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Abstract:

Amyloid fibrils, which are aggregates of misfolded proteins characterized by B-sheet-rich structures,
are implicated in several neurodegenerative and systemic pathologies, including Alzheimer’s and
Parkinson’s diseases and type II diabetes mellitus. Traditional amyloid markers, such as Congo Red
and Thioflavin T, are widely used for amyloid detection but present limitations, particularly in cellular
assays, due to spectral interference and aggregation inhibition. This study investigates YAT2150, a
novel fluorescent dye with enhanced amyloid-binding specificity and sensitivity, as a potential
alternative to conventional dyes. We evaluated YAT2150’s efficacy for detecting amyloid aggregates
in both in vitro and in cellula assays. First, we compared its fluorescence intensity and binding
specificity to that of Thioflavin T in amyloid fibril assays, demonstrating that YAT2150 exhibits high
affinity and selectivity for amyloid structures, with minimal interference from non-aggregated proteins.
Furthermore, we explored YAT2150’s utility in Escherichia coli as a model system for studying
protein aggregation and amyloid formation in a procaryotic cellular context. Our findings indicate that
YAT2150 effectively labels amyloid-like inclusion bodies in E. coli, producing a robust fluorescence
signal with low background noise. These results suggest that YAT2150 is a promising new tool for
amyloid research, offering greater sensitivity compared to traditional dyes, even in complex cellular

environments.
1. INTRODUCTION

Protein misfolding and aggregation into amyloid structures are associated with an increasing number
of human diseases, collectively known as amyloidoses. These range from neurodegenerative
pathologies like Alzheimer's and Parkinson's diseases to non-neurodegenerative amyloidoses, such as
type II diabetes mellitus [1]. The aggregation of misfolded proteins into highly ordered, insoluble -
sheet-rich structures is a hallmark of these disorders, contributing directly to their pathology [2]. The
link between amyloid formation and disease has made amyloid structures a crucial target for
therapeutic intervention in what are collectively termed "conformational diseases". With the rising
global population and increased life expectancy, these disorders are projected to pose significant public
health challenges, making the development of new strategies to prevent or treat amyloid aggregation
a high priority in biomedical research.

The characteristic B-cross-linked conformation in which individual B-strands run perpendicular to the

fibril axis [1] can be detected using specific dyes such as Congo Red (CR), Thioflavin T (ThT) and



Thioflavin S (ThS) [3-5]. However, these traditional amyloid markers have limitations in therapeutic
research. CR has amyloid-inhibiting properties that can interfere with real-time monitoring of
aggregation [6] and ThT fluorescence overlaps with cellular constituents with intrinsic fluorescence
properties and aromatic compounds [7]. ThS offers better membrane permeability than ThT but suffers
from similar spectral interference issues [5]. These shortcomings underscore the need for alternative
tools that can better serve in both research and therapeutic studies of amyloid diseases.

Recently, a new dye capable of detecting amyloid structures called YAT2150 (Figure 1), the active
component of the commercial protein aggregation detection reagent ProteoStat® [8], has been reported.
In the presence of amyloid aggregates, YAT2150 emits an intense red fluorescence at ~ 600 nm when
excited at ~ 500 nm. Compared to Thioflavins, YAT2150 does not have the limitations mentioned
above and exhibits higher fluorescence intensity; therefore, it could represent an advantage in studies

of amyloid aggregation [9].
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Figure 1. Chemical structure of YAT2150

Many approaches exist to characterize amyloid aggregation in vitro [10,11]. Unfortunately, in
vitro results often cannot be reproduced when tested in cellula or in vivo due to the complex cellular
environment. Animal models, however, are highly complex and expensive, which is inefficient in the
early stages of research. In this context, bacteria have emerged as a simple, inexpensive and, above all,
physiologically relevant system for studying amyloid aggregation and anti-amyloid compounds
[12,13]. Escherichia coli is widely used in the biotechnology industry as a factory to produce
recombinant peptides and proteins due to (a) its rapid growth; (b) the ability to achieve high cell density
cultures; (c) the use of simple and inexpensive culture media; and (d) the rapid and easy transformation
with exogenous DNA [14]. However, the continuous expression of recombinant proteins overwhelms
cellular quality control mechanisms, resulting in misfolded proteins that accumulate and form
intracellular aggregates called inclusion bodies (IBs). Recombinant protein in IBs can vary from 50%
of the total protein in early stages of aggregation to more than 90% in mature IBs [15]. It is now widely
accepted that much of the protein in IBs has an amyloid conformation and thus can be detected by

amyloid-specific dyes [16—19]. The tendency of amyloid-prone proteins to aggregate in bacteria has



made them an outstanding model for studying the mechanisms of amyloid formation and has driven
the search for inhibitors targeting numerous proteins associated with human diseases [13,20]. In this
context, this work aims to study the applicability of the novel YAT2150 as an alternative dye for

detecting and monitoring amyloid formation in vitro and in cellula.

