods). Five of these negative control sequences were derived from
amyloid cores with low pWALTZ scores, while the remaining three
were generated with a random amino acid composition based on the
Swiss-Prot database. Using TEM, Thioflavin-T, and Congo Red we
confirmed that these sequences did not self-assemble into amyloid-like
aggregates (Appendix Figs. S3-5).

Interference with host protein aggregation

We next investigated the cytotoxic properties of candidate sequences
to understand how exogenous prion-like proteins might interfere with
host protein aggregation. Considering their possible alteration in AD
patients (Vogt et al, 2017), we examined their capacity to interfere with
the aggregation of the amyloid-p peptide (Ap).

4 Molecular Systems Biology

Jofre Seira Curto et al

Pre-aggregated peptides were incubated with soluble AP40
(Seira Curto et al, 2023) and the aggregation kinetics were
monitored following the ThT fluorescence intensity (Fig. 3A;
Appendix Fig. S6). The half-life (Fig. 3B) and lag times (Fig. 3C)
exhibited a significant influence in 9 out of 10 peptides tested. Most
peptides accelerated the aggregation kinetics, except for HA10,
which slowed it down (Fig. 3A-C; Appendix Fig. S6).

In the analysis of the relationship between the peptide’s
composition and its effect on AP40 aggregation, there was a robust
correlation between the peptide net charge and lag-time kinetics,
except for RI6 (Fig. 3D). A more positive net charge results in faster
AP40 aggregation, whereas a more negative charge results in slower
aggregation. This effect may be attributed to electrostatic repulsion
forces. Under the experimental conditions used (pH 7.4 and
100 mM NaCl), AP40 carries a negative charge (—2.9) (Seira Curto
et al, 2023; Wood et al, 1996). As a result, positively charged
peptides may neutralize the net charge favoring AB40 assembly,
while negatively charged peptides may enhance the repulsive forces
present in the mixture. This has also been observed in screening for
AP aggregation inhibitors (Liao et al, 2012; Chan et al, 2012; Liu
et al, 2016). Moreover, these works also report that these
electrostatic forces work similarly for AP42 (the main isoform
located in the amyloid plaques), which despite having two extra
amino acids have the same net charge at physiological conditions.

To test whether the full protein, and not just the amyloid-forming
core, can form fibrillar aggregates and influence AP40 aggregation
kinetics, the parental protein that contains the BH4 amyloid core
(C9L6NS, a protein with a DNAJ domain) was also tested. This
protein, composed of 212 amino acids, was expressed in E. coli and
purified (Appendix Fig. S7). The purified protein was able to aggregate
into fibrillar structures (Appendix Fig. S7). Subsequent incubation of
AP40 with pre-aggregated CIL6N5 accelerated the aggregation
kinetics similarly to the amyloid-forming core (Appendix Fig. S7).
This result supports that not only the amyloid-forming cores but also
the proteins from which these sequences originate can form fibrillar
aggregates (Batlle et al, 2017; Osherovich et al, 2004; Pallarés et al,
2018) and seed host molecules.

Toxicity and oxidative stress in neuron-
differentiated cells

We next assessed whether the amyloid core peptides derived from
bacteria residing in the gut could induce phenotypic hallmarks
associated with neurodegenerative diseases in neuronal differen-
tiated (SH-SY5Y) cells. We first analyzed whether the aggregates
maintain their -sheet conformation under cell culture conditions
using an FTIR microscope (UFTIR), a technique employed to
measure the presence of amyloid aggregates in cells (Benseny-Cases
et al, 2018) (Methods, Appendix Figs. S8-9). Then, we evaluated
their potential to induce cell death using the MTT assay and
oxidative stress using the DCFDA/H2DCFDA assay (Royall and
Ischiropoulos, 1993) (Fig. 3E,F; Appendix Fig. S9).

The MTT assays showed that peptides with a net charge close to
0 exhibited greater toxicity compared to those with a higher charge
(Fig. 3G). This suggests that electrostatic interactions might play a
protective role against cytotoxicity. While differing from the AP
results, where positively charged peptides accelerated the aggrega-
tion kinetics (Fig. 3D), this also indicates the existence of additional
mechanisms contributing to toxicity.

© The Author(s)
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Figure 2. Amyloid aggregation of sequences from bacteria residing in the gut.
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(A) TEM images showing fibrillar aggregates formed by the selected amyloid cores. (B) FTIR spectrum of the aggregated peptides. The arrows indicate the b-sheet
intermolecular signal. (C) Thioflavin-T fluorescence increase (fold change) upon binding the aggregated peptides. All samples with aggregated peptides are significantly
more fluorescent than Th-T alone. Statistical analysis was performed using multiple unpaired two-tailed t-tests, corrected for multiple comparisons using the
Benjamini-Hochberg method (FDR set at 5%). The exact statistical values are provided in Dataset EV4. (D) Congo Red absorbance in the presence of the aggregate's
peptides (Appendix Fig. S2 for individual scans). Control is buffer with CR, without aggregates. All experiments (from (A) to (D)) were performed with three biological
replicates (N = 3), each consisting of three technical replicates. Source data are available online for this figure.

Polar, uncharged polypeptides tend to exhibit amphipathic
characteristics that facilitate their interaction with membranes.
Similar to antimicrobial peptides, these interactions can lead to
membrane disruption and subsequent cell toxicity (Elliott et al,
2020). The observed general drop in cell viability to below 70%
(Fig. 3E) suggests that the selected amyloid cores from the gut
microbiome can induce cellular damage upon aggregation.

The production of cellular reactive oxygen species (ROS),
significantly increased in six out of ten peptides compared to the
control without aggregates (Fig. 3F). These data suggest that the
reduced cell viability (Fig. 3E) can, in part, be attributed to
oxidative stress. Overall, our results suggest that prion-like
aggregates can cause cellular damage through membrane interac-
tions and ROS production (De Groot and Burgas, 2015; Auten and
Davis, 2009), supporting their potential contribution to disease
(Fig. 3H).

Among all the peptides tested, the aggregates of HP1 and HP2
exhibited especially high toxicity (Fig. 3E; Appendix Fig. S10) and
reduced cell viability to nearly 30% at 10 uM. These two amyloid
cores may be important sequences for the oligomerization and toxic
potential of their parental proteins, two putative vacuolating
cytotoxins (Dataset EV3).

Bacterial amyloid cores from the gut are
functional in yeast

Although all the core sequences formed amyloid fibrils and
exhibited cytotoxicity, each sequence has distinct properties, which

© The Author(s)

were reflected in their different ways of displaying these traits
(Figs. 2 and 3). This combined with the amyloid stretch hypothesis,
which states that the amyloidogenicity of a protein is comprised in
short protein stretches (Esteras-Chopo et al, 2005), leads us to
hypothesize that incorporating these amyloid cores into the same
prion-like framework would result in a series of chimeras with
different prion properties (Zambrano et al, 2015; Sabate et al, 2015;
Osherovich et al, 2004; Von Der Haar et al, 2007).

The exchange of prion-like domains is commonly studied in the
yeast prion Sup35 since it allows monitoring protein aggregation
and propagation easily through an in vivo nonsense suppression
assay. Additionally, Sup35 has been shown to accelerate the
aggregation of tau and alpha-synuclein proteins in AD and PD
models, respectively (Meng et al, 2023; Flach et al, 2022). These
effects were demonstrated through intrahippocampal inoculation of
Sup35NM fibrils in P301S tau transgenic mice, and through nasal
infection with Saccharomyces cerevisiae in A53T
transgenic mice.

The residues 7-13 recapitulate the amyloid properties of the
full-length Sup35 (Burra et al, 2021), and the deletion of the first 40
residues, known as the nucleation domain, destroys the prion
phenotype [PSI+] (Balbirnie et al, 2001; Krishnan and Lindquist,
2005). Based on this, we removed the first 40 amino acids of the
yeast prion Sup35 and replaced them with our collection of amyloid
cores (Fig. 4A; Appendix Supplementary Data) (Parham et al, 2001;
Wickner et al, 2015). The sequential analysis of the resultant

a-syn

chimeras shows similar aggregation and prion-like propensities as
the original Sup35 (Appendix Supplementary Data). This indicates
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Figure 3. Seeding and toxicity potential of sequences from the gut microbiome.

(A) Aggregation kinetics of AB40 peptide seeded by amyloid-forming cores from the gut microbiome (for individual kinetics, see Appendix Fig. $6). The kinetic assays
were conducted with four biological replicates, each with three technical replicates. (B) Half-times of seeded aggregation kinetics (four biological replicates, each with
three technical replicates). Error bars indicate SEM. In all panels (B, C, E, F), significance relative to the appropriate control (AB, Ctrl, or Neg) was assessed using multiple
unpaired two-tailed t-tests, corrected for multiple comparisons using the Benjamini-Hochberg method (FDR set at 5%; *q < 0.05, **q < 0.01, ***q < 0.001, ****q < 0.0001).
The exact statistical values are provided in Dataset EV4. (C) Lag phases of seeded aggregation kinetics (four biological replicates, each with three technical replicates).
Error bars indicate SEM. (D) Linear correlation between lag time and the net charge of the amyloid-forming cores used for seeding. The plot also shows the Pearson
correlation coefficient (R) and the p-value calculated from an F-test. Without RI6, R increases to 0.95. (E) Viability of neuron-differentiated SH-SY5Y cells assessed by
MTT assay after incubation with 10 uM peptide aggregates. All cells incubated with aggregated peptides showed significantly lower viability (FDR 5%) than control cells
(Ctrl) without peptides. Error bars indicate SD, centered on the mean. Three biological replicates (N = 3) were conducted, each consisting of three technical replicates. For
results at lower concentrations, see Appendix Fig. S10. (F) DCFDA/H2DCFDA cellular ROS assay. The first column (Pos) shows the signal from the positive control
(TBHP). Fluorescence was measured after 4 h of exposure to the peptides. Bars show the fluorescence fold change relative to the negative control (Neg). Error bars
indicate SD, centered on the mean. Three biological replicates (N = 3) were conducted, each consisting of three technical replicates. (G) Linear correlation between
peptide net charge and cell viability after treatment with 10 uM peptide aggregates. The plot also shows the Pearson correlation coefficient (R) and the p-value calculated
from an F-test. (H) Schematic representation of the proposed role of aggregation in pathogenesis. Source data are available online for this figure.

that the bacterial-derived amyloid cores can functionally substitute
the Sup35 nucleation domain, as the new proteins retain the ability
to aggregate and propagate, supporting their role as exogenous
prion-like proteins.

We used the nonsense suppression assay to evaluate the
formation and propagation of the Sup35 aggregates ([PSI'])
(Parham et al, 2001), including those variants incorporating
bacterial-derived amyloid cores (see Methods). As positive and
negative controls, we employed cells expressing unmodified Sup35
prion sequence (Sup35NM) and Sup35 lacking the first forty amino
acids (ASup35), respectively. Microscopy analysis revealed that

6 Molecular Systems Biology

Sup35NM concentrates the fluorescence in bright foci, while
ASup35 exhibits a homogeneous distribution throughout the
cytosol, indicating aggregation and solubility, respectively (Fig. 4B
and Dataset EV5). In agreement with the computational prediction
(Appendix Supplementary Data), all the cells expressing a Sup35
variant carrying an amyloid core (from HP1 to HA10) exhibited
fluorescent foci (Fig. 4B).

Consistently, the [PSI'] prion propagation assay displayed 100%
white colonies in Sup35NM, dropping to 30% in ASup35
(Fig. 4C,D). In the case of cells expressing a Sup35 variant, despite
presenting a high [PSI*] diversity, all showed a significant increase

© The Author(s)
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(A) Diagram illustrating how we designed the set of exogenous prion-like sequences studied in this work. Left panel: We first looked for 10 different amyloid-cores within
the gut microbiome and analyzed their potential to trigger amyloid aggregation. Medium panel: The amyloid cores were introduced into the same protein (Sup35) to create
10 chimeras with different prionic properties. Right panel: Their aggregation and propagation were tested in vivo in yeast and bacteria models. Finally, the chimeras,

expressed by bacteria, were studied as exogenous prion-like proteins that are ingested by C. elegans. (B) Fluorescent images showing intracellular aggregates of the Sup35-
GFP variants. (C) Representative images of white/red colonies from the non-sense suppression assay. (D) Percentage of [PSI+] (prionic behavior) for each yeast strain
analyzed. All assays were performed in three biological triplicates (N = 3). Error bars indicate SD. Yeast strains expressing Sup35 chimeras with the predicted amyloid
cores exhibited significantly higher [PSI+] levels (indicating better prion propagation) compared to the strain without a prion core (ANM). Statistical significance was
assessed using multiple unpaired two-tailed t-tests, corrected for multiple comparisons using the Benjamini-Hochberg method (FDR set at 5%; all samples resulted in

< 0.05). The exact statistical values are provided in Dataset EV4. Source data are available online for this figure.

in the number of white colonies ([PSI*]) compared to ASup35
(Fig. 4D).

Overall, both assays underscore the significance of the nuclea-
tion domain in driving Sup35 aggregation and propagation. The
data also show that all the bacterial protein fragments selected can
trigger Sup35 nucleation and can replicate its prion transmission
in vivo in yeast. It is worth noting that this result is not obvious,
since only prion-like and amyloidogenic sequences can restore the
Sup35 aggregation and propagation abilities (Alberti et al, 2009;
Zambrano et al, 2015; Sabate et al, 2015; Osherovich et al, 2004;
Cascarina et al, 2017).

A deeper analysis of the microscopy images shows differences in
the colonies and the aggregated forms between Sup35 variants.
Importantly, the color stability of the [PSI*] colonies is indicative of

© The Author(s)

the prion-like protein capacity to keep the aggregated conformation
through different generations. We observed that some Sup35
chimeras form long ring intracellular structures (Fig. 4B, Dataset
EV5), and that the presence of more than 10% of cells with ring
forms is associated with the formation of color-revertant colonies
(indicative of a low-stability aggregated conformation). These ring
forms are large, early aggregated stages that can progress to a
mature single punctate conformation through the fragmentation
activity of the HSP104 chaperone (Tyedmers et al, 2010; Sharma
et al, 2017). In line with our results, the presence of long
intracellular fibers has also been associated with less stable [PSI'],
possibly due to lower amounts of prion seeds (propagons) small
enough to propagate between cells; meanwhile, the punctate focus
is associated with the formation of efficiently transmissible [PSI*]
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(Chernova et al, 2017; Liebman and Chernoff, 2012; Derkatch and
Liebman, 2013). Among all the prion-like variants, BH4 was the
only one not presenting rings or multiple foci, indicating the
formation of especially mature and stable aggregates (De Groot
et al, 2015; Carija et al, 2017).

The Sup35 variants HP1, HP2, BH4, SA7, and LD8 demon-
strated the highest percentage of [PSI*] conversion and, like
Sup35NM, are robustly stable, as is evident by the absence of
revertant colonies. Of these, HP1, HP2, and LDS8, also displayed
multiple fluorescent punctate foci, mirroring the pattern observed
in Sup35NM (Fig. 4B, Dataset EV5). Interestingly, in vitro, upon
incubation with SH-SY5Y, these three sequences also led to some of
the lowest cell viabilities. Similarly, recent studies on variants of
TDP-43 in yeast show that the presence of multiple punctate foci
corresponds to more dynamic, liquid-like deposits with enhanced
toxicity (Bolognesi et al, 2019). As observed in the in vitro assay,
this toxicity may be associated with the original roles that these
sequences may have in the parental protein (Dataset EV2-3).

The low aggregation-prone control sequences (Appendix Fig.
S11) were introduced at the N-terminal of Sup35-GFP to
demonstrate that not all sequences can trigger foci assembly, as
this requires a prion- or amyloid-like composition. As expected, the
resultant chimeras failed to form intracellular aggregates in yeast,
except for L2, where 13% of the cells exhibited foci (substantially
lower than the 61% to 100% observed in strains expressing
aggregation-prone bacterial sequences). Overall, the nonsense
suppression assay was consistent with the sequence analyses
(Appendix Supplementary Data) demonstrating that the Sup35
variants carrying the bacteria amyloid cores can aggregate and
propagate in a prion-like manner. Hence, this assay went further by
showing different aggregation and propagation patterns.

Aggregation in a bacteria-based C-DAG system

With the aim of (i) simulating protein aggregation within a
bacterial context and (ii) building a comestible gut-colonizing
vehicle for our collection of exogenous prion-like proteins, we
introduced the same set of Sup35NM chimeras expressed in yeast
into the bacteria-based C-DAG system (Fig. 5A). In this system, the
proteins are fused to the CsgAss exportation signal of the curli
fibers (Appendix Supplementary Data), and the protein aggregation
propensity can be monitored by measuring the formation of
extracellular aggregates (Sivanathan and Hochschild, 2013).

To detect the formation of extracellular aggregates, we grew E.
coli C-DAG cells on CR plates. The presence of extracellular
aggregates is revealed by the development of reddish colonies. All
strains, except for BH4 and RI5, displayed a robust signal, notably
surpassing that exhibited by the soluble M domain of Sup35
(Sup35M) (Fig. 5B; Appendix Fig. S12). We also observed by TEM
that all strains except Sup35M and ASup35 displayed abundant
large and fibrillar aggregated structures surrounding the cells
(Fig. 5C).

When the Sup35 variants containing the rationally designed low
aggregation-prone sequences were expressed by the E. coli C-DAG
cells, no extracellular aggregates were observed (Appendix Fig.
S13). Similar to the results in yeast, these findings emphasize the
critical role of the nucleation core in driving Sup35 aggregation and
demonstrate that sequence variations lead to distinct aggregation
behaviors.

8 Molecular Systems Biology
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Bacterial extracellular fibrils induce loss of
associative memory

Once analyzed their aggregation and propagation capabilities, we
used the C-DAG system as a vehicle to introduce the exogenous
prion-like proteins into the C. elegans gut to analyze their effects on
the host, in particular, a neurodegenerative disease phenotype
(Figs. 5A and 6A). By studying the same protein sequences across
different assays, from biophysics to phenotypic analyses, we aim to
combine these results to achieve a mechanistic understanding
(Fig. 1B).

We start by monitoring alterations in the sensory memory of
two different strains of C. elegans: the laboratory wild-type N2
(Fig. 6) and the AD model CL2355, which has a pan-neuronal
expression of AP42 (Appendix Fig. S14). The animals were fed the
E. coli C-DAG collection expressing the Sup35NM chimeras
(Fig. 5A). Subsequently, we performed a short-term associative
memory assay (STAM) (see Methods) that links the presence of
food with the chemoattractant butanone, a volatile odorant
(Fig. 6A), to assess the cognitive status of the worms (Stein and
Murphy, 2014). Both C. elegans models were fed E. coli expressing
either the ANM or NM variants of Sup35. Compared to N2,
CL2355 presented lower values in both indices, learning and
memory. Interestingly, N2 worms that were fed bacteria that form
aggregates (Sup35NM), exhibited a memory index similar to that of
CL2355 worms, which were fed bacteria unable to form
extracellular aggregates (ASup35). Since both bacteria strains share
the same genotype, these results suggest that the ingestion of the
extracellular aggregates produced by Sup35NM causes cognitive
impairment in the wild-type animal (N2) similar to those
associated with the model of AD (CL2355). Furthermore, this
assay also showed that the disease phenotype in CL2355 could be
exacerbated when Sup35NM bacteria were included in its diet.

After validating the STAM assay to measure the neurodegen-
erative phenotype in N2, we fed the nematodes with E. coli
expressing the Sup35NM variants containing the bacteria-derived
amyloid cores. As a control, we first compared the non-conditioned
worms (naive) and, as expected, no significant differences were
observed between the animals fed with ASup35 and those fed with
the strains capable of forming extracellular aggregates (Fig. 6B, N
data points). This indicates that without prior conditioning, all the
animals respond similarly to the chemoattractant. However, during
the learning assay (Fig. 6B, L data points), N2 worms fed with
bacteria expressing HP1, HP2, RI5, RI6, or HA10 exhibited an
index value less than half of that measured for those worms fed
with bacteria expressing ASup35 or Sup35NM. This suggests that
the consumption of these bacterial strains and their extracellular
aggregates has a stronger physiological impact on learning ability.
Notably, the only variable among these conditions is the E. coli
strain consumed and, consequently, the specific chimera it
expresses.

When added to the nematodes’ diet, 8 out of 10 bacteria strains
triggered a significant memory decline (Fig. 6B, M data points),
measured as a reduced chemotaxis index compared to ASup35. This
indicates that most of the prion-like chimeras can form aggregates
that, upon ingestion, lead to a decline in the cognitive abilities of
the worm. However, some proteins had a more pronounced effect
on learning (HP1, HP2, RI5, RI6, and HA10), while others
predominantly influenced memory (SA7, LD8, and P9) (Stein and
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(A) Diagram showing the C-DAG construct integrated into E. coli cells and how the expression of Sup35p chimeras can form extracellular protein aggregates.

(B) Measurement of the colony red intensity using ImageJ, normalized between maximum and minimum values. Asterisks indicate the significance in red color increase
compared to Sup35M, the variant encoding the soluble Sup35 medium region. Error bars indicate SD, centered on the mean (N = 4 technical replicates). Statistical analysis
was performed using multiple unpaired two-tailed t-tests, corrected for multiple comparisons using the Benjamini-Hochberg method (FDR set at 5%; *q < 0.05, **q < 0.01,
***q < 0.001, ****q < 0.0001). The exact statistical values are provided in Dataset EV4. (C) TEM images showing fibrillar aggregated structures around E. coli cells. Source

data are available online for this figure.

Murphy, 2014). In contrast, the ingestion of bacteria expressing
three of the low aggregation-prone Sup35 controls (L1, L2, and R1)
did not result in significant learning or memory deficits (Appendix
Fig. S15). These analyses of cognitive abilities highlight the roles of
aggregation and prion-like behavior as key factors in toxicity,
underscoring the far-reaching influence of the microbiota’s
amyloidogenic sequences on cognitive function (Fig. 1A). More-
over, the results also point out that different prion-like aggregates
can impact cognitive abilities in distinct ways (Fig. 6B).

Ingestion of exogenous prion-like proteins increases
lipid oxidation

To explore the factors underlying the worms’ cognitive decline, we
analyzed them using synchrotron radiation WFTIR (SR-uFTIR).
This technique measures the absorption spectra of the molecular
bonds without the need for labeling. It is a non-invasive method

© The Author(s)

that captures the distinct chemical signatures of cells (Baker et al,
2014) and also C. elegans specimens (Gonzalez-Moragas et al, 2017;
Muiioz-Juan et al, 2024). Here, we utilized SR-pFTIR to analyze the
lipid oxidation and the protein/lipid proportion (Fig. 6C,D;
Appendix Figs. S16-18). These analyses show that, in general, the
worms with better memory indices tended to present lower lipid
oxidation levels together with lower protein/lipid signals (Fig. 6E).
Hence, these results suggest a possible protein accumulation and an
increase in ROS in the nematodes showing a cognitive decline. This
agrees with the cellular analysis of the amyloid cores (Fig. 3F),
which also suggested that oxidative stress could have a significant
contribution to their toxicity.

To further investigate how the entry of exogenous amyloid
proteins results in the accumulation and subsequent generation of
ROS, we examined a nematode intestinal lysosome-related
organelle known as the gut granule (Hermann et al, 2005;
Dell'Angelica et al, 2000) (Fig. 7; Appendix Fig. S19). These
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Figure 6. Cognitive effects on C. elegans.

(A) Diagram showing the three different conditions of the STAM assay. (B) Plots showing the three chemotaxis indices measured: naive (N), learning (L), and memory
(M). Each data point represents 300-500 worms. The green dashed line indicates the learning index measured with ingestion of ASup35 (ANM). Error bars represent the
SEM. Asterisks (*) indicate significance relative to the corresponding ANM condition (Naive, Learning, or Memory), based on multiple unpaired two-tailed t-tests

corrected using the FDR with the Benjamini-Hochberg method (FDR set at 5%; N = 3 biological replicates of 300-500 worms each; *q < 0.05, **q < 0.01, ***q < 0.001,
****q <0.0001). The exact statistical values are provided in Dataset EV4. (#) Hash symbols indicate significance between indices of worms fed the same bacterial strain
but exposed to different conditions (Learning vs. Memory). Significance was assessed using an ordinary two-way ANOVA followed by Bonferroni's multiple comparisons
test (N = 3 biological replicates of 300-500 worms each; #p < 0.05, ##p < 0.01, ###p < 0.001). The exact statistical values are provided in Dataset EV4. (C) mFTIR of a
N2 nematode feed with CC3 strain. Shows the distribution along the nematode body of the amyloid signal (1629/1654). For this parameter, we observed no significant
increase between the worms ingesting ASup35 (ANM) and those fed with the other Sup35 variants. (D) Comparison between memory indices and whole-body oxidation
ratio measured with mFTIR (error bars are SEM; for oxidation ratio N > 44, the measures were taken uniformly along the body of 10 different worms). A linear regression
analysis is presented in Appendix Fig. S16. The samples are arranged from highest to lowest memory index values. The green zone indicates worms with higher memory
index values, while the red zone represents those with lower memory index values. (E) Comparison between memory indices and whole-body protein/lipid ratio measured
with mFTIR (error bars are SEM; for protein/lipid ratio N > 42, the measures were taken uniformly along the body of 10 different worms). A linear regression analysis is
presented in Fig. S16. The samples are arranged from highest to lowest Protein/Lipid IR signal ratio. The red zone indicates worms with a higher Protein/Lipid IR signal

ratio, while the green zone represents those with a lower one. Source data are available online for this figure.

organelles are one of the nematode’s first defenses against the
entrance of exogenous menaces through the intestine (Hajdu et al,
2023). They are involved in digestion and nutrient storage and are
able to sequester and neutralize ingested toxins and pathogens to
prevent damage (Roh et al, 2012; Chun et al, 2017; Ardelli and
Prichard, 2013). Recently, they have also been associated with the
stress response and with a reduction in protein aggregation in a
Huntington’s disease model (Brunquell et al, 2018).

The gut granules contain several autofluorescent compounds
(Fig. 7A) whose intensity increases with oxidative stress and cellular
damage (Navarro-Hortal et al, 2024; Ayuda-Duran et al, 2020). The
ingestion of the E. coli C-DAG collection increased the number of gut
granules (Appendix Fig. S19) and their fluorescence intensity
(Appendix Fig. S20) compared to the consumption of the E. coli
OP50 strain, the standard nematode food and a biofilm-defective

10 Molecular Systems Biology

mutant (Arata et al, 2020). This observation suggests an increase in gut
granule activity and that the products expressed by the E. coli C-DAG
bacteria may interfere with these organelles more than those produced
by the OP50 strain. In agreement with previous studies on oxidative
stress (Navarro-Hortal et al, 2024; Ayuda-Duran et al, 2020), our
analyses with SR-uFTIR indicate that the lipid oxidation signal in the
nematode intestine is linked with the number of fluorescent foci
(Fig. 7B). Overall, this result connects the aggregates produced by the
ingested bacteria with the oxidative levels of the nematode and the
number of gut granule organelles.

The aggregates’ properties define the cognitive deficit

We next compared the number of gut granules with the memory
index, revealing that the worms with lower indices tend to have
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Figure 7. Oxidative stress and gut granules fluorescence.
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(A) Fluorescent images showing the presence of gut granules in the analyzed worms. At the top transmitted light, and at the bottom fluorescence. (B) Comparison of lipid
oxidation within the intestinal section and the number of gut granules (N =10 different worms). Lipid oxidation and granule number were significantly different between
the red group (RI6, BH4, RI5, NM) and the green group (SA7, CC3, LD8, P9, HP2, ANM, HA10, HP1), as determined by unpaired two-tailed t-tests (p = 8.72 x 10~ for lipid
oxidation and p =1.76 x 10~° for granule number). Each group's values were pooled and analyzed independently. Error bars represent the standard error of the mean
(SEM). (C) Comparison of memory index (N = 3 biological replicates of 300-500 worms each) and the number of gut granules (N =10 different worms). Memory index
and granule number were significantly different between the red group (RI6, RI5, HA10) and the green group (P9, SA7, NM, LD8, HP1, HP2, CC3, BH4, ANM), as
determined by unpaired two-tailed t-tests (p = 0.0106 for memory and p = 2.45 x 107 for number of granules). Each group’s values were pooled and analyzed
independently. Error bars represent the standard error of the mean (SEM). Source data are available online for this figure.

more gut granules (Fig. 7C; Appendix Fig. S16). This result suggests
that the accumulation of components in the gut granules and the
oxidation associated with the intake of E. coli C-DAG strains may
be related to the severity of memory loss.

Similarly, the worms ingesting E. coli strains that formed
intensely red colonies in the presence of CR tend to have a lower
memory index (Appendix Fig. S21), except for RI5, which produced
an especially faint red color. In addition, the proteins that result in
the formation of abundant ring structures in yeast are associated
with worms with lower memory indexes (Appendix Fig. S22).

Taking all the assays together, there appears to be a parallel
progression in the number of gut granules, the intensity of red
colonies, and the formation of ring aggregates in yeast, which seems
to be linked with memory loss (Fig. 7C; Appendix Fig. S22). The
intensity of red in the E. coli colonies is associated with the ability
of the extracellular aggregates to bind CR. In yeast, the ring
structures are precursors of the foci, with poorer propagation and
enhanced toxicity (Chernova et al, 2017; Derkatch and Liebman,

© The Author(s)

2013; Barbitoff et al, 2022). On the contrary, the formation of large
stable foci has been associated with a protective strategy against
oxidative damage (Carija et al, 2017). In this line, an increase in gut
granule fluorescence has been associated with an increase in lipid
oxidation (Navarro-Hortal et al, 2024; Ayuda-Duran et al, 2020).
Considering all factors together, we hypothesize that the inability to
progress to mature and inert aggregates(He et al, 2012; Nimmrich
et al, 2008; Lesné et al, 2013) may lead to the formation of
promiscuous conformations (Nimmrich et al, 2008; Lesné et al,
2013) that generate more ROS and ultimately promote stronger
cognitive decline.

Discussion
The gut serves as a potential entry point for various exogenous

molecules, including prions. There, the microbiota can act as a
source of amyloid-promoting proteins with proven effects on host
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health(Walker et al, 2022; Wang et al, 2021; Sampson et al, 2020;
Bhoite et al, 2022; Fernandez-Calvet et al, 2024; Seira Curto et al,
2022). To explore the impact of exogenous prion-like proteins on
the host, we assembled a collection of potential amyloidogenic
sequences. These sequences were computationally designed based
on gut microbiome analysis, providing a synthetic and simplified
approach that does not intend to represent any specific natural
protein but instead aims to offer a broad overview of prion-like
sequences. The resulting peptides were capable of self-assembling
into amyloid-like fibrillar structures, with the ability to interfere
with AP aggregation and induce ROS production in neuron-
differentiated cells.

The identified prion-like sequences are associated with diverse
functional categories, including membrane receptors, transporters,
and adhesins, indicating their involvement in critical interactions
with host cells and the environment (Visconti et al, 2019; Jjaq et al,
2015; Desler et al, 2012). Notably, certain bacterial proteins, like
curli fibers found in E. coli, may enhance bacterial colonization and
pathogenesis, potentially influencing neurodegenerative proces-
ses(Chen et al, 2016; Friedland et al, 2020; Van Gerven et al, 2018;
Kuwajima et al, 2022; Kosolapova et al, 2020; Wang et al, 2021).

Among the bacteria species detected, Helicobacter pylori stood
out due to the high number of sequences coding for prion-like
proteins (Dataset EV2). Additionally, many AD patients have
experienced active and/or latent Helicobacter infections, pointing to
a potential role in the development of the pathology (Go, 2002;
Panza et al, 2019; Khaled et al, 2023). Notably, HP1 and HP2 are
fragments of two putative vacuolating cytotoxins, proteins known
to assemble into disrupting pores upon interaction with host cell
membranes (Connolly et al, 2024). Despite their short lengths, HP1
and HP2 exhibited significant toxicity, highlighting their potential
involvement in host-pathogen interactions and their contribution
to disease processes.

Importantly, species encoding prion-like sequences also share
phyla with others known for health benefits, such as Firmicutes
(Huttenhower et al, 2012), highlighting the gut microbiota’s
complexity in disease development. Hence, further studies are
necessary to better understand the relationship between bacterial
species and neurodegenerative diseases and to explore potential
therapeutic interventions targeting the gut microbiome.

The systematic platform presented here facilitated the analysis of
exogenous prion-like proteins across multidisciplinary experiments,
enabling the connection between structural and prionogenic properties
with toxic and phenotypic effects. Our sequential engineering work
corroborates the amyloid stretch hypothesis, demonstrating that the
exchange of an amyloid core keeps the capacity to aggregate and
propagate while modulating the prionic behavior.

Overall, while numerous protein sequences remain unidentified
despite their potential health implications (Appendix Fig. S1), our
findings indicate that many different sequences can influence the
host and induce various effects on cognitive abilities (Fig. 6). This
sequential diversity is also reflected in the increasing number of
bacteria amyloid-promoting proteins with reported effects on host
health(Walker et al, 2022; Wang et al, 2021; Sampson et al, 2020;
Bhoite et al, 2022; Fernandez-Calvet et al, 2024; Seira Curto et al,
2022). We hypothesize that, in our case, oxidative stress generation
contributes to this deleterious outcome, highlighting the complex
interplay between the molecules transiting the gut and neurode-
generative diseases. Our research provides valuable insights into the
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role of exogenous prion-like proteins and underscores the
importance of elucidating their mechanisms for identifying
potential therapeutic targets and further investigating the gut-
brain axis in disease pathogenesis.

Methods

Reagents and tools table

Identifier or
Catalog
Number

Reagent/Resource Reference or Source

Experimental models

The 74D-694 derivative yeast Gasset-Rosa and Giraldo NA
strain: MATa, adel-14Y¢, trp1-289, (2015)

his3-A200, ura3-52, leu2-3,112

sup35::loxP [pYK810] [PIN*]

SH-SY5Y ATCC CRL-2266

Caenorhabditis Genetics N2
Center

C. elegans N2

C. elegans CL2355 Alzheimer's Caenorhabditis Genetics CL2355
model Center

VS39 E. coli strain from C-DAG
system

Sivanathan and NA
Hochschild (2013)

Recombinant DNA

pUKC1620 Parham et al (2001), NA
Gasset-Rosa and Giraldo
(2015)
pESC-URA Agilent Technologies 217454
pVS72 Sivanathan and NA
Hochschild (2013)
pVS105 Sivanathan and NA
Hochschild (2013)
pet11-BH4-6HIS GenScript NA
_Oligonucleotides and sequence-based reagents
PCR primers This study Table EV5
Antibodies
Anti-GFP, rabit serum Invitrogen™, A6455
ThermoFicher Scientific
Anti-His rabbit Thermo RM 146
Anti-rabbit horseradish peroxidase BioRad 1662408EDU
conjugate
ECL KIT Thermo 32106
Chemicals, Enzymes and other reagents
KOD Hot start polymerase Novagen, Toyobo 71086
FastDigest Dpnl ThermoScientific FD1704
DMEM-F12 Glutamax Gibco 10565018
Pen-strep Gibco 15140148
FBS Gibco A5256701
SH-SY5Y ATCC CRL-266
Trypsin Gibco 25300-120
AB40 Genscript RP10004
Non-binding 96-well Plate Greiner 655906
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Identifier or
Catalog
Reagent/Resource Reference or Source Number
Thioflavin T Sigma 596200
MTT Fisher 10133722
DCFDA/H2DCFA Thermo D399
DMSO Fisher BP231-1
Congo Red Thermo B24310.14
pET21b Novagen 69741
HFIP Thermo A12747.22
His Trap FF Cytiva 17524802
Software
Graphpad Prism www.graphpad.com NA
Opus 7.5 Bruker NA
PSORTb v3.0 www.psort.org NA
pWALTZ https://bioinf.uab.es/ NA
pWALTZ
PAPA https:// NA
combi.cs.colostate.edu/
supplements/papa/
PLAAC http://plaac.wi.mit.edu/ NA
Other
EVOS M5000 Imagin System Leica Microsystems NA
GmbH, Mannheim,
Germany
TECAN Infinite+ NANO TECAN Trading AG, NA
Switzerland
JEM-1400 JEOL, Tokyo, Japan NA
Hyperion 3000 Microscope Bruker, Germany NA

Thermo Omnic 7.1 Thermo Scientific, Inc. NA

Leica MZFLIIl stereomicroscope Leica Microsystems NA
GmbH, Mannheim,
Germany

Vertex 70 spectrometer Bruker, Germany NA

List of positive prion-like proteins

The proteins encoded in the gut microbiome’s genome were sourced
from the NIH Human Microbiome Project (University of Maryland,
2009; Park et al, 2019). The original list is available at: http://
downloads.hmpdacc.org/data/reference_genomes/body_sites/
Gastrointestinal_tract.pep.fsa. After refining the list to remove
duplicate entries, we identified 457 distinct organism names and
1,468,778 protein sequences. This shorter list is available at the
figshare repository (https://doi.org/10.6084/m9.figshare.25710048.v1).
This compilation of proteins underwent screening to identify prion-
like proteins using two distinct algorithms: PAPA (Toombs et al,
2012) and PLAAC (Lancaster et al, 2014). These approaches seek
proteins featuring prion-like domains and assign a score to each,
indicating the probability of behaving as a prion.

Based on prior studies and our expertise (Iglesias et al, 2015), we
identified potential prion-like proteins by employing a combination
of criteria from the three different algorithms. Specifically, we

© The Author(s)
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employed a PAPA score threshold of 0.05 to denote a positive prion
aggregation propensity. Additionally, we considered a PLAAC PRD
score above 0 as indicative of sequential domains capable of
initiating the aggregation process.

Selection of amyloid core sequences

We selected 10 amyloid core segments for experimental validation. We
first arranged all the sequences by their pWALTZ score to prioritize
candidates with a higher propensity to self-assemble. The pWALTZ
algorithm was applied to the 80-amino-acid regions previously predicted
by PAPA (Iglesias et al, 2015), providing the 21-amino-acid segment
with the highest aggregation propensity within it (Gil-Garcia et al, 2021;
Iglesias et al, 2015; Sabate et al, 2015) (Table EV1). The candidates were
chosen from those with a Q/N proportion of at least 20% and a score
above 73.55, the default cut-off, to guarantee amyloid-forming sequences,
both in vitro and in vivo (Sabate et al, 2015).

We excluded sequences labeled as hypothetical, those containing
cysteine residues, and those with multiple transmembrane domains. We
chose sequences from bacterial strains associated with genera previously
reported to be altered in AD patients (Vogt et al, 2017; Panza et al, 2019;
Khaled et al, 2023) and with a high likelihood of being extracellular
(PSORTD tool (Tenaillon et al, 2010)).

From this shorter list of sequences that fulfill these criteria, we
prioritized sequences covering the protein functions that are more
enriched in prion-like proteins such as protease (RI5 and RI6 are
trypsin-like), cytotoxin (HP1 and HP2 are putative vacuolating
cytotoxins), DnaJ-containing domain (such as CC3 and BH4), and
nucleotide-associated proteins (P9).

From the list of other functions, we chose sequences with
descriptions with host interacting implications such as “penicillin-
binding protein” (SA7) or that indicate aggregation such as
“aggregation promoting” (LD8) or “curli associated” (HA10).
When several options were left, we chose those with higher
PWALTZ scores or two candidates with sequential differences (e.g.,
composition or length).

Overall, we constructed a diverse collection of sequences from
both Gram groups, different genera, and annotated descriptions
(Fig. 1D, Table EV1, Figs. EV1-2, Dataset EV3).

Protein alignment and consensus sequence

The alignments between the 10 different amyloid-forming core
candidates and the consensus sequence were obtained using the
Unipro UGENE software v43.0 (Okonechnikov et al, 2012) for
sequence visualization.

Protein location prediction using PSORTb

For protein location prediction, we employed PSORTb v3.0 (Yu et al,
2010). This allowed us to anticipate the potential locations of the protein
candidates. The algorithm was executed with ‘bacteria’ selected as the
organism type, and the appropriate Gram stain was chosen for each
organism. The best localization scores were used to generate Dataset EV3.

Control peptides design

We designed eight control sequences to rule out the possibility of
artificial effects during the experiments performed.
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We designed the control sequences using two distinct strategies.
The first strategy utilized amyloid cores with lower pWALTZ
scores, while the second used the amino acid composition of
proteins curated in Swiss-Prot.

For the first approach, we start by randomizing sequences with
lower pWALTZ scores within the positive set. To ensure low
amyloidogenic and prion-forming propensity, we implemented the
following modifications:

- Substituting hydrophobic residues with glycine, an amino acid
with very low prion propensity (Sabate et al, 2015).

- Maintaining a Q/N content between 9.5% and 38% while ensuring
a net charge below 3, to avoid repulsive forces that might
artificially inhibit aggregation and to preserve some sequence
similarity with the prion-positive set.

The resulting sequences were as follows:

>L1
GYHEGQGGYHDGGQHGGYHGG

>L2
SGHGSHESGGSQQSRGSGGTS
>L3
NSMERNSSNSSGHGNNQDSNN
>L4
KSDQQOGSHEQGMQSGMGDGMT
>L5
NNGESGGNNSGGSNNDNTSSQ
We developed a second set of control sequences using a Python
script (see below) to generate random sequences of 21 residues with an
amino acid composition similar to natural proteins based on Swiss-
Prot database (https://web.expasy.org/docs/relnotes/relstat.html).

The sequences generated were:

>R1
GELAMARRGNPTLGGITRKRS

>R2
IDWRANVTDEPQVAAGAHTVE
>R3
KAEHTDTLMQEGARRTTDNQG

Python script used:
import random

# Define the amino acids and their frequencies
amino_acids = [
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(‘a', 8.25), ('Cc', 1.38), ('D', 5.46), ('E', 6.71),
('‘#', 3.86), ('G', 7.07), ('H', 2.27), ('I', 5.91),
('K', 5.80), ('L' 9.64), ('M', 2.41), ('N' 4.06),
('p', 4.74), ('Q', 3.93), ('R', 5.52), ('S', 6.65),
('T', 5.36), ('V', 6.85), ('W', 1.10) ('Y' 2.92)

]

# Create a list of amino acids according to their
frequency aa list = []

for aa, freq in amino_acids:

aa_list.extend([aa] * int (freqg * 100)) # Scale up for
better distribution

# Function to generate a random protein sequence of a
given length

def generate protein sequence (length) :

return ''.join(random.choice(aa list) for _in
range (length))

# Generate a random sequence of 21 residues

sequence = generate protein sequence (21)

print (sequence)

Using these approaches, we obtained eight different sequences of 21
amino acids. These sequences showed negative results for aggregation and
prion propensity when tested with various algorithms used in this study
(PAPA score below 0.05, PLAAC PRD 0, pWALTZ score below 50) as
well as Aggrescan (Conchillo-Solé et al, 2007). The pWALTZ values for
these control peptides are no provided because they are below 50.0, which
is the established threshold for distinguishing prion-like sequences
(Zambrano et al, 2015). For this reason, the pWALTZ algorithm does not
generates scores below this cutoff.

Peptide preparation

All samples were prepared in low protein-binding microcentrifuge
tubes (ThermoFisher Scientific, Waltham, MA, USA).

The amyloid-forming cores were acquired lyophilized from the
Peptide Synthesis Facility, Department of Experimental and Health
Sciences, Universitat Pompeu Fabra (UPF). Peptides were then solubilized
in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and separated into different
aliquots and were dried overnight in a fume hood at room temperature.
Different buffers and concentrations were tested to find the best
conditions for amyloid aggregate formation. The best results were
obtained by redissolving the peptides with DMSO to maintain them as
monomers and diluting them in 50 mM phosphate buffer (PB) pH 7.4 at
a final concentration ranging from 50 to 400 uM and left overnight for
aggregation (see Dataset EV2).

Synthetic AB40 (DAEFRHDSGYEVHHQKLVFFAEDVGSNK-
GAIIGLMVGGVV-NH2) was purchased from GenScript (Rijswijk,
Netherlands). Stock solutions were prepared by dissolving 1 mg of
the peptide to a final concentration of 250 pM and adding 20 mM
sodium phosphate buffer, 0.04% NH;, and NaOH to a final pH of
11. Then, the peptide was sonicated for 10min (Fisherbrand
Pittsburgh, PA, USA, FB15051) without sweep mode and stored at
—80 °C. For toxicity and seeding experiments, the peptide was left
to aggregate at room temperature for 24 h.

Congo Red binding to protein aggregates

Congo Red (CR) binding to aggregated peptides was analyzed by
acquiring the absorbance spectra in the 400-650 nm range using a
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Cary 300 spectrophotometer (Varian). The assay was performed in
a total volume of 150 uL (15 pL of aggregated peptide samples,
15 pL of CR 200 uM, and 120 pL of 50 mM PB pH 7.4). Before dye
addition, all samples were sonicated for 5min in the ultrasonic
bath. Once the dye was added, samples were incubated at room
temperature for 5 min before the measurement. Each spectrum was
compared with that of CR alone (without peptide, as shown in
Fig. 2). To avoid buffer interference, the absorbance spectrum of
the buffer was subtracted from all measurements prior to their
analysis. A result is considered positive if the maximum absorbance
peak of CR shifts towards higher wavelengths.

Thioflavin-T binding and aggregation kinetics

Thioflavin-T (ThT) was dissolved in Milli-Q water to 5mM,
filtered with a 0.2-pm filter, diluted to 0.5mM, and stored at
—20°C. ThT fluorescence for aggregation kinetics was measured
every 10 min and at the endpoint for ThT binding of the peptides
using a 440-nm excitation filter and a 480-nm emission filter using
bottom-optics in a plate reader (TECAN Infinite+ NANO).
Samples were placed in a flat-bottom, black, non-binding 96-well
plate (Greiner Bio-One). A total of 100 uL of sample was added per
well. Each condition was measured in triplicate.

For the ThT binding experiments, the fluorescence of the
peptides was measured after 72 h of aggregation of the peptides at a
final concentration of 10 uM. Measurements were then compared
to the negative control to determine the fold change in ThT
fluorescence intensity.

For the seeding experiments, the AP40 peptide stock, initially at pH
11, was diluted to 25uM in 20mM sodium phosphate buffer and
100 mM NaCl, and the corresponding pre-aggregated peptide was added
to 2.5 UM after 5 min of sonication. Control experiments were conducted
under the same conditions, including controls without AB40 but with
peptide and with just buffer and Th-T. All samples and controls were
prepared in triplicate. The pH in the wells was measured both at the start
and end of the experiment to ensure pH stability throughout the
aggregation process and to confirm that there were no differences in the
pH of the different conditions. ThT was added to a final concentration of
20mM. The aggregation reaction was performed at 37°C without
agitation with four independent replicates. The t;/, is the time necessary
under a given condition to reach 50% of the final fluorescence signal. The
lag phase was calculated by considering its end as the point at which it
reached 10% of the final fluorescence. For each condition, we measured
four experimental replicates with three technical replicates each.

Transmission electron microscopy

A 10 pl sample of aggregated peptide or E. coli was placed onto
carbon-coated copper grids, incubated for 1 min, and dried with
Whatman paper (Seira Curto et al, 2023). The grids were washed
with distilled water, negatively stained with 2% (w/v) uranyl acetate
for 1 min, and then dried. Micrographs were obtained using a JEM-
1400 (JEOL, Tokyo, Japan) transmission electron microscope at an
accelerating voltage of 80 keV.

Infrared spectroscopy

SR-UFTIR of C. elegans, cell cultures, and the aggregated peptides
alone was performed at the MIRAS beamline at ALBA synchrotron
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(Catalonia, Spain) using a Hyperion 3000 Microscope that was
equipped with a 36x magnification objective coupled to a Vertex
70 spectrometer (Bruker). The measuring range was 650-4000 cm™
and the spectra collection was carried out in transmission mode at
4 cm™ resolution, 10 pm x 10 um aperture dimensions, and from
128-256 co-added scans. Zero filling was performed with fast
Fourier transform (FFT), so that in the final spectra, there was one
point every 2 cm™. Background spectra were collected from a clean
area of the CaF, window every 15min. A
mercury-cadmium-telluride (MCT) detector was used, and the
microscope and spectrometer were continuously purged with
nitrogen gas.

C. elegans at the L3 stage were chosen because of the high
absorbance at later stages. After 24 h of exposure to the different
strains of E. coli, L3-worms were washed with MQ water,
transferred to a CaF, window, and dried under a vacuum for
24 h. For data acquisition, a Hyperion 3000 microscope equipped
with 36x magnification coupled to a Vertex 70 spectrometer
(Brucker, Billerica, MA) purged with dry air with an MCT detector
was used. The spectra were collected in transmission mode at
4 cm ! spectral resolution, 8 x 8 um aperture dimensions. A total of
128 scans were co-added for each spectrum with a spectral range
from 900 to 4000 cm ™. SR-uFTIR data was analyzed using OPUS
7.5 (Bruker) and Unscrambler X 10.5 software (CAMO Software,
Oslo, Norway). The spectra were acquired in 10 different worms
per condition at different locations of the worm. Background
spectra were collected from a clean area of each CaF, window.

Fourier transform infrared (FTIR) spectral analysis

Spectra were acquired in two different ways: (a) at least 50 spectra
on single cells were acquired for each sample in a given sample
region; (b) maps with a dimension of minimum 50 x 50 um with a
step size of 6 x 6 um. Fourier transform infrared (FTIR) spectra of
single independent cells, the spectra from the different cell maps,
and the independent spectra of amyloid aggregates without cells
were analyzed using Thermo Omnic 7.1 (Thermo Scientific, Inc.)
and Opus 7.5 (Bruker) software. Spectra exhibiting a low signal-to-
noise ratio were eliminated.

For data processing, the second derivative of the spectra was
calculated using a Savitsky-Golay algorithm with a nine-point filter
and a polynomial order of 2 to eliminate the baseline contribution.
Unscrambler X was used to perform PCA of the dataset. PCA was
applied for the second derivative of the spectra. Unit vector
normalization was applied after secondary derivation for PCA.
Principal components (PCs) were calculated using the nonlinear
iterative partial least squares (NIPALS) algorithm on mean-
centered data. Since the PCA procedure allows weighting of the
individual variables relative to each other, a constant value (1.00,
equal weight) was assigned to all variables (the different
wavenumbers in the 650-4000 cm™ region) as the recommended
value. Ratios were calculated over the following peaks of interest:
1629 cm™ for amide I p-sheet structures (denoted A4;7),
1654 cm™, at which both the amyloid peptide and the cells have
(in the derivative spectrum) a signal distinct from zero (Ajegs),
1740 cm™ for v(C=0) (carbonyl) (A;740), 2925cm™ for CH,
asymmetric stretching vibrations (A,g,5), and 2960 cm™ for CHj
asymmetric stretching vibrations (Aje0). To calculate the amyloid
peptide aggregation rate the ratio Ajgo/Ajes4 was calculated.
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Origin 9.1 software was used for the ratio calculation, t-test
analysis, and graphical representation.

For the C. elegans analysis, the spectra with a low signal-to-noise
ratio or with a high presence of Mie scattering were eliminated. The
spectra were then corrected using a concave rubberband baseline in
the range 3100-1400 cm™'. Ratios were then collected for the
following peaks: 1630 cm™ for amide I B-sheet structures, 1654 cm™
for a-helices structures, 1740cm™ for v(C=O) (carbonyl),
2919 cm™ and 2960 cm™ for CH, and CHj; asymmetric stretching
vibrations, and 3012 cm™ for unsaturated bonds in the carbonate
chain. To measure the amount of lipid oxidation, we calculated:

1741 cm™!(lipid oxidation)
(2960 cm™! + 2919 cm~1)(total lipid)

and to measure the proportion of protein/lipid we calculated:

1654cm™!
(2960 cm~! 42919 cm™!)

Cell cytotoxicity assay

The SH-SY5Y cell line was authenticated by STR profiling and
tested for mycoplasma contamination by ATCC prior to the start of
the experiments. Following thawing, cells were cultured in
Dulbecco’s modified Eagle’s medium/F-12 supplemented with
Glutamax (DMEM/F12 Glutamax), 10% (v/v) heat-inactivated
fetal bovine serum, and 1% (v/v) penicillin/streptomycin. The cells
were maintained at 37 °C and 5% CO, in a 75-cm? cell culture flask.
Differentiation to neuronal cells was started 24 h after plating by
replacement of the maintenance medium with differentiation
culture medium for 7 days and refreshment every 72h. The
differentiation culture medium consisted of DMEM/F-12 Glutamax
supplemented with 2.5% inactivated FBS and 10 uM retinoic acid.
Differentiation was monitored microscopically by morphological
assessment.

For the cytotoxicity assay, the cells were seeded in 96-well plates
and treated at a density of 10* cells/well. The different peptides were
added at 0.25-10 uM and, after 24 h of incubation, cell viability was
detected by MTT assay. After removing the medium, 10 pL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solu-
tion (5 mg/mL) and 100 pL of the medium were added to each well
and incubated at 37 °C for 4 h. Then, 150 pL of dimethyl sulfoxide was
added to each well to dissolve the formazan after discarding the
supernatant. Absorbance values were quantified using a plate reader
(TECAN Spark) at 580 nm. For each pH, the data are expressed as the
percentage viability with respect to untreated cells. The untreated cells
were grown in medium containing the same amount of buffer at the
corresponding pH but without AP40 or the corresponding peptide.

For the ROS assay, the cells were seeded in 96-well plates and
treated at a density of 10* cells/well. The different peptides were
added at 10 pM and after 4 h of incubation, ROS were detected by
DCFDA/H2DCFDA assay (Royall and Ischiropoulos, 1993).

Expression and purification
A pET11 vector (Novagen) containing the full sequence of COL6N5

(BH4) (GenScript) with a C-terminal His-tag was introduced into
E. coli BL21. The bacteria were grown in LB at 37 °C. At an ODy,
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of 0.5, 1mM IPTG was added and then the culture was left
overnight at 22 °C. Afterward, the cells were centrifugated, and the
pellet was resuspended in PBS with 5 mM imidazole, RNAse A, and
DNAse I and sonicated. Then the lysate was ultracentrifuged and
the supernatant was added to a His-Trap FF (Cytiva, Barcelona,
Spain) column, which was washed with a gradient of PBS with
imidazole buffer, reaching a maximum concentration of 200 mM
imidazole. The protein purity was assessed with an SDS-PAGE gel
and a Western blot to ensure it was the protein of interest.

The purified samples were separated by SDS-PAGE gels in
duplicate. One was stained with Coomassie blue and the other was
transferred to nitrocellulose membranes. After the transfer, the
membranes were blocked with 4% bovine serum albumin. The
membrane was incubated with an anti-His rabbit primary antibody
(Thermo Scientific; 1:1000). The secondary antibody was an anti-
rabbit horseradish peroxidase conjugate (Bio-Rad; 1:3000). The
reaction was developed with an ECL kit (Thermo Scientific).

Yeast strain and nonsense suppression system

The yeast strain used in this project was derived from 74D-694
MATa, adel-14V%4,  trp1-289, his3A-200, wura3-52, leu2-
3,112 sup35:loxP [pYK810]) [PIN*] (Von Der Haar et al, 2007).
The N-terminal Sup35p modified chimeras (where the residues
2-40 are replaced with 21-residue peptides) were encoded in a
centromeric pUCK1620 plasmid bearing a HIS3 selection marker
(Dataset EV6 and Reagents and Tools table). The strain and the
original SUP35-pUCK1620 vector was kindly provided by Dr R.
Giraldo (Gasset-Rosa and Giraldo, 2015).

In our assay, the full-length Sup35 version and their peptide-
containing chimeras (Fig. 4A) are expressed constitutively at
physiological levels to maintain essential terminator factor activity.
The original full-length Sup35 was exchanged with the new
peptide-containing chimeras by plasmid shuffling with 5-FOA
(Fan and Xiao, 2021). To prompt aggregation, an additional copy of
only the N and M domains fused to GFP was transiently
overproduced under a galactose-inducible promoter in the vector
pESC-URA (Agilent Technologies). This strategy allowed us to
induce prion conversion when necessary and simultaneously
monitor protein aggregation using fluorescent microscopy. The
initial 40 residues of Sup35p and the NM domain fused to GFP
were replaced with the selected amyloid cores (Fig. 3A).

In the nonsense suppression assay, the ADEI gene (adel-14),
causes the accumulation of a red pigment (an adenine precursor)
that colors colonies red when Sup35 is soluble (non-prion colonies
[psi’]), and white or pink when it becomes insoluble (prion
colonies [PSI']). Since the conversion to [PSI'] is a rare event, we
induced it by over-expressing the NM segment of Sup35 fused to
GPF (Appendix Supplementary Data); this increases the rate of
prion conversion and facilitates monitoring of the aggregation
inside the cell.

Fluorescent foci detection in yeast

Yeast cells grown for 3-5 days on SD medium plates were
inoculated into synthetic medium with raffinose (instead of
glucose) and without histidine or uracil (SRaf -His, -Ura), and
subsequently grown at 30 °C under vigorous agitation for 3 days.
To induce expression of NM-GFP chimeras, yeast was inoculated
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into synthetic medium with 2% galactose and 2% raffinose 1 day
before the GFP assay as they are under the GALI0O promoter. On
the day of the experiment, the cells were examined and recorded
using fluorescence microscopy (EVOS M5000) on a 96-well plate.

Nonsense suppression assay

In this assay, a preculture was initiated in SD -His -Ura medium,
using 2% glucose as the carbon source, for 3 days at 30 °C. This
3-day interval serves to repress expression prior to the onset of the
assay. Subsequently, yeast cells were washed with PBS buffer and
induced to express the NM-GFP fusions by inoculating with fresh
media containing 2% galactose and 2% raffinose and incubated two
days at 30°C. All cultures were adjusted to an ODgoo of 1 and
plated at a 1/1000 dilution on % YPD plates (1% bacto-yeast
extract, 2% bacto-peptone, 2% glucose, 2% bacto-agar), then
incubated for 4-5 days at 30°C. After incubation, plates were
transferred to 4°C for an additional 5-7 days and subsequently
examined for red and white colony phenotypes. Images were
captured for each plate using a Leica MZFLIII stereomicroscope
(Leica Microsystems GmbH, Mannheim, Germany) at 8x magni-
fication. All assays were conducted in at least triplicate with colony
counts exceeding 200 per plate. Colony counting was carried out
for each assay, followed by t-student analysis for comparison
against the negative control. Red colonies were indicative of the
[psi~] phenotype, while white colonies indicated a stable [PSI*]
phenotype characterized by efficient transmission between cells.
Pink colonies were observed as indicative of an unstable [PSI']
phenotype, attributed to factors including low transmission
between cells and/or high reversion between the aggregated and
soluble forms of Sup35p.

Colony-color phenotype assay to detect
extracellular aggregates

For the expression and extracellular aggregation of the Sup35p
chimeras, we utilized the E. coli strain VS39 (kindly provided
by Ann Hochschild). This strain is deficient in curli genes (csgA,
csgB, and csgC), resistant to kanamycin, and contains a pACYC-
derived plasmid named pVS76. This plasmid orchestrates the
synthesis of the outer-membrane curli protein, CsgG, regulated by
an IPTG-inducible promoter. Additionally, VS39 carries a cat
gene that is constitutively transcribed and provides resistance to
chloramphenicol.

The Sup35NM genes were obtained by modifying the pEXPORT
plasmid pVS72, which harbors an intact Sup35NM. The final
plasmids were subsequently transformed into the VS39 strain. The
detailed sequence information of the final constructs is provided in
the Dataset EV6 and Reagents and Tools table. In this study, we
also incorporated the pEXPORT plasmid pVS105 encoding the
Sup35 medium (Sup35M) region of the gene.

To measure the capacity to form extracellular aggregates among
the various Sup35p variants, bacterial cells were spotted on CR-
inducing plates. These plates consist of LB agar supplemented with
100 ug/ml carbenicillin, 25 pg/ml chloramphenicol, 0.2% w/v L-
arabinose, 1 mM IPTG, and 10ug/ml CR. Following a 5-day
incubation period at 22 °C, the plates were subjected to imaging to
assess the extent of CR binding. To obtain quantitative data, red
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color intensity values were derived from quadruplicate samples
using Image] (Nguyen et al, 2014).

C. elegans strains and maintenance

We utilized the wild-type N2 strain (dvIs50 [pCL45 (snb-1::Abeta
1-42:3’ UTR(long) + mtl-2:GFP]) and the strain CL2355
expressing AB42 pan-neuronal (dvIs50 [pCL45 (snb-1:Abeta 1-
42:3' UTR(long) + mtl-2:GFP]) both obtained from the
Caenorhabditis Genetics Center (CGC). During the experiments,
the nematodes were incubated at 20 °C. For control conditions, the
worms were grown on standard nematode growth medium (NGM)
plates that had been seeded with E. coli OP50 as a food source.
When the C-DAG E. coli strains were used, NGM plates were
prepared with antibiotics (Carbenicillin and Chloramphenicol),
and inductors (Arabinose and IPTG). These plates were seeded
with bacteria cultures expressing the C-DAG system to enhance the
presence of extracellular aggregates.

To synchronize the nematode population, we subjected them to
5% hypochlorite treatment, followed by a 24-h rotation at 80 rpm
in M9 buffer without any food source. Following this procedure
and until they reached the young adult stage, each group of worms
was incubated with the respective bacterial strain.

C. elegans butanone associative short-term
learning assay (STAM)

The STAM employed three replicates of a starting population of
starved worms that were subsequently divided and subjected to
three distinct conditions, with 300-500 worms each, prior to the
chemotaxis assay (Fig. 6A). These conditions were (i) a naive
population that had not been conditioned with the odorant, (ii) a
population tested immediately after conditioning (learning index),
and (iii) a population tested an hour after conditioning (memory
index). The chemotaxis assay was conducted on plates on which
each differently treated population was positioned equidistantly
from a spot containing NaN; and butanone (the chemoattractant)
and another spot containing NaNj; and ethanol, a compound to
which the worms had not been previously exposed (Stein and
Murphy, 2014; Kauffman et al, 2011).

The butanone associative learning assay was performed follow-
ing established methods (Kauffman et al, 2011). Young adults were
washed in M9 and collected by gravity sedimentation in a 15-mL
conical tube to remove bacteria. Some animals were immediately
transferred to the chemotaxis plate to assay the naive condition (CI
(naive)). The rest were starved in M9 for 1 h. After the starvation,
animals were conditioned for 1 h on NGM plates seeded with the
corresponding E. coli strain and containing a 2-pL drop of 10%
butanone, diluted in absolute ethanol, on the lid.

The conditioned worms (immediately after conditioning,
learning index (LI), or after 1h of starvation, memory index
(MI)) were washed with M9 and transferred to the chemotaxis
plate. For the chemotaxis assay, 10 cm unseeded NGM plates were
used, and three circles (each 1 cm in diameter) on the bottom and
both sides of the plate were marked. Then, 1 pL of 1 M sodium
azide and 1 pL of 10% of butanone were added to the left spot, and
the same amount of sodium azide and pure ethanol control were
added to the right spot. The animals were placed on the bottom
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spot. After 1h, the numbers of worms located in the butanone and
ethanol spots as well as at the original bottom spots were counted.
Each chemotaxis assay was performed with 300-500 worms and in
triplicate.

Our standard formula to calculate the chemotaxis index is as
follows:

CI = [(Number of worms in the butanone zone) - (Number of
worms in the ethanol zone)]/(Total number of worms)

With unconditioned worms, we calculated the CI (naive):

CI (naive) = [(Number of worms in the butanone zone) -
(Number of worms in the ethanol zone)]/(Total number of worms)

Immediately after conditioning, we calculated the learning
index as:

LI = CI (right after conditioning) - CI (naive)

After conditioning followed by 1h of starvation, we calculated
the memory index as:

MI = CI (after conditioning and starvation) — CI (naive).

C. elegans gut granule autofluorescence detection

The EVOS microscope (EVOSTM M5000 Imaging System) was
employed to capture autofluorescence images of C. elegans using a
green fluorescent protein (GFP) filter and a transmission filter. The
images were acquired from animals treated identically to those used
in the chemotaxis assays. To visualize gut granules, we centered the
images on the first two intestine rings, which correspond to the
region with the highest fluorescence intensity. Subsequently, Image]J
software was used for image analysis. The selected region for
analysis was carefully chosen to avoid the presence of the gonads,
thus mitigating potential interference.

Statistics

GraphPad PRISM 8 software was used for statistical analysis of the
obtained data.

Blinding statement

Blinding procedures were partially implemented in this study.
While the experimental design and peptide selection were based on
computational aggregation propensity predictions (pWALTZ), the
researchers conducting the experimental assays (including ThT
fluorescence, TEM imaging, toxicity assays, and behavioral assays
in C. elegans) were provided only with sample identifiers (peptide
or strain names) without prior knowledge of their predicted
aggregation propensities. This ensured that data collection and
analysis were conducted without bias regarding the expected
amyloid-forming potential of each sequence. Full double-blinding
was not possible due to the necessity of experimental design
oversight.

Data availability

The datasets used and generated in this study are available in the
following databases: Gut microbiome sequences (filtered single-domain
list): Figshare (https://doi.org/10.6084/m9.figshare.25710048.v1).

The source data of this paper are collected in the following
database record: biostudies:S-SCDT-10_1038-S44320-025-00114-4.
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Expanded view data, supplementary information, appendices are
available for this paper at https://doi.org/10.1038/s44320-025-00114-4.
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Expanded View Figures

Figure EV1. Sequential information regarding the ten prion-like sequences selected from bacteria found in the gut.

Diagram showing the prion-like regions predicted for all the amyloid cores selected. In green are the main sequences. In light blue are the prion domains (PrD) predicted by
PLAAC. In dark blue are the prion domains predicted by PAPA. In purple, the amyloid cores predicted by pWALTZ. Turquoise and yellow are other domains.
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Figure EV2. Predicted structure of the ten prion-like sequences selected from bacteria found in the gut.

The images show the Alpha-fold prediction of the whole protein structure.
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Abstract

Protein aggregation is a complex process influenced by environmental conditions and
interactions between multiple molecules, including those of exogenous origin. Although in
vitro simulations of aggregation are crucial for advancing research, few studies explore cross-
seeding as a repeating event, despite the potential for such events when proteins circulate
through the body. Here, we investigated the impact of exogenous amyloid sequences derived
from the gut microbiota on the heterotypic aggregation of AR peptides. We utilized ten 21-
amino acid peptides derived from bacterial genomes, previously shown to interfere with AB40
aggregation and induce memory loss in Caenorhabditis elegans. Through consecutive cross-
seeding assays with AB40 and AB42, we analyzed the effects of these peptides on aggregation
kinetics and seed propagation. Our findings indicate that exogenous molecules can influence
AB’s aggregation process, altering the fibrils’ properties. Based on this, we introduce the
"Interaction History" concept, where prior interactions shape the aggregation and
propagation of AP peptides. This work supports the idea that environmental factors, such as
microbial amyloids, can contribute to the heterogeneity and progression of amyloid-related
diseases. Our results highlight the need for therapeutic strategies targeting diverse amyloid
configurations and reinforce the importance of considering exogenous sequences as
additional triggers in AD pathology.



Introduction

Protein aggregation is associated with many neurodegenerative diseases. In particular, the
formation of amyloid plagues has been widely described in the brains of Alzheimer’s disease
(AD) patients[1-5]. These deposits are composed principally of amyloid beta peptide (AB),
which exist in two major isoforms: AB40, the most abundant in the body, and AB42, the main
component of amyloid plaques [4,6] (Figure 1A). These two isoforms, differ in length and
aggregation propensity and can interact with each other, producing different outcomes[2,7—
11]. For instance, in vivo studies have shown that AB40 overexpression inhibits AB42
deposition, suggesting a potential protective role for AB40 [9,12,13]. The balance between
AB40 and AB42 is influenced by isoforms of the apolipoprotein E gene (APOE). Among these,
APOEA4 is particularly significant, as it promotes AB42 formation, exacerbating aggregation
and accelerating disease progression[5,14]. At the molecular level, interlaced amyloid fibrils
containing both AB40 and AB42 have been observed, supporting that these isoforms can
interact during the aggregation process [9]. Similarly, compositional analyses of amyloid
plaques extracted from patients’ brains also revealed heterogeneous aggregation
events[15,16].

Beyond the brain, AR aggregation can also involve systemic interactions, and increasing
evidence supports the idea that AP peptides can cross-seed and propagate aggregation across
different regions of the body, potentially contributing to the spread of amyloid pathology[17]
(Figure 1A). AB is present in both the central nervous system (CNS) and the peripheral
circulation, maintained by a dynamic equilibrium between these two pools[18]. However,
disruptions in this balance can have significant consequences for AR homeostasis. While
circulating AB can enter the brain, elevated peripheral AB levels may impair its clearance from
the CNS, leading to increased accumulation[18,19]. This can occur when blood-brain barrier
(BBB) is compromised, allowing AR peptides to infiltrate into the brain and interact with
neurons[5], potentially influencing aggregation dynamics. Additionally, circulating
macrophages[20] and blood monocytes[19] may also serve as alternative transport
mechanisms, facilitating the movement of AB seeds from the periphery into the brain.

Notably, AB aggregation is not restricted to interactions between different isoforms[8,21];
but it is also influenced by its interaction with other proteins, such as amylin[22] or alpha-
synuclein[23—25], as well as non-protein molecules like RNA[26,27] and metals[28—30]. These
other molecules, along with changes in local environmental conditions (e.g., pH), can produce
amyloid aggregates with distinct structural and biophysical properties [31-35]. Beyond the
diversity induced by external factors, amyloid fibril polymorphism can also emerge withing a
single aggregation process, with multiple structures populating the different aggregational
phases, and even after reaching the plateau[34,35]. Although lower fibril diversity has been
observed in vivo, structurally distinct amyloid fibrils, also known as strains, have been linked
to different clinical and pathological outcomes in AD[36,37]. In this line, it has been observed
a connection between environmental factors and lifestyle with AD development[38],
highlighting the potential impact of exogenous molecules in this process.

AD’s research is gradually expanding to include the microbiota (Figure 1A), which plays a
significant role in influencing the host’s immune and regulatory processes[39]. In this context,
microbiome-derived proteins can be exported and digested, for example, in the gut, resulting
in molecules capable of influencing the aggregation of host proteins[39,40]. This aligns with



the reported potential of prion-like proteins for transcellular propagation[17] and
interspecies transmission[25,41-44]. An increasing body of evidence suggests that microbial
cells and their products can circulate through the host body, potentially reaching the brain via
the vagus nerve or bloodstream([39,45], thereby able to influencing aggregation processes far
away from the original site of infection (Figure 1A).

Overall, rather than a static process, amyloid aggregation is iterative, dynamic, and
environment-dependent[22,23,35,24-30,34], leading to an energy landscape with multiple
local minima, each corresponding to distinct fibrillar polymorphs[34,35,46]. Consequently,
the introduction of an exogenous fibrillar seed can perturb this landscape by stabilizing
specific polymorphs, shifting aggregation pathways, or promoting the formation of novel
aggregate structures. In this context, we investigated how exogenous proteins, which may be
present in the body, influence AP aggregation dynamics. To explore this, we used a collection
of prion-like sequences derived from the gut microbiome[47] (Figure 1B), which have recently
been shown to interfere with AB40 aggregation in vitro and induce memory loss when
ingested by C. elegans.
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Figure 1. Exogenous prion-like sequences can affect A8 aggregation and propagation. A)
Microbial cells and their products can circulate through the body, encountering host proteins,
reaching the brain, and influencing aggregation processes. B) Computational analysis of the



human microbiome has shown the presence of several genes coding for prion-like
proteins[47]. C) Schematic representation of the experimental approach used to study the
effect of Interaction History on AB842 aggregation and propagation. We consider three
hypothetical scenarios where two consecutive seeding steps influence AB42 aggregation.
Scenario 1: Only AB42 molecules act as monomers and seeds in both seeding steps. Scenario
2: AB42 aggregates in the presence of an exogenous molecule, and subsequently, these
aggregates seed new AB842 monomers. Scenario 3: AB40 aggregates in the presence of an
exogenous molecule, and subsequently, these AB40 aggregates seed AB42 monomers. Our
results suggest that if these three different aggregation pathways occur in the body, they may
lead to the formation of different aggregated AB42 strains. Dots represent monomeric
proteins, while bars indicate aggregated structures. Colors denote different aggregate
identities: Blue for unexposed A842, red for exogenous amyloids, yellow for unexposed A840,
light green for aggregate AB40, and the other colors represent different aggregated A842
polymorphs.

In the present study, we aim to investigate how these bacterial sequences influence both the
formation of AB42 aggregates and, more importantly, the seeding properties of these
aggregates, particularly their ability to trigger subsequent aggregation events. To this end, we
focus on the cross-interactivity between AB40 and AB42[9] (Figure 1C). We observed that
incubating AB with bacterial sequences accelerated aggregation and produced deposits with
varying seeding capacities (Figures 2-4). These findings suggest that the introduction of
additional molecular factors may contribute to amyloid aggregate diversity, leading to the
formation of novel conformations and propagation behaviors. This highlights the potential
risk associated with exogenous prion-like proteins or peptides derived from their
proteolysis[48,49], as once they enter the body, they can indirectly promote the formation of
additional, more toxic aggregated structures (Figure 1A). Therefore, observing no or minimal
effects in a single-step aggregation assay may be misleading, as it does not consider the
seeding capacity of newly formed aggregates, which can only be assessed through
subsequent aggregation assays (Figure 1C). Taken together, our results support that the
molecular interactions AP experiences during its journey through the body (referred to here
as Interaction History, Figure 1C) may be critical factors for understanding the disease and
developing effective therapeutic approaches.

Results and Discussion

Exogenous Prion-like Sequences Can Influence AP Peptides Aggregation

In our previous investigation of the gut microbiome, we build a collection of ten exogenous
prion-like sequences capable of interfering with AB40 aggregation[47] (Figure 1B). These
sequences were selected based on the amyloid stretch hypothesis, which states that specific
regions within a protein, known as amyloid cores, can drive amyloid nucleation[50-52]. These
ten prion-like sequences are 21-residue peptides with net charges ranging from +2 to -2 and
compositional similarities below 30% (Table 1)[47]. Since these sequences originate from gut
microbiome bacteria, they may enter the gut lumen either through active export or after
bacterial cell lysis[48,49] (Figure 1A), becoming free to interact with host proteins throughout
the body. Based on this premise, in the present study, we used this collection as a model to



investigate how exogenous molecules influence the interplay between AB40 and AB42, with
a particular focus on heterotypic interactions and cross-seeding events (Figure 1C).

HP1 MS5Y1z4 Helicobacter pylori | [EININININISIV. 1 181 F NG F NQIET Y IV 0,1
HP2 M3SJI19 Helicobacter pylori - VYWL - \' _ YaRYT . -0,1
cc3 COB555 Coprococcus comes M.A AF . ENl - Y -A 1 .V L . 0,9
BH4 CIL6N5 Blautia hansenii YQQALNVLSEIQNRINAQWY YL 1,9
RIS D4KZ46 Roseburia intestinalis | [ AINEIGINVING Y NNS Y QNTFNS Y S 0,9
RI6 COFUS6 Roseburia inulinivorans | M BININLY. Y NN SIS v 1 11
SA7 E7GXS5 Streptococcus anginosus - YVFLA —Y - YY . 1,9
LD8 FOHUU2 Lactobacillus delbrueckii . \/ - A - Y . Y - Y . Y . Y . A -0,1
P9 F5LFB6 Paenibacillus EyvQssy@BQoNQFrQNsQY@syYQ 0.1
HA10 GIY7N7 Hafnia alvei STEYSBLNSTYNQSALINQIG 1,1

Table 1. Set of Exogenous Prion-like Sequences. Columns (from left to right) display: sequence
identifiers used in this study; UniProt accession codes; source species from which the
sequences originate; amino acid sequences, with residues colored according to the Zappo
color scheme, aliphatic/hydrophobic (ILVAM) - rose, aromatic (FWY) - orange, positive (KRH) -
dark blue, negative (DE) - red, hydrophilic (STNQ) - light green, conformationally special (PG)
- magenta, cysteine (C) - yellow. Sequences obtained from Curto, J.S. et al.[47]. Net charge
measured with Protein Calculator V3.4.

To mimic the complex aggregation processes observed in living organisms, we designed an
approach based on sequential heterotypic seeding assays (Figures 1A and 1C). In this study,
we incorporate the interplay between AB42 and AB40, hypothesizing that the higher
abundance of AB40[4,6] facilitates encounters with exogenous molecules, thereby indirectly
affecting AB42 aggregation and disease progression. To explore this interplay, we monitored
Thioflavin-T (Th-T) fluorescence (Figures 2-4) and collected transmission electron microscopy
(TEM) images (Supplementary Figures 1 and 2) to assess how AB42 aggregation is influenced
by pre-aggregated samples assembled under different heterotypic interactions. Through
these assays, we aim to shed light on the possible scenarios AB42 might encounter as it moves
through the body (Figure 1A) and elucidate how the “Interaction History” could impact its
aggregation and propagation (Figure 1C).

In our previous study[47], we found that most of the bacterial prion-like sequences (8 out of
10) accelerated AP40 aggregation, with lag time correlating with the sequences' net charge.
Hence, positively charged sequences led to faster aggregation, while negatively charged ones
had little effect or even slowed aggregation[53—-55]. These results highlight the role of
electrostatic forces in intermolecular interactions and align with earlier reports showing that
negatively charged peptides inhibit AB aggregation[53,54]. In the present study, we extended
our analysis to AB42 by incubating it with these pre-aggregated bacterial peptides . Similar to
the effects observed with AB40, incubation of AB42 with a 1:10 molar ratio of prion-like
sequences predominantly enhances its aggregation (seven samples presented shorter half-
time, Figure 2).
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Figure 2. Exogenous Prion-like Sequences Influence AB42 Aggregation. A) Diagram showing
the different phases of a protein aggregation process, indicating the different assembly
mechanisms involved. B) Aggregation kinetics of AB42 in the presence (HP1-HA10, black lines)
and absence (w/o, blue line) of seeds from exogenous prion-like sequences. See
Supplementary Figure 4 for individual curves. C) Fold change in lag time (unseeded/seeded).
D) Fold change in slope (seeded/unseeded). The equation fittings are shown in Figure 5. E)
Fold change in half-time (unseeded/seeded). The red dashed line serves as a visual reference
indicating a fold change of one relative to the aggregation assay started only with A642
monomers (unseeded). An asterisk (*) indicates a statistically significant difference (p < 0.05)
compared to the condition without seeds, as determined by an unpaired t-test. Error bars
indicate the standard deviation. Each condition corresponds to the results of three biological
replicates, with three technical replicates per biological replicate.

Although we observed only a correlation with the absolute net charge of bacterial prion-like
sequences (Supplementary Figure 3), it is noteworthy that the peptides most strongly
accelerating AB40 aggregation (SA7 and BH4)[47] also led to shorter lag times and half-times
in AB42 aggregation kinetics (Figure 2C). In general, the observed enhancement in the
aggregation curves appears to be primarily attributed to a shorter lag phase, as only two
samples exhibited larger slopes, while seven displayed shortened lag times (Figure 2B-D). A
reduced lag time indicates a more efficient primary nucleation phase, involving oligomeric
species that serve as templates, whereas a steeper slope indicates a faster aggregation rate
during the growth phase, which may result from the rapid addition of monomers to existing
fibrils and could also involve secondary nucleation events (Figure 2A). The half-time (t1/2)
serves as an indicator of overall aggregation efficiency, influenced by both lag phase and
slope. Together, these findings suggest that these exogenous prion-like sequences primarily
enhance the nucleation of AB42 aggregation by acting as seeding points (Figure 2).
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Figure 3. Exogenous Prion-like Sequences Affect AB42 Seeds and Their Propagation. A)
Aggregation kinetics of AB42 seeded with AB42 aggregates formed in the presence and
absence (w/o) of seeds from exogenous prion-like sequences. In blue and red are highlighted
the aggregation kinetics of AB42 without seeds and with seed of pure A842 aggregates,
respectively. See Supplementary Figure 6 for individual curves. B) Fold change in lag time
(unseeded/seeded). C) Fold change in slope (seeded/unseeded). The equation fittings are
shown in Supplementary Figure 7. D) Fold change in half-time (unseeded/seeded). Horizontal
blue line indicates one-fold change, the value corresponding to a kinetic of AB42 without
seeds. Horizontal red line indicates the average value of the 42 column, the aggregation
kinetics of AB42 seeded with pure AB42 aggregates. Error bars indicate the standard
deviation. Each condition represents the results of three biological replicates, with three
technical replicates per biological replicate. An asterisk (*) indicates a statistically significant
difference (p < 0.05) compared to the condition without seeds, as determined by an unpaired
t-test. A hash symbol (#) indicates a statistically significant difference (p < 0.05) compared to
the condition seeded with pure AB42 aggregates, determined by an unpaired t-test.

Effect on AB42 Seeds and Their Propagation

After observing that bacterial prion-like sequences influence the aggregation of both
AB40[47] and AB42, we investigated how past molecular interactions affect the propagation
of AB42 aggregates (Figure 1C). To address this, we conducted kinetic assays using pre-formed
AB fibrils previously seeded with the bacterial peptides (Figure 2, Supplementary Figure 4).
This second aggregation step (Figure 1C; Figure 3) involved a tenfold dilution of the exogenous
peptides compared to the initial direct seeding assays. This dilution was achieved by
incorporating 10% of the AP aggregates formed during the first step (Methods), keeping
minimal the influence from the bacterial molecules (=1%) and allowing us to focus on the
properties of the pre-formed aggregates.

All lag times were accelerated compared to AB42 without seeds (Figure 3B, * symbol), with
three bacterial sequences (CC3, RI5, SA7) even outperforming the kinetics seeded with pure



AB42 aggregates, which were formed just by AB42 molecules (Figure 3B, # symbol). Regarding
the slope, seven sequences exhibited faster elongation/secondary nucleation compared to
unseeded monomers, while six out of ten presented significantly larger slopes than those
triggered by the pure AB42 seeds. These findings point to an amplification effect, where the
presence of bacterial peptides alter the AP42 aggregates, generating polymorphs with
enhanced seeding capabilities. This also underscores the importance of the Interaction
History, demonstrating that even exogenous molecules with limited initial seeding capacity
can redirect the aggregation pathway toward a new population of aggregates with enhanced
propagation potential. Additionally, while the first-step assay, in which bacterial sequences
acted as seeds, principally influenced the primary nucleation phase, the subsequent
aggregation step, seeded with the resulting AB42 aggregates, presented both a shorter lag
time and a stepper slope, supporting the concept that sequence similarity favors the cross-
seeding efficiency[56—58].

Beyond the overall aggregation acceleration, our analysis of different AB42 seeds revealed
that each bacterial prion-like sequence produces fibrillar polymorphs with distinct seeding
properties (Figure 3A-D, Supplementary Figure 6). Specifically, some bacterial peptides (SA7)
reduce both lag time and slope, while others selectively influence only one parameter (HP1,
HP2, CC3, BH4, RI5, RI6, HA10). Some sequences have no significant effects (LD8), whereas
others even delay the aggregation process (P9). These findings indicate that the fibrillar
polymorphs formed in the presence of different exogenous molecules have distinct
properties and can influence different phases of host protein aggregation. This, in turn, affects
subsequent interactions and aggregate propagation, even during later stages when the
exogenous molecule is no longer present. For instance, AB42 seeds formed in the presence
of RI5 shorten lag phase, suggesting enhanced monomer adherence during the initial
nucleation phase, whereas AB42 seeds formed in the presence of BH4 increase the slope,
potentially indicating accelerated elongation driven by secondary nucleation events. This
diversity in aggregation-modulating mechanisms may contribute to increase the structural
heterogeneity of amyloid fibrils, further complicating the pathological landscape of AD.
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Figure 4. Exogenous Prion-like Sequences Affect AB40 Aggregation and Its Propagation to
AB42. A) Aggregation kinetics of AB42 seeded with AB40 aggregates formed in the presence
(HP1-HA10) and absence (w/o) of seeds from exogenous prion-like sequences. See
Supplementary Figure 8 for individual curves. Green and blue lines highlight the aggregation
of AB42 seeded with pure AB40 aggregates or without seeds, respectively. B) Fold change in
lag time (unseeded/seeded). C) Fold change in slope (seeded/unseeded). The equation fittings
are shown in Figure 9. D) Fold change in half-time (unseeded/seeded). The horizontal lines
indicate the average value for aggregation kinetics of AB42 seeded with pure AB42 aggregates
(red), pure AB40 aggregates (green) or without seeds (blue). Error bars indicate the standard
deviation. Each condition represents the results of three biological replicates, with three
technical replicates per biological replicate. An asterisk (*) indicates a statistically significant
difference (p < 0.05) compared to the condition without seeds, as determined by unpaired t-
test. A hash symbol (#) indicates a statistically significant difference (p < 0.05) compared to
the condition seeded with pure AB40 aggregate, determined by an unpaired t-test. Blue Line
represents the aggregation kinetics of AB42 without any seeds.

Effect on AB40 and Its Subsequent Seeding of AB42

While the previous experiments focused on the self-seeding of AB42, it is important to
consider that AB40 is the predominant isoform of amyloid-beta peptide in the human
body[4,6]. Given its higher abundance, AB40 is more likely to encounter and interact with
exogenous prion-like proteins. To explore this possibility, we examined whether our
collection of exogenous sequences could also influence the cross-seeding potential of AB40
on AB42 (Figure 4, Supplementary Figure 8).

In previous studies, we observed that most bacterial sequences, from our collection,
accelerated the aggregation of monomeric AB40[47]. In the present study, we used AB40
aggregates formed during this initial aggregation step to seed AB42 deposition. As a control,
we tested the seeding efficiency of pure AB40 aggregates and found that, although they
reduced the lag time and half-time of AB42 aggregation to a lesser extent than AB42 seeds
(Figure 4B and D), they induced a comparable slope increase (Figure 4C). These findings
support that residues 41 and 42 play a critical role in facilitating the assembly of free
monomers during the primary nucleation process, and their absence in AB40 reduces its
propagation efficiency[59].

When analyzing the effects of AB40 aggregates formed in the presence of the bacterial
peptides, we observed that only four of the ten AB40 seeds shortened the lag phase, and
among these, only one (HP1) achieved a lag time shorter than that of pure AB40 aggregates
(Figure 4B). Interestingly, three of these AB40 seeds also enlarged the slope, validating that
incubation with bacterial molecules can generate fibrillar polymorphs capable of influencing
distinct aggregation phases. Overall, seven out of ten peptides redirected the aggregation
pathway toward a new population of aggregates that significantly reduced the half-time of
AB42 aggregation (Figure 4D). However, only in presence of HP1, AB40 seeds achieve a half-
time reduction shorter than that of pure AB40, and more notably, even shorter than pure
AB42 aggregates (Figure 4D, red line, p-value < 0.05, unpaired t-test). In contrast, some
bacterial peptides, such as RI5 and P9, generated AB40 aggregates that slowed the AB42
aggregation (Figure 4, Supplementary Figure 8).
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Figure 5. Differential Effects of Exogenous Prion-like Sequences on AB42 Aggregation. This
figure provides a schematic overview of the significant data presented in Figures 3 and 4
(asterisk and hash symbols). It includes two color-coded matrices illustrating the impact of
exogenous prion-like sequences on AB42 aggregation when occurring as a secondary or
posterior seeding event. Red indicates conditions that significantly accelerate A842
aggregation. Light blue represents conditions with no significant changes. Dark blue indicates
conditions that significantly decelerate AB42 aggregation. Panel A show the results from
assays using AB42 aggregates as seeds. Panel B show the results from assays using A840
aggregates as seeds. The first row of each matrix displays the specific exogenous sequences
added during seed formation. The first column indicates the statistical significance. w/o seeds
refers to comparisons against the aggregation kinetics of AB42 without any seeds. w/ seeds
refers to comparisons against AB42 aggregation when seeded with (A) pure AB42 aggregates
or (B) pure AB40 aggregates. The second column lists the parameters analyzed, from top to
bottom: Lag time, Slope and Half-time (t1/2).

The limited effect of AB40 aggregates, incubated with or without exogenous peptides, on
AB42 aggregation (Figure 5) suggests that AB40 may have evolved to resist harmful
interactions with exogenous molecules[60,61], making it less likely to propagate an
aggregative conformation throughout the organism. Interestingly, HP1, the only sequence
able to break this resilience, originates from a putative vacuolating cytotoxin of Helicobacter
pylori, a bacterium associated with AD[62,63]. Consistent with this, our previous work[47]
demonstrated that the HP1 sequence caused one of the most pronounced negative effects
on C. elegans cognitive abilities.

Our findings highlight the potential of exogenous amyloid sequences to influence both direct
seeding and subsequent cross-seeding events between AR isoforms. This effect varies among
exogenous molecules, suggesting that specific molecular properties determine both the
extent and direction of their influence, a feature that could inspire novel therapeutic
strategies. Moreover, the structural heterogeneity of amyloid deposits, as evidenced by
multiple fibril polymorphs identified in patient brain samples[10,25,44,64], suggests that



exogenous prion-like sequences may further diversify aggregate populations, adding
complexity to the pathological landscape of AD.
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Figure 6. Influence of exogenous molecules on A8 aggregate formation. A) This schematic
illustrates how an exogenous protein (B) influences the aggregation dynamics of a host protein
(A). Top row: The host protein (A) self-aggregates into fibrils (A*). Second row: The exogenous
protein (B) also undergoes self-aggregation, forming fibrils (B*). Third row: When monomeric
A aggregates in the presence of preformed B* fibrils, a distinct aggregate (AB*) is formed,
different from A* or B*. Fourth row: A subsequent seeding step, where monomeric A interacts
with AB* fibrils, results in an unknown aggregation outcome, suggesting that the aggregation
pathway is shaped by prior molecular interactions, leading to fibrillar polymorphism. Bottom
statement: The divergence between A, B, and AB* indicates that fibril formation is not
uniform, which highlights the context-dependent nature of protein aggregation, where prior
molecular interactions shape the polymorphic spectrum of aggregates. B) The aggregation of
AB40 and AB42 is a dynamic process influenced by multiple interactions occurring in parallel.
The presence of exogenous amyloid-like sequences (pink rectangles) introduces additional
variability, modulating aggregation kinetics and the structural properties of the resulting
fibrils. Since aggregates can act as seeds in consecutive cross-seeding events (curved arrows),
Interaction History (red arrows) determines the evolution of amyloid species. As a result,
aggregate diversity increases compared to a scenario where aggregation occurs in isolation,
without exogenous influences (bottom part). This model suggests that the aggregation
landscape is highly heterogeneous and sensitive to environmental factors. Circles represent
monomeric proteins, while rectangles represent amyloid fibrils. C) In the absence of exogenous
seeds, a protein populates a defined aggregation landscape (blue area), characterized by a
specific set of aggregated structures. The presence of exogenous seeds may alter this
landscape (purple area), potentially expanding the range of possible aggregation states and
leading to additional polymorphs.



Conclusions

Our findings support that amyloid propagation is not merely a linear extension of existing
fibrils, but a dynamic process shaped by prior molecular interactions (Interaction History).
Each aggregation cycle generates structurally distinct populations[10,34,35,46] that differ in
composition, morphology, and seeding capacity, even when originating from the same
monomeric protein (Figure 6). While the same molecular mechanisms control both primary
and secondary seeding events, aggregation conditions (e.g., pH, ionic strength, co-
aggregating species) define the resulting fibrillar polymorphs[10,34,35,46]. This context
dependency may contribute to the strain-like behavior of amyloid diseases[36,37], allowing
distinct fibril species to emerge and selectively propagate under specific aggregation
conditions.

The energy landscape of amyloid aggregation consists of multiple local minima, each
corresponding to distinct fibrillar polymorphs[10,34,35,46]. The introduction of exogenous
amyloid fibrils can reshape this landscape (Figure 6C), amplifying structural heterogeneity and
influencing downstream aggregation events[34,35,46]. These findings highlight why single-
step aggregation assays may be insufficient, since aggregates formed under different
conditions generate seeds with distinct propagation capacities, influencing subsequent
aggregation in unexpected ways. In our experiments, exogenous amyloid sequences led to
the formation of AB42 fibrillar polymorphs[25,44,64] with unique propagation properties.
This underscores the role of environmental factors, particularly amyloids from the gut
microbiota[39,40,45], in modulating AB aggregation and potentially contributing to
neurodegeneration[47]. Importantly, our results indicate that heterologous assemblies may
amplify aggregation, accelerating fibril formation and potentially exacerbating disease
progression. Additionally, since exogenous molecules can shape subsequent interactions,
aggregate propagation may occur far from the original site of exposure, even in the absence
of the initiating agent.

While this study provides new insights into how exogenous amyloid sequences influence
aggregation dynamics, several intriguing questions remain open for further study. A deeper
structural characterization of the resulting polymorphs is needed to clarify their specific
differences and determine whether exogenous molecules are incorporated into fibrils,
potentially contributing to their heterogeneity. Additionally, it remains unclear whether
exogenous interactions expand or limit the diversity of amyloid polymorphs. Another key
aspect to explore is the potential toxicity of these aggregates, as certain polymorphs may be
more pathogenic than others. Beyond the plateau phase, it is also essential to determine
whether fibrillar polymorphs formed at different kinetic phases[34,35] exhibit distinct
propagation properties and toxicity. This is particularly relevant in a biological system, where
amyloid species from various aggregation stages may coexist, and any of them could
potentially act as a trigger for acute disease onset.

Overall, this work emphasizes the need for a broader perspective on amyloid aggregation,
one that considers external molecular influences, aggregation history, and fibril
polymorphism. Understanding these variables could provide valuable insights into disease



mechanisms and inspire the development of therapeutic strategies to address the structural
complexity of amyloid deposits in AD and related conditions.

Methods

Protein alignment and net charge

The alignments between the 10 different amyloid-forming core candidates were obtained
using the KAling method within the Unipro UGENE software v43.0 [65]. Unipro UGENE
software v43.0 was also used for sequence representation.

Net charge was calculated with PROTEIN CALCULATOR v3.4 at pH 7
(https://protcalc.sourceforge.net/).

Peptide Preparation

All samples were prepared in low protein-binding microcentrifuge tubes (ThermoFisher
Scientific, Waltham, MA, USA). The bacterial amyloid sequences were obtained in lyophilized
form from the Peptide Synthesis Facility, Department of Experimental and Health Sciences,
Universitat Pompeu Fabra (UPF). Peptides were initially solubilized in 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP), then divided into aliquots and dried overnight in a fume hood
at room temperature. For the amyloid aggregation, we employed the same conditions as in
Curto, J.S. et al. 2024[47], in brief, the peptides were dissolved in DMSO to maintain
monomeric states, followed by dilution in 50 mM phosphate buffer (PB), pH 7.4.

Synthetic AB40 and APB42 were purchased from GenScript (Rijswijk, Netherlands). Stock
solutions were prepared by dissolving 1 mg of peptide in a final concentration of 250 uM in
20 mM sodium phosphate buffer with 0.04% NH; and NaOH to achieve a pH of 11. The
absence of aggregates was assessed using dynamic light scattering[47,66]. The peptide
solution was then sonicated for 10 minutes (Fisherbrand Pittsburgh, PA, USA, FB15051)
without sweep mode and stored at —80°C. For seeding experiments, the peptide was diluted
at a 25 uM concentration with 20 mM phosphate buffer (PB), pH 7.4. Then, if necessary, the
specific seeds were added to a final concentration of 2 uM and the mixture was left to
aggregate at room temperature for 24 hours before their analysis.

Thioflavin-T Binding and Aggregation Kinetics

Thioflavin-T (ThT) was dissolved in Milli-Q water to a concentration of 5 mM, filtered through
a 0.2-um filter, diluted to 0.5 mM, and stored at -20°C. ThT fluorescence for aggregation
kinetics was measured every 10 minutes, measuring ThT fluorescence with a 440-nm
excitation filter and a 480-nm emission filter on a plate reader (TECAN Infinite+ NANO) with
bottom optics. Samples were prepared in flat-bottom, black, non-binding 96-well plates
(Greiner Bio-One), with 100 uL of sample added per well. Each condition was measured in
triplicate.

For seeding experiments, AB40 and AB42 peptide stocks at pH 11 were diluted to a final
concentration of 25 puM in 20 mM sodium phosphate buffer with 100 mM NaCl. The
corresponding pre-aggregated peptides were sonicated for 5 minutes before being added to
a final concentration of 2.5 uM. Control conditions included samples without AB42 but with
the peptide, samples without AB42, and samples without peptides, all prepared with
equivalent volumes of the corresponding buffers. All samples and controls were prepared in
triplicate. The pH in each well was measured at the beginning and end of the experiment to
confirm stability throughout the aggregation process and to verify consistency across



conditions. ThT was added to a final concentration of 20 uM. Aggregation reactions were
conducted at 37°C without agitation, with four independent replicates. The ti/,, defined as
the time to reach 50% of the final fluorescence intensity, was measured for each condition.
The lag phase was calculated as the time to reach 10% of the final fluorescence intensity. Each
condition was measured with three experimental replicates, each consisting of three
technical replicates. Also, the data were fitted into a sigmoidal curve using the Hill function:

h

G = Ao xn

(Eq. 1)
In short, A, h and K the fitting parameters. The fittings were used to calculate the slope of the
exponential phase of the aggregation kinetic as done by Rupert et al[26].

Transmission Electron Microscopy (TEM)

To prepare samples for TEM analysis, a 10 pL aliquot of the aggregated peptide solution (25
1M, incubated at 37°C for 24 hours without agitation) was applied to carbon-coated copper
grids and allowed to adhere for 1 minute. Liquid excess was carefully blotted with Whatman
filter paper[47]. Grids were then rinsed with distilled water and subsequently stained with 2%
(w/v) uranyl acetate for 1 minute. After staining, grids were air-dried. Micrographs were
obtained using a JEM-1400 transmission electron microscope (JEOL, Tokyo, Japan) set to an
accelerating voltage of 80 keV.

Statistics

GraphPad PRISM 8 software was used for statistical analysis of the obtained data. In general,
the data was analyzed with by unpaired t-test. Statistical significance was considered with p-
values <0.05. Data is shown as the mean £ SD.
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General Discussion and Future Perspectives

1. CHAPTER I: AB40 Aggregation under Changeable Conditions

AB aggregation has traditionally been considered an extracellular event. However, recent
studies have raised concerns about the possibility of intracellular aggregation, driven by pH
imbalances and impaired autophagy. For example, in astrocytes carrying the E4 allele of
apolipoprotein E (ApoE4), the strongest genetic risk factor for sporadic Alzheimer’s disease,
lysosomes and endosomes are known to exhibit abnormal pH levels. In the present study, we
hypothesized that within these acidic compartments, the aggregates formed may differ in

their properties from those formed at neutral pH and may be more toxic to the organism.

We evaluated the effects of the different physiological environments that the AB40 peptide
may encounter in vivo by analyzing its aggregation kinetics under different conditions.
Between pH 7.4 and 6.8, the aggregation kinetics were influenced by the ionic strength of the
buffer. At neutral pH, AB40 carries a net negative charge, and higher salt concentrations
reduce electrostatic repulsion between peptide monomers, thereby accelerating
aggregation. At acidic pH, protonation of histidine residues lowers the overall charge of the
peptide, bringing it closer to neutrality. This reduction in charge decreases repulsion between
monomers and eliminates the need for ionic shielding to promote aggregation, resulting in a
faster and less ordered process that leads to the formation of more amorphous aggregates.
Notably, these aggregates have been reported to be more toxic than ordered amyloid fibrils.
Consistent with this, our experiments showed that they exhibit enhanced seeding capacity,
suggesting a greater potential for propagation and transmissibility. Also, we observed that
the aggregates formed at pH 7.4 barely changed their morphology at acidic pH, while those

formed at pH 5.5 evolved to a more ordered form when placed at neutral pH.

Overall, this work highlights the inherent risk associated with aggregates formed under
altered pH conditions, such as those present in cells with dysfunctional endosomes and
lysosomes. Fibrils formed under these physiologically relevant acidic environments appear to
be significantly more reactive, transmissible, and toxic than those formed at neutral pH.
Moreover, their structural instability upon return to neutral pH suggests that they may act as

propagating seeds once released into the cytosol.
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In summary, the study supports the critical role of pH has in modulating the properties of
protein aggregates. Thus, changes in pH can lead the formation of structurally distinct species,
more amorphous, less stable, and more toxic. Additionally, the results also highlight the
influence of ionic strength in modulating aggregation behavior. Although ionic conditions are
usually stable in the body, small changes in specific areas, like near lipid membranes, may
facilitate alternative aggregation pathways. Understanding the aggregates that form under
these non-standard conditions is important, as they might play a role in disease and and serve

as potential therapeutic targets.
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2. CHAPTER II: Exogenous Prion-Like Proteins and Their Potential to Trigger

Cognitive Dysfunction

The human body is constantly exposed to exogenous proteins, many of which may have the
potential to interfere with AB aggregation. In this context, prion-like proteins from the gut
microbiome are of particular interest, as they can persist in the body for extended periods.
The prolonged presence of these microbial proteins increases the likelihood of their
interaction with AP peptides and their potential influence on the development of Alzheimer’s

disease.

To explore this hypothesis, we searched for prion-like protein sequences within the gut
microbiome. Our findings revealed the presence of such proteins in most bacterial species
and their association with a wide range of biological functions. Notably, we observed a
significant enrichment of prion-like proteins in Helicobacter pylori, a bacterium whose
infection is highly prevalent among Alzheimer’s patients. From this analysis, ten prion-like
peptides were selected and experimentally confirmed to form amyloid aggregates in vitro.
These aggregates were shown to interfere with AB40 aggregation and to induce oxidative
stress in neuroblastoma cells. These first findings support the idea that microbiome-derived
prion-like proteins may disrupt normal AB aggregation and promote pathological processes

associated with Alzheimer’s disease.

Later, the prion-like properties of these peptides, including their ability to aggregate and
propagate, were confirmed in vivo using yeast and bacterial models. The bacterial model was
further exploited to produce a prion-rich diet, which was fed to C. elegans to assess the effects
of these proteins on cognitive function. Two peptides, HP1 and HP2, both derived from H.
pylori, were found to cause the most pronounced cognitive impairment in the worms and the
highest levels of toxicity in cell culture, highlighting the potential role of this bacterium in
Alzheimer’s pathology. Additionally, three other peptides from different bacterial species
were found to impair learning and increase oxidative stress in C. elegans, further supporting
the idea that exogenous prion-like proteins can contribute to neurotoxicity and cognitive

decline.
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Importantly, not all the tested peptides were detrimental for C. elegans, and one was able to
slow down AB40 aggregation, suggesting that not all amyloid aggregates are harmful and that
some of them may even have protective effects. This finding points out the need for further
research to better understand the complex relationship between the microbiome and
neurodegenerative diseases. This information could inspire the development of therapeutic
strategies to reduce bacteria that produce harmful amyloids while promoting those with

potentially beneficial effects.

In summary, this study demonstrates the presence of prion-like proteins in the human
microbiome and shows that these proteins can interfere with AB40 aggregation in vitro and
exert neurotoxic effects in both human neuroblastoma cells and C. elegans models,

particularly those derived from Helicobacter pylori.
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3. CHAPTER lll: Exogenous Amyloid Sequences: Their Role in Amyloid-Beta
Heterotypic Aggregation

This work aims to provide a deeper analysis of how aggregated proteins from the gut
microbiome interfere with AP peptides, with a particular focus on the formation of new

polymorphs exhibiting distinct propagation properties.

To test this, we developed an approach that simulates a scenario in which AB first encounters
exogenous amyloids at one site in the organism and is later transported to interact with
monomeric AP species elsewhere in the body. To this end, AB40 and AP42 peptides were
initially exposed to microbiome-derived amyloid aggregates, and the resulting protein

aggregates were then used as seeds to initiate the aggregation of fresh monomeric AB42.

This assay demonstrated that microbiome-exposed aggregates exhibited efficient seeding
capability, in some cases even surpassing that of pure AR amyloid fibrils. These findings
suggest that exposure to microbiome-derived amyloids leads to the formation of distinct
polymorphic conformations with altered properties, capable of propagating structurally

unique amyloid strains.

Among the two isoforms studied, AP42-derived aggregates present more efficient
propagation than those derived from AP40, suggesting that AB40, the more abundant
circulating form, may be evolutionarily adapted to resist interference by exogenous amyloids.
Exceptionally, HP1, a peptide from Helicobacter pylori, was the only microbial protein
aggregate capable of significantly enhancing AB40 seeding. This, together with its previously
observed neurotoxic and cognitive effects, raises concern about its potential involvement in

Alzheimer’s disease.

In summary, this study shows that exposure to exogenous prion-like proteins from the gut
microbiome not only accelerates AB aggregation but also alters the conformational properties
of the resulting aggregates. These modified polymorphs exhibit enhanced seeding capacity
and may propagate novel amyloid strains distinct from those formed under unexposed

conditions.
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Future studies should assess whether these structurally distinct aggregates also differ in
toxicity, as this could result in the emergence of more pathogenic species. Overall, these
findings reinforce the potential role of microbiome-derived amyloid proteins in modulating
AB aggregation and underscore the importance of further investigating specific bacterial
peptides, such as HP1, as contributors to disease progression and potential therapeutic

targets.
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Concluding remarks

As a general conclusion, this thesis sheds light on exogenous prion-like amyloids as potential
therapeutic targets for the treatment or prevention of Alzheimer’s disease and shifts the
focus toward isolated molecular events that may occur under altered physiological

conditions.

The observed effects of exogenous prion-like proteins on AP aggregation and seeding
properties open a new avenue for exploring alternative sources of toxic amyloid species.
Furthermore, the formation of structurally distinct aggregates under altered pH, conditions
that may occur in vivo, highlights the importance of studying amyloidogenic processes not
only under healthy physiological conditions but also in microenvironments that, while less

common, are biologically relevant.

The interplay between AB peptides, the microbiome, and pH imbalances may contribute
significantly to Alzheimer’s disease progression and offer potential for novel therapeutic
strategies. These could include modulating the composition of the gut microbiota to favor
non-amyloidogenic species while suppressing bacteria with amyloidogenic potential. In
particular, Helicobacter pylori raises significant concern, reinforcing the importance of both
treating the infection and minimizing interactions between its amyloidogenic proteins and

host proteins.
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Figure S1. Plot showing the maximum Thioflavin-T signal of the kinetics
presented in Figure 2 (panels A, B, C and D) against the NaCl
concentration.
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Figure S2. Plot showing the relationship between the lag-time of the
kinetics presented in Figure 2 (panels A, B, C and D) against the NaCl
concentration.
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Figure S4. FTIR absorbance spectra of AB40 aggregates incubated at
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absorbance remains stable from 11 to 24 hours, indicating a stable

conformation during this period of time.
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Figure S5. Absence of aggregates at the initial stock sample. A) Dynamic
Light Scattering analysis of an initial stock sample (250 uM) of AB40 at pH
11. The signal shows just one particle size of 10 nanometers, which fits
with the size of a monomeric AR peptide. B) TEM image for the initial stock
sample (250 uM) of AB40 at pH 11.
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Figure S6. MTT viability assay. Percentage of cell viability, after
incubating with buffers at pH 5.5 (blue) and pH 7.4 (red). The control of
cells grown just in culture medium are shown in grey. The plot shows
triplicates of two independent assays. The lines are the mean
corresponding to each concentration of aggregates added. No significant
difference was measured with Bonferroni test.
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Appendix Figure S1. Common Disordered Regions Identified in Uncharacterized
Proteins. The diagram displays four sequences, highlighting the consensus locations identified
within the gut microbiome. This classification is based on information sourced from MobiDB
Lite (Supplementary Table 1). In Supplementary Table 1, there are 370 uncharacterized
sequences, constituting 40% of the dataset. Among these, 214 sequences have been determined
to contain disordered regions according to MobiDB Lite. The groups shown in this figure
consist of the following numbers of sequences: Group 1, 78 sequences; Group 2, 39 sequences;
Group 3, 35 sequences; Group 4, 23 sequences.
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Appendix Figure S2. Congo Red binding analysis of the aggregates formed by the ten
selected amyloid cores. Red indicates Congo Red absorbance without aggregates, while blue

represents absorbance with aggregates.
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Appendix Figure S3. TEM images showing the samples of low aggregation-prone
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Appendix Figure S4. Thioflavin-T binding of the low aggregation-prone control peptides.
Thioflavin-T fluorescence increase, fold change with respect to the blank (just buffer and ThT).
The binding of the peptide SA7 was also measured as a positive control (unpaired two tail t-
test, N=3).
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Appendix Figure S5. Congo Red binding analysis of the aggregates formed by the
eighth low aggregation-prone sequences. Red indicates Congo Red absorbance without
aggregates, while blue represents absorbance with the control peptides.
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Appendix Figure S6. Aggregation kinetics plots of AB40 seeded with ten peptides derived
from the gut microbiome. The purple curve represents the aggregation kinetics of AB40
without any seeding, whereas the blue curve represents the aggregation kinetics in the presence
of pre-aggregated peptides. The shaded regions show the standard error of the mean, which has
been calculated from four independent replicates, with each replicate comprising three repeated

samples.
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Appendix Figure S7. Purification and aggregation of CIL6NS5 (containing BH4). Up, SDS-
PAGE gel and western blotting (anti-His) showing one protein band after COL6NS purification.
Middle, TEM image showing fibrillar aggregates of C9LO6NS. Bottom, AB40 aggregation
kinetics not seeded (purple) and seeded (blue) with aggregates of COLONS.



Appendix Figure S8. pFTIR maps of cells treated with aggregated peptides derived from
the microbiota. The upper panels show microscope images of cells incubated with the peptides
(A) HP2 and (C) BH4. The lower panels illustrate the beta/alpha ratio (1740/2921 cm-1),
utilized for detecting the presence of amyloid fibrils formed by the peptides (B) HP2 and (D)
BH4. The images indicate the distribution of preformed aggregates throughout the samples.
Amyloid deposits were identified in all samples, confirming the persistence of the
preaggregated peptide's under cell culture conditions.
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Appendix Figure S9. Results of pFTIR analysis showing that the absorbance of B-sheet
differentiates between cells incubated with and without aggregates. Neuron differentiate
SH-SYS5Y cells were incubated with and without the aggregates of the amyloid cores selected.
Then for each sample, the presence and structure of amyloid-like aggregates were measured
with uFTIR. Two negative controls were considered: cells growth without aggregates (Control)
and the zones where no aggregate was visualized under the microscope (Empty). A) Principal
component analysis of the signal at the amide I region. The measurements were separated into
three groups (grey dashed line) based on the PC-1, which (as seen in panel C) is principally
supported by the P-sheet signal. In this line, the groups G1, G2 and G3 arrange the
measurements from less to more B-sheet signal. B) Distribution of the amyloid aggregation
ratio (1629/1654) for the three groups derived from PCA analysis (Control, N=1181; Empty,
N=139, G1, N=465; G2, N=185; G3, N=220). This result supports that the group division, at
the PCA, separates progressively increasing aggregate signals. C) Summary pFTIR spectra of
PC-1, representing 61% of the variances between the samples. The peak from 1635 cm-1 to
1625 cm-1 corresponds to B-sheet signal, indicating that the difference between the groups is
linked to amyloid fibrils. Amyloid deposits (G1, G2, G3) were identified in all samples,
confirming the persistence of aggregated peptides under cell culture conditions.
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Appendix Figure S10. Cytotoxicity of amyloid-forming cores derived from the gut
microbiome. Cell viability of SH-SYSY cells after 24 hours of exposure to various peptides
(N=3). Due to their high toxicity, C1 and C2 have a wider concentration range. The error bars
represent the standard error of the mean (SEM).
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Appendix Figure S11. Yeast expressing low aggregation-prone variants of Sup35-GFP.
Fluorescent images showing the location of the Sup35-GFP variants.
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Appendix Figure S12. E. coli C-DAG colonies on Congo Red-containing plates. The
images show the colonies of the different E. coli expressing the Sup35 chimeras grown on
congo-red containing plates (Methods).

13



Appendix Figure S13. TEM images of the E. coli C-DAG system expressing low

aggregation prone Sup3S5 variants.
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Appendix Figure S14. STAM comparison between N2 (wildtype) and CL2355
(Alzheimer’s model). Chemotaxis index for learning and memory assays measured for worms
fed with ASup35 and Sup35NM (One-way ANOVA, N=3, *p < 0.05, **p < 0.01, ns = not
significant).
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Appendix Figure S15. Low aggregation-prone STAM comparison. A) The plots show the
learning (top) and memory (bottom) indices for all the samples analyzed in this study. The
vertical dashed line separates two different sets of experiments: on the left, the assays
performed with aggregation-prone Sup35 chimeras, and on the right, those conducted with the
low-aggregation-prone variants. Samples analyzed in both experiments (internal controls) are
highlighted in blue and green. B) Tables showing that the significances against their
corresponding ANM controls, obtained when including all samples, are similar to those
reported in the main article (Figure 6, which only included the aggregation-prone variants).
The analysis was performed using multiple unpaired two-tailed t-tests, corrected for multiple
comparisons using the Benjamini—Hochberg method (N = 3 biological replicates of 300-500
worms each, FDR set at 5%). C) Comparison between the same samples across the two
repeated assays (ANM and NM). The analysis was performed using multiple unpaired two-
tailed t-tests, corrected for multiple comparisons using the Benjamini—Hochberg method (N =
3 biological replicates of 300-500 worms each, FDR set at 5%). The learning and memory
indices obtained for both samples (ANM and NM) in the repeated assays showed no significant
differences.
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Appendix Figure S16. Scatter plots showing how lipid oxidation and number of granules
correlate with the associative memory in C. elegans. The red line indicates the linear
regression for each dataset (derived from Figures 6D and 7C). BH4 and HA10 were excluded
from the analysis as they presented especially high or low values in oxidation and the number
of granules, respectively. Statistical significance was assessed using Pearson correlation

analysis.
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Appendix Figure S17. IR measurements of the whole body of C. elegans strains fed with
the Sup35 chimeras. Up, distribution of the lipid peroxidation signal (1740 cm™'/(2960 cm™
' —~2919 cm™)). Down, proportion protein/lipid signal (1654 cm™!/(2960 cm™ — 2919 ¢cm™)).
Each box represents the measurements taken within at least 10 worms. ANMdelta N=67; NM
N=42; C1 N=110; C2 N=120; C3 N=67; C4 N=82; C5 N=58; C6 1 N=35; C7 N=94; C8 N=159;
C9 N=49; C10 N=97. The box plots bars show the minimum and maximum values, and the
box lines show the median and the interquartile range. Significance was measured using an
unpaired t-test (*p < 0.05).
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Appendix Figure S18. IR measurements focused on the intestine of C. elegans strains fed
with the Sup35 chimeras. Distribution of the lipid peroxidation signal (1740 cm™'/(2960 cm™
1 —-2919 cm™)). Each box represents the measurements taken within the intestine of a minimum
of 10 worms per sample and a minimum of 25 points per sample. The box plots bars show the
minimum and maximum values, and the box lines show the median and the interquartile range.
Significance was measured using an unpaired t-test (*p < 0.05, **p <0.01, ***p <0.001, ****p
<0.0001).
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Appendix Figure S19. C. elegans gut granules counting. Number of gut granules in the two
first intestinal rings of C. elegans N2 fed with E. coli OP50 and E. coli expressing various
Sup35NM variants. OP50 E. coli strain is the standard nematode food and a biofilm-defective
mutant. Error bars represent the SEM of 8-10 measurements. Each dot contains the information
of one worm. Statistical significance was determined using one-way ANOVA (*p < 0.05, **p
<0.01, ***p <0.001, ****p <0.0001).
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Appendix Figure S20. C. elegans gut granules fluorescent intensity. Plot showing the
distribution of the gut granules fluorescent intensity adjusted by area (IntArea, ImageJ) in the
C. elegans fed with E. coli OP50 and E. coli expressing different variants of Sup35NM. E. coli
strain is the standard nematode food and a biofilm-defective mutant. Error bars represent the
SEM of 8-10 measurements. Statistical significance was determined using one-way ANOVA
(*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001).
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Appendix Figure S21. Memory index and Congo Red binding comparison. Plot comparing
the memory index and the congo red binding (from Figure 5B) of E. coli expressing different
variants of Sup35NM.

22



0.4 - 20
15 &
g 2
3
g 0.2 . -10 @
£ 0
x E
@ L 5 -
© D
c =]
- I ; B i i i y &
/) 1)
1 Ring | Ring B Memory -5 g.

-0.2 | Memory 1 Memory %Rings | _ 10

RI6 RIS HA10 P9 SA7 LD8 HP1 HP2 CC3 BH4

Appendix Figure S22. Memory index and presence of ring aggregates comparison. Plot
comparing the memory index and the presence of ring structures in yeast (from Figure 4B)
expressing different variants of Sup35NM.
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Appendix Supplementary Data

Predictions performed on the Sup35p variants studied in this work.

Presented here are the sequences of the Sup35NM chimeras, with the newly detected sequences
highlighted by pWALTZ (Material and Methods). Sequences in yellow indicate a precise
match with the introduced amyloid-forming cores. Sequences in blue signify a partial match or
mismatch with the introduced amyloid-forming cores, including the regions in Sup35NM and
Sup35M highlighted in blue. The Sup35p nucleation region is denoted in bold and underlined.
The introduced amyloid-forming cores are marked in bold.

List of pWALTZ detected sequences on the region detected by PAPA.

FULL
Delta
HP1
HP2
CC3
BHA4
RIS
RIG6
SA7
LD8
P9
HA1O

RGNYKNENYNNNLQGYQAGFQ
RGNYKNENYNNNLQGYQAGFQ
GNNNNSVISENQTNENQGTYN
NNNKSYYISAGGYYONYQGYS
MOAAFNEFINNRRYQDAINVLN
RNAQWYYLAGGYYQONYQGYSG
YNNSYONTNSYSAGGYYQNYQ
MDNNYYNNNNNNNTNSNSNYN
RSGNYVFLANSTNRYQGNYYN
NQFONSQYGSYQAGGYYONYQ
GYGSNYNYSYSAAGGYYQONYQ
TYNQSALINQIGAGGYYQNYOQ

73.
73.
78.
77 .

78
78

77

9926
9926
8660
6716

.1175
.2290
80.
77 .
75.
7.
78.

0127
1301
7126
5441
4679

.2256

In bold the 21 peptides studied.
In yellow when they matches 100% with the new
prediction.
In blue when they doesn’t match 100% with the
prediction
In bold and underlined the Sup35p nucleation region.

(residues
(residues
(residues
(residues
(residues
(residues
(residues
(residues
(residues
(residues
(residues
(residues

from
from
from
from
from
from
from
from
from
from
from
from

98 to 118)

58 to 68)
2 to 22)
14 to 34)
2 to 22)
15 to 35)
11 to 31)
2 to 22)
2 to 22)
11 to 31)
11 to 31)
11 to 31)

PWALTZ

new pWALTZ
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>Sup35NM
MSDSNQGNNQONYQQYSQONGNQOOGNNRYQGYQAYNAQAQPAGGYYQONYQGYSGYQQGGYQQ
YNPDAGYQQQYNPQGGYQQYNPQOGGYQQQOFNPOQGGRGNYKNENYNNNLOGYQAGFQPQSQGM
SLNDFQKQOKQAAPKPKKTLKLVSSSGIKLANATKKVGTKPAESDKKEEEKSAETKEPTKEP
TKVEEPVKKEEKPVQTEEKTEEKSELPKVEDLKISESTHNTNNANVTSADALTIKEQEEEVDD
EVVNDMFGGKDHVSLIFMGHVDAGKSTMGGNLLYLTGSVDKRTIEKYEREAKDAGRQGWYLS
WVMDTNKEERNDGKTIEVGKAYFETEKRRYTILDAPGHKMYVSEMIGGASQADVGVLVISAR
KGEYETGFERGGQTREHALLAKTQGVNKMVVVVNKMDDPTVNWSKERYDQCVSNVSNFLRAT
GYNIKTDVVFMPVSGYSGANLKDHVDPKECPWYTGPTLLEYLDTMNHVDRHINAPFMLPIAA
KMKDLGTIVEGKIESGHIKKGQSTLLMPNKTAVEIQNIYNETENEVDMAMCGEQVKLRIKGV
EEEDISPGFVLTSPKNPIKSVTKFVAQIAIVELKSITIAAGFSCVMHVHTAIEEVHIVKLLHK
LEKGTNRKSKKPPAFAKKGMKVIAVLETEAPVCVETYQDYPQLGRFTLRDQGTTIATGKIVK
IAE

PAPA
Score = 0.10, Position = 4
0.7 0.4
03 Scores 02
4
00 \ 1\ l 00
0.3 Fold Indices -0.2
-0.7‘ 04
PLAAC
COREscore LLR PAPAprop PAPATI
23.306 23.306 0.100 -0.423
sequence
- /
- background
s PrD.like
& \
MAFP

SV 11|00 01 OOYWEAIERNE VRO OV RE O NN 01 0 0500 0O UMD OO0 00 RO L 1

FoldIndex
-FLAAC
-4*PAFA

QTEEXKTEEKSELFPXVEDLKI SESTHNTNNANVTSADALIKEQEEEVDDEVVNDMFGGKDHV SLI FMGHVDAGKSTMGGNLLY LTGSVDKRTIEKYEREAK
DAGROGHY L SWVMDTNKEERNDGKTI EVGRAYFETEKRRY TILDAFGHEMYV SEMIGGA SQADVGVLVI SARKGEYETGFERGGOTREHALLAKTQGVNK
MVVVVNKMDDFTVNW SKERYDQCV SNV SNFLRAIGYNI KTDVVFMFV SGY SGANLKDHVDFKECFWY TGF TLLEYLDTMNHVDRHINAFFMLFIAAKMKD
LGTIVEGKIESGHIKKGOSTLLMFNKTAVEIQNIYNETENEVDMAMCGEQVKLRIKGVEEEDI SFGFVLTSFKNFIKSVTKFVAQIAIVELKSIIAAGFS
CVMHVHTAIEEVHIVKLLHKLEKGTNRKSKKPPAFAKKGMKVIAVLETEAPVCVETYQDYPOLGRFTLRDOGTITIAIGKIVKIAE
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>Sup35M
MAGGYYONYQGYSGYQOGGYQQYNPDAGYQOQYNPOGGYQQYNPOGGYQQOFNPOQGGRGNYK
NENYNNNLOGYQAGEFQOPQSQGMSLNDFQKQOKQAAPKPKKTLKLVSSSGIKLANATKKVGTK
PAESDKKEEEKSAETKEPTKEPTKVEEPVKKEEKPVQTEEKTEEKSELPKVEDLKISESTHN
TNNANVTSADALTIKEQEEEVDDEVVNDMEGGKDHVSLIFMGHVDAGKSTMGGNLLYLTGSVD
KRTIEKYEREAKDAGRQGWYLSWVMDTNKEERNDGKTIEVGKAYFETEKRRYTILDAPGHKM
YVSEMIGGASQADVGVLVISARKGEYETGFERGGQTREHALLAKTQGVNKMVVVVNKMDDPT
VNWSKERYDQCVSNVSNEFLRAIGYNIKTDVVEFMPVSGYSGANLKDHVDPKECPWYTGPTLLE
YLDTMNHVDRHINAPFMLPTAAKMKDLGTIVEGKIESGHIKKGQOSTLLMPNKTAVEIQNIYN
ETENEVDMAMCGEQVKLRIKGVEEEDISPGFVLTSPKNPIKSVTKEVAQIATIVELKSITAAG
FSCVMHVHTAIEEVHIVKLLHKLEKGTNRKSKKPPAFAKKGMKVIAVLETEAPVCVETYQDY
POLGRFTLRDQGTTIAIGKIVKIAE

PAPA

f Score = 0.10, Position = 0

; 0.7 04

:33 Scores 0.2

, p

| poll— N\ 00
0.3 Fold Indices 0.2
-0.7 04

PLAAC
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COREscore LLR PAPAprop PAPA(fi

19.025 19.025 0.099 -0.342
sequence
[ - = background
= PrD.like
o ~

FoldIndex
-FLAAC
-4*FAPA
o
—
|
NY KNFNYNNNLQGYQAGFQF Q5QGMS LNDFQKQOKQAAPKE

IKLANATKKVGTKPAE SDKKEEEK SAETKEP TREF TKVEEPVKKEEKPVOTEEKTEEKSELFKVEDLKI SESTHNTNNANVTSADALIK

p:400:9:3:4 42)0)A A 918 ) ACIELY
TILDAFGHEMYV SEMIGGASQADVGVLVI SARKGEYETGFERGGOTREHALLAKTOGVNKMVVVVNKMDDP TVNW SKERYDQCV SNV SNFLRAIGYNIKT
DVVFMPV SGY SGANLKDHVDPKECFWY TGP TLLEY LDTMNHVDRHINAFPFMLF IAAKMKDLGTIVEGKIESGHIKKGOSTLLMPNKTAVEIQNIYNETEN

VDMAMCGEQVKLRIKGYEEEDI SFGFVLT SFKNPIKSVTKFVAQIAIVELKSI IAAGFSCVMHVHTATIEEVHIVKLLHKLEKGTNRKSKKFPAFAKKGM

>HP1
MGNNNNSVISFNQTNFNQGTYNAGGYYONYQGYSGYQQGGYQQYNPDAGYQQQYNPQGGYQQ
YNPOGGYQQOFNPOGGRGNYKNENYNNNLOGYQAGFQOPOSQGMSLNDFOKOQOKQAAPKPKKT
LKLVSSSGIKLANATKKVGTKPAESDKKEEEKSAETKEPTKEPTKVEEPVKKEEKPVQTEEK
TEEKSELPKVEDLKISESTHNTNNANVTSADALIKEQEEEVDDEVVNDMEGGKDHVSLIFMG
HVDAGKSTMGGNLLYLTGSVDKRTIEKYEREAKDAGROQGWYLSWVMDTNKEERNDGKTIEVG
KAYFETEKRRYTILDAPGHKMYVSEMIGGASQADVGVLVISARKGEYETGFERGGQTREHAL
LAKTQGVNKMVVVVNKMDDPTVNWSKERYDQCVSNVSNFLRAIGYNIKTDVVEMPVSGYSGA
NLKDHVDPKECPWYTGPTLLEYLDTMNHVDRHINAPFMLPTAAKMKDLGTIVEGKIESGHIK
KGOSTLLMPNKTAVEIQNIYNETENEVDMAMCGEQVKLRIKGVEEEDISPGEVLTSPKNPIK
SVIKFVAQIAIVELKSITAAGESCVMHVHTATIEEVHIVKLLEHKLEKGTNRKSKKPPAFAKKG
MKVIAVLETEAPVCVETYQDYPQLGREFTLRDOGTTIAIGKIVKIAE

PAPA
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Score = 0.20, Position = 0

07 0.4
03 Scores 02
4
00 \ LN\ 00
0. Fold Indices -0.2
-0. 0.4
PLAAC
(column
COREscore LLR PAPAprop PAPAfi descriptions)
19.025 19.025 0.195 -0.197
sequence
[ - background
= PrD.like
FoldIndex
-FLAAC
- 4*FPAFA
o

>HP2
MSSVYWLNSVNENNNNKSYYISAGGYYONYQGYSGYQQOGGYQQYNPDAGYQQQYNPQGGYQQ
YNPOGGYQQOOFNPOGGRGNYKNENYNNNLQGYQAGFQPQOSQGMSLNDFQKQQOKQAAPKPKKT
LKLVSSSGIKLANATKKVGTKPAESDKKEEEKSAETKEPTKEPTKVEEPVKKEEKPVQTEEK
TEEKSELPKVEDLKISESTHNTNNANVTSADALIKEQEEEVDDEVVNDMEGGKDHVSLIFMG
HVDAGKSTMGGNLLYLTGSVDKRTIEKYEREAKDAGRQGWYLSWVMDTNKEERNDGKTIEVG
KAYFETEKRRYTILDAPGHKMYVSEMIGGASQADVGVLVISARKGEYETGFERGGQTREHAL
LAKTQGVNKMVVVVNKMDDPTVNWSKERYDQCVSNVSNEFLRAIGYNIKTDVVFMPVSGYSGA
NLKDHVDPKECPWYTGPTLLEYLDTMNHVDRHINAPFMLPIAAKMKDLGTIVEGKIESGHIK
KGOSTLLMPNKTAVEIQONIYNETENEVDMAMCGEQVKLRIKGVEEEDISPGEVLTSPKNPIK
SVTKFVAQIAIVELKSITAAGFSCVMHVHTATIEEVHIVKLLHKLEKGTNRKSKKPPAFAKKG
MKVIAVLETEAPVCVETYQDYPQLGRETLRDQGTTIAIGKIVKIAE

KPAESDKKEEEKSAETKEPTKEFPTKVEEFVKKEEKP

SES 3 LIKEQEEEVDDE NDMFGGK / SLIFMGHVDAGK STMGGNLLYLT DERTIEKYEREAKDAGRQGAY ] K
RNDGKTIEL FETEKRRYTILDAPGHK v v /1 SARKGEYETGFERGGOTREHALIAKTOQC 'VNKMCDPTVNW SKER
YDQCV SNV SNFLRAIGYNIKTDVV FMF) Y SGANLKDHVDFKECPWY TGP TLLEY LDTMNHVDRHINAFFMLFIAAKMKDLGTIVEGKIESGHIKKGQS
TLLMPNKTAVEIQNIYNETENEVDMAMCGEQVKLRIKGVEEEDI SFGFVLTSPKNPIKSVTKFVAQIAIVELKSITAAGFSCVMHVHTAIEEVHIVKLLH
KLEKGTNRKSKKFFPAFAKKGMKVIAVLETEAFPVCVETYQDYFQLGRFTLRDQGTTIAIGKIVKIAE
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PAPA
Score = 0.18, Position = 0

0.7 0.4
03)| Scores 02
y
00 \ LN\ 00
0. Fold Indices 0.2
-0. 04
PLAAC
(column
Ll
COREscore LR PAPAprop PAPAfi descriptione)
19.025 19.025 0.180 -0.167
sequence
- background
= PrD.like
o

v O 00 100 0O 0 00000 RN A 0000 00 0 DO 000100 R 0 WO

FoldIndex
-FPLAAC
-4*PAFA

KPAES

SLIFMGH\ GKSTMGGNLLYLTGSVDKRTIEKYEREAKDAGRQGAYLSWVMDTNKEE
RNDGKTIEVGKAYFETE RYTILDAFGHKMYV SEMIGGA /GVLVISARKGEYETGFERGGQTREHALIAKTQGVNEKMVVVVNKMECDF TVNWSKER
YDQCV SNV SNFLRAIGYNIKTDVVFMFV SGY SGANLKDHVDFKECFWYTGF TLLEY LDTMNHVDRHINAFFMLF IAAKMKDLGTIVEGKIESGHIKKGQS
TLLMPNKTAVEIQNIYNETENEVDMAMCGEQVKLRIKGVEEEDI SPGFVLTSPKNFIKSVTKFVAQIAIVELKSITAAGFSCVMHVHTAIEEVHIVKLLH
KLEKGTNRKSKKFPAFAKKGMKVIAVLETEAPVCVETYQDYFQLGRFTLRDOGTTIAIGKIVKIAE

>CC3

MMOAAFNFINNRRYQDAINVLNAGGYYONYQGYSGYQQGGYQQYNPDAGYQQQYNPQOGGYQQ
YNPOGGYQQOFNPOGGRGNYKNENYNNNLOGYQAGFQPQOSQGMSLNDFOKQQOKQAAPKPKKT
LKLVSSSGIKLANATKKVGTKPAESDKKEEEKSAETKEPTKEPTKVEEPVKKEEKPVQTEEK
TEEKSELPKVEDLKISESTHNTNNANVTSADALIKEQEEEVDDEVVNDMEGGKDHVSLIFMG
HVDAGKSTMGGNLLYLTGSVDKRTIEKYEREAKDAGROGWYLSWVMDTNKEERNDGKTIEVG
KAYFETEKRRYTILDAPGHKMYVSEMIGGASQADVGVLVISARKGEYETGFERGGQTREHAL
LAKTQGVNKMVVVVNKMDDPTVNWSKERYDQCVSNVSNFLRAIGYNIKTDVVEFMPVSGYSGA
NLKDHVDPKECPWYTGPTLLEYLDTMNHVDRHINAPFMLPTIAAKMKDLGTIVEGKIESGHIK
KGOSTLLMPNKTAVEIQONIYNETENEVDMAMCGEQVKLRIKGVEEEDISPGFVLTSPKNPIK
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SVIKFVAQIATIVELKSITAAGEFSCVMHVHTATIEEVHIVKLLHKLEKGTNRKSKKPPAFAKKG
MKVIAVLETEAPVCVETYQDYPQLGREFTLRDOGTTIATIGKIVKIAE

Score = 0.15, Position = 0
0.7 0.4
03 Scores 02
4
00 \ [N\ 00
-0.:] Fold Indices 02
-0.7] 04
column
COREscore LLR PAPAprop PAPAfi (
descriptions)
19.025 19.025 0.146 -0.095
sequence
-
- background
= PrD.1like
o
-
FoldIndex
-FLAAC
-4*PAFPA
o
=
)
ENDGKTIE Vv ASQADVGVLVI SARKGEYETGFERGGQTREHALIAKTQG KMV
YDQCV Y SGANLKDHVDPKECPWYTGPTLLEYLDTMNHVDRHINAPFMLFIA, MKDLG
TLLMPFNKTAVEIQNIYNETENEVDMAMCGEQVKLRIKGVEEEDI SPGFVLTSPKNPIKSVTKFVAQIAIVELKSIIAAGFSCVMHVHTAIEEVHIVKLLH
KLEKGTNRKSKKPPAFAKKGMKVIAVLETEAPVCVETYQDYPQLGRFTLRDOGTTIAIGKIVKIAE
>BH4

MYQQALNVLSRIQNRNAQWYYLAGGYYONYQOGYSGYQQGGYQQYNPDAGYQQQYNPQGGYQQ
YNPQGGYQQQFNPQOGGRGNYKNENYNNNLOGYQAGEFQPQSQGMSLNDEQKQOKQAAPKPKKT
LKLVSSSGIKLANATKKVGTKPAESDKKEEEKSAETKEPTKEPTKVEEPVKKEEKPVQTEEK
TEEKSELPKVEDLKISESTHNTNNANVTSADALIKEQEEEVDDEVVNDMEGGKDHVSLIEFMG
HVDAGKSTMGGNLLYLTGSVDKRTIEKYEREAKDAGROQGWYLSWVMDTNKEERNDGKTIEVG
KAYFETEKRRYTILDAPGHKMYVSEMIGGASQADVGVLVISARKGEYETGFERGGOQTREHAL
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LAKTQGVNKMVVVVNKMDDPTVNWSKERYDQCVSNVSNFLRAIGYNIKTDVVEMPVSGYSGA
NLKDHVDPKECPWYTGPTLLEYLDTMNHVDRHINAPFMLPTAAKMKDLGTIVEGKIESGHIK
KGOSTLLMPNKTAVEIQONIYNETENEVDMAMCGEQVKLRIKGVEEEDISPGEFVLTSPKNPIK
SVIKFVAQIAIVELKSITAAGEFSCVMHVHTAIEEVHIVKLLHKLEKGTNRKSKKPPAFAKKG
MKVIAVLETEAPVCVETYQODYPQLGRFTLRDOGTTIAIGKIVKIAE

PAPA
Score = 0.17, Position = 0
0.7 0.4
03 Scores 0.2
y
00 \ 1N\ 00
-0. Fold Indices -0.2
0. 0.4
PLAAC
(column
COREscore LLR PAPApro PAPAfi
prop descriptions)
19.025 19.025 0.171 -0.161
sequence
o — background
= PrD.like

FoldIndex
-PLAAC
-4*FAFA

V 3 K ) S! MDTNK
RNDGKTIEVGKAYFETEKRRYTILDAFPGHKMYV SEMIGGA SQADVGVLVI SARKGEYETGFERGGQTREHALIAKTQGVNKMVVVVNEKMECDP TVNWSKER
YDQCV SNV SNFLRAIGYNIKTDVVFMPV SGY SGANLKDHVDFKECFWY TGP TLLEY LDTMNHVDRHINAFPFMLFIAAKMKDLGTIVEGKIESGHIKKGQS
TLLMFNKTAVEIQNIYNETENEVDMAMCGEQVKLRIKGVEEEDI SFGFVLTSFKNFIKSVTKFVAQIAIVELKSITAAGFSCVMHVHTAIEEVHIVEKLLH
KLEKGTNRKSKKPPAFAKKGMKVIAVLETEAFVCVETY QDY FPQLGRFTLRDOGTTIAIGKIVKIAE

>RI5

MHANEGNVNQYNNSYONTNSYSAGGYYONYQOGYSGYQQGGYQQYNPDAGYQQQYNPQGGYQQ
YNPOGGYQOQEFNPOGGRGNYKNENYNNNLOGYQAGEFQPQOSQGMSLNDFQKQQOKQAAPKPKKT
LKLVSSSGIKLANATKKVGTKPAESDKKEEEKSAETKEPTKEPTKVEEPVKKEEKPVQTEEK
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TEEKSELPKVEDLKISESTHNTNNANVTSADALIKEQEEEVDDEVVNDMEFGGKDHVSLIFMG
HVDAGKSTMGGNLLYLTGSVDKRTIEKYEREAKDAGROQGWYLSWVMDTNKEERNDGKTIEVG
KAYFETEKRRYTILDAPGHKMYVSEMIGGASQADVGVLVISARKGEYETGFERGGQTREHAL
LAKTQGVNKMVVVVNKMDDPTVNWSKERYDQCVSNVSNEFLRAIGYNIKTDVVEMPVSGYSGA
NLKDHVDPKECPWYTGPTLLEYLDTMNHVDRHINAPFMLPTAAKMKDLGTIVEGKIESGHIK
KGOSTLLMPNKTAVEIQONIYNETENEVDMAMCGEQVKLRIKGVEEEDISPGEVLTSPKNPIK
SVIKEFVAQIAIVELKSITIAAGEFSCVMHVHTAIEEVHIVKLLHKLEKGTNRKSKKPPAFAKKG
MKVIAVLETEAPVCVETYQDYPOQLGRFTLRDQGTTIAIGKIVKIAE

PAPA
Score = 0.16, Position = 0
0.7 0.4
03 Scores 02
p
20} >. 1N\ 00
0. Fold Indices 0.2
-0. 04
PLAAC
(column
COREscore LLR PAPAprop PAPAfi descriptione)
19.025 19.025 0.163 -0.305
sequence
/ - background
= PrD.like
- \
|00 OO A0SO 000000 0 100 O 010 0 0 OUINN 00 100001 )00 SO I O O
FoldIndex
-PLAAC
-4*PAFA

EEEKSAETKEPTKEFPTKVEEFVKKEEKP TEEKTEEKSELF EDLK
GKSTMGGNLLYLTGSVDKRTIEKYEREAKDA QOAYLSWVMDTNKEE
y NKMCDFTVNWSKER

VEGKIESGHIKKGQS
HVHTAIEEVHIVKLLH

ISESTHNTNN.
RNDGKTIEV
YDQCV SNV LA {NIKTDVV FMFV SGY SGA KDHVDFK WYTGFTLLEYLDTMNHVDRHINAFFMLF IAAKMKDL
TLLMPNKTAVEIQNIYNETENEVDMAMCGEQVKLRIKGVEEEDI SPGFVLTSPKNFIKSVTKFVAQIAIVELKSIIAAGFSCV
KLEKGTNRKSKKFPPAFAKKGMKVIAVLETEAPVCVETY QDY FOQLGRFTLRDQGTTIAIGKIVKIAE

>RI6
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MMDNNYYNNNNNNNTNSNSNYNAGGYYONYQGYSGYQQGGYQQYNPDAGYQQQYNPQOGGYQQ
YNPOGGYQQOFNPOGGRGNYKNENYNNNLOGYQAGFQPOSQGMSLNDFOKQOQOKQAAPKPKKT
LKLVSSSGIKLANATKKVGTKPAESDKKEEEKSAETKEPTKEPTKVEEPVKKEEKPVQTEEK
TEEKSELPKVEDLKISESTHNTNNANVTSADALIKEQEEEVDDEVVNDMEGGKDHVSLIFMG
HVDAGKSTMGGNLLYLTGSVDKRTIEKYEREAKDAGRQGWYLSWVMDTNKEERNDGKTIEVG
KAYFETEKRRYTILDAPGHKMYVSEMIGGASQADVGVLVISARKGEYETGFERGGQTREHAL
LAKTQGVNKMVVVVNKMDDPTVNWSKERYDQCVSNVSNFLRAIGYNIKTDVVEMPVSGY SGA
NLKDHVDPKECPWYTGPTLLEYLDTMNHVDRHINAPFMLPTAAKMKDLGTIVEGKIESGHIK
KGOSTLLMPNKTAVEIQONIYNETENEVDMAMCGEQVKLRIKGVEEEDISPGEFVLTSPKNPIK
SVTKEFVAQIAIVELKSITAAGEFSCVMHVHTATEEVHIVKLLHKLEKGTNRKSKKPPAFAKKG
MKVIAVLETEAPVCVETYQDYPOLGRFTLRDQGTTIAIGKIVKIAE

PAPA
Score = 0.16, Position = 0

0.7 04

03 Scores 02

y

0.3 Fold Indices 0.2
-0.7) 04
PLAAC
sequence
COREscore LLR PAPAprop PAPAfi N
descriptions)
20492 20.492 0.157 -0.398
sequence
- Vs
- background
= PrD.like
o A%

FoldIndex
-PLAAC
-4*PAFA

it .

S TEEKTEEKSELFKVEDLK
ISESTHNTNNANVTSADALI KEQEEEVDDEVVNDMFGGKDHY SLI FMGHVDAGK STMGGNLLY LTGSVDKRTIEKYEREAKDAGRQGAY LSWVMDTNKEE
RNDGKTIEVGKAYFETEKRRYTILDAPGHEKMYV SEMIGGA SQADVGVLVI SARKGEYETGFERGGOTREHALIAKTQGVNKMVVVVNEKMECDF TVNW SKER
YDQCV SNV SNFLRAIGYNIKTDVVFMPV SGY SGANLKDHVDFKECPWY TGP TLLEY LDTMNHVDRHINAFPFMLF IAAKMKDLGTIVEGKIESGHIKKGQS
TLLMFNKTAVEIQNIYNETENEVDMAMCGEQVKLRIKGVEEEDI SPGFVLTSFEKNFIKSVTKFVAQIAIVELKSITAAGFSCVMHVHTAIEEVHIVKLLH
KLEKGTNRKSKKFFPAFAKKGMKVIAVLETEAPVCVETY QDY FOLGRFTLRDOGTTIAIGKIVKIAE

KA A PKPKKTLKLY SSSGIKLANATKKVGTKPAESDKKEEEKSAETKEFPTKEPTKVEEFPVKKEEKF
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>SAT
MRSGNYVFLANSTNRYQGNYYNAGGYYONYQGYSGYQQGGYQQYNPDAGYQQQYNPQOGGYQQ
YNPOGGYQQOFNPOGGRGNYKNENYNNNLOGYQAGFOQPOSQOGMSLNDFOKOQOKQAAPKPKKT
LKLVSSSGIKLANATKKVGTKPAESDKKEEEKSAETKEPTKEPTKVEEPVKKEEKPVQTEEK
TEEKSELPKVEDLKISESTHNTNNANVTSADALIKEQEEEVDDEVVNDMEGGKDHVSLIFMG
HVDAGKSTMGGNLLYLTGSVDKRTIEKYEREAKDAGROGWYLSWVMDTNKEERNDGKTIEVG
KAYFETEKRRYTILDAPGHKMYVSEMIGGASQADVGVLVISARKGEYETGFERGGQTREHAL
LAKTQGVNKMVVVVNKMDDPTVNWSKERYDQCVSNVSNFLRAIGYNIKTDVVEFMPVSGY SGA
NLKDHVDPKECPWYTGPTLLEYLDTMNHVDRHINAPFMLPTAAKMKDLGTIVEGKIESGHIK
KGOSTLLMPNKTAVEIQONIYNETENEVDMAMCGEQVKLRIKGVEEEDISPGFVLTSPKNPIK
SVTKEVAQIAIVELKSITAAGEFSCVMHVHTATIEEVHIVKLLHKLEKGTNRKSKKPPAFAKKG
MKVIAVLETEAPVCVETYQDYPOQLGRFTLRDQGTTIAIGKIVKIAE

PAPA

Score = 0.18, Position = 0

07 0.4

03 Scores 0.2
4

W I £\ //\__/\_/\ "

-0.3 Fold Indices -0.2

-0.7 0.4

PLAAC
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COREscore LLR PAPAprop PAPAfI (column

descriptions)
19.025 19.025 0.183 -0237
sequence
/ - background
= PrD.like
DL O AL IO VA nn 0010 N 0 AR 00000000 0 DNUMMIOO [ DO 00 SOOI ) OO O
FoldIndex
-PLAAC
-4*PAFA

ETKEPTKEPTKVEEFVKKEEKFVQTE
AGKSTMGGNLLYLTGSVDKRTIEKYEREA AGRQGWYLSWVMDTNKEE
VGKAYFETEKRRY TILD: ISARKGEYETGFERGGQTREHALIAKTOQC K NKMCDF TVNWSKER
LRAIGYNIKTDVV 3 K GPTLLEYLDTMNHVDRHINAFFMLFIAAKMKD: VEGKIESGHIKKGQS
IONIYNETENEVDMAMCGEQVKLRIKGVEEEDI SFGFVLTSFEKNFIKSVTKFVAQIAIVELKSITAAGFSCVMHVHTAIEEVHIVKLLH
KLEKGTNRKSKKFFAFAKKGMKVIAVLETEAFVCVETYQDYFQLGRFTLRDOQGTTIAIGKIVKIAE

>LD8
MSYSSSANNYGYGSNYNYSYSAAGGYYONYQGYSGYQQGGYQQYNPDAGYQQQYNPQGGYQQ
YNPQGGYQQQFNPQGGRGNYKNFNYNNNLQGYQAGFQPQSQGMSLNDFQKQQKQAAPKPKKT
LKLVSSSGIKLANATKKVGTKPAESDKKEEEKSAETKEPTKEPTKVEEPVKKEEKPVQTEEK
TEEKSELPKVEDLKISESTHNTNNANVTSADALIKEQEEEVDDEVVNDMEGGKDHVSLIFEFMG
HVDAGKSTMGGNLLYLTGSVDKRTIEKYEREAKDAGRQGWYLSWVMDTNKEERNDGKTIEVG
KAYFETEKRRYTILDAPGHKMYVSEMIGGASQADVGVLVISARKGEYETGFERGGQTREHAL
LAKTQGVNKMVVVVNKMDDPTVNWSKERYDQCVSNVSNEFLRAIGYNIKTDVVFMPVSGYSGA
NLKDHVDPKECPWYTGPTLLEYLDTMNHVDRHINAPFMLPIAAKMKDLGTIVEGKIESGHIK
KGOSTLLMPNKTAVEIQONIYNETENEVDMAMCGEQVKLRIKGVEEEDISPGEFVLTSPKNPIK
SVTKFVAQIAIVELKSITIAAGFSCVMHVHTAIEEVHIVKLLHKLEKGTNRKSKKPPAFAKKG
MKVIAVLETEAPVCVETYQDYPQLGRETLRDQGTTIAIGKIVKIAE

PAPA
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Score = 0.20, Position = 0

0.7 0.4
03 Scores 02
4
020 \ N\ 00
-0. Fold Indices 0.2
-0. 0.4
PLAAC
(column
COREscore LLR PAPAprop PAPAfi descriptions)
19.025 19.025 0.201 -0.186
sequence
r e = backgrour
= PrD.like

FoldInde:>
-PLAAC
-4*FAFA

S GIKLANATKKVGTKPAE SDKKEEEK SAETKEP TKEFPTKVEEFVKKEEKPVQTEEKTEEKSELFPKVEDLK
ISESTHNTNNANVTSADALIKEQEEEVDDEVVNDMFGGKDHV SLI FMGHVDAGK STMGGNLLY LTGSVDKRTIEKYEREAKDAGRQGAYLSWVMDTNKEE
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