2. MATERIALS AND METHODS

2.1. Reagents: The YAT2150 dye and the amyloid aggregation pan-inhibitor DP-128 were prepared
as previously reported [8,21]. Both compounds were dissolved in dimethyl sulfoxide (DMSO, CAS
67-68-5) and stored at 4 °C until use.

Model proteins, including bovine serum albumin (BSA, CAS 9048-46-8), lysozyme (CAS 12650-88-
3), and insulin (CAS 11061-68-0) were obtained from Merck, while the amyloid beta 1-40 (AB40,
CAS 131438-79-4) peptide was purchased from Bachem. The HET-s prion-forming domain of
Podospora anserina (HET-s PFD) [22], along with yeast prions Sup35 and Ure2p [23], and full-length
vole prion protein (VPrP) [24], were produced recombinantly. Amylin core sequences (wild-type,
reverse, and scrambled) were obtained from EZ Biolab, Inc. (Carmel, IN) [25].
Isopropyl-B-D-1-thiogalactopyranoside (IPTG, CAS 367-93-1) was obtained from Apollo Scientific
and diluted in Milli-Q water (MQ-H20). ThT (CAS 2390-54-7) and ThS (CAS 1326-12-1), as well as
antibiotics such as kanamycin (CAS 70560-51-9), ampicillin (CAS 69-52-3), and chloramphenicol
(CAS 56-75-7), were purchased from Sigma-Aldrich. All antibiotics and chemicals were dissolved in
MQ-H,0 except for chloramphenicol, which was dissolved in methanol (CAS 67-56-1). Aliquots of
IPTG and antibiotics were stored at -20 °C, while ThT and ThS were kept at room temperature,
protected from light.

The minimal medium M9 contained in 100 mL: 10 mL M9 salts 10x (0.68 g Na,HPO,4 (CAS 7558-
79-4), 0.30 g KH,PO4 (CAS 7778-77-0), 0.05 g NaCl (CAS 7647-14-5) and 0.10 g NH,4Cl (CAS
12125-02-9)), 0.2 mL 1 M MgSO, (CAS 7487-88-9), 0.2 mL 50 mM CaCl, (CAS 10043-52-4), 2.0
mL 20% glucose (CAS 50-99-7) and 87.6 mL MQ-H,O.

2.2. Monomeric AB40 preparation: 1 mg of AB40 was dissolved in 500 puL of Hexafluoro-2-propanol
(HFIP, CAS 920-66-1) while being vigorously stirred at room temperature for 1 h. The solution was
sonicated for 30 min and then stirred for an additional hour at room temperature. Afterward, the
solution was cooled at 4 °C for 30 min to prevent solvent evaporation during aliquot collection.
Samples were filtered through 0.22 pm filters to remove any insoluble material. Finally, aliquots of
AB40 were collected, and HFIP was evaporated under a gentle nitrogen stream. The monomeric AB40

aliquots were stored at -20 °C.



2.3. In vitro aggregation: BSA was prepared at 0.5 mg-mL-!" in 20 mM Tris-HC1 (CAS 1185-53-1)
(pH 7.4) [26], lysozyme at 0.5 mg-mL"! in 10 mM HCI (CAS 7647-01-0) (pH 2) [27], and insulin at
0.5 mg-mL-! in 50 mM NaCl (pH 1.6, adjusted with HCI) [28]. Monomeric AB40 was dissolved in 50
puL DMSO, sonicated for 10 min, and then diluted in Native Buffer (NB: 50 mM Tris and 150 mM
NaCl, pH 7.4) to a final concentration of 15 uM. For HET-s PFD, three different sample conditions
were prepared by dissolving 200 uM of the protein: (1) in buffer A (0.2 M anhydrous boric acid (CAS
1303-86-2), 0.05 M citric acid monohydrate (CAS 5949-29-1), 0.03 M NaCl) or 20 mM acetic acid
(CAS 64-19-7) at pH 2-3, (2) in a 1:1 ratio of buffer A and buffer B (20 mM trisodium phosphate
dodecahydrate, CAS 10101-89-0) at pH 7 (Iow ionic strength), and (3) in 200 mM acetic acid and 1 M
Tris-HCl at pH 7 (high ionic strength). Aggregation of vPrP was initiated after transferring the protein
to a NB. Fiber formation for Sup35 and Ure2p was performed at 10 pM concentration in NB. Wild-
type, reverse and scrambled amylin (WT-, R- and S-amylin, respectively) were reconstituted in 50 L.
of DMSQO, sonicated for 10 minutes, then diluted with 100 uLL of 100 uM acetate buffer (pH 5.5) and
850 pL of ultrapure water to achieve a final peptide concentration of 100 uM. All samples were
incubated at 37 °C and 1400 rpm in a Thermomixer (Eppendorf) until aggregation, except for BSA,
lysozyme and insulin, which were incubated at 65 °C. Control samples were stored at 4 °C without
incubation to serve as unaggregated controls. After incubation, 1M Tris-HCI (pH 8.0) was added to

the acidic samples at a 1:1 ratio.

2.4. In vitro inhibition of AP40 aggregation: The aggregation of AB40 (15 uM) in the absence and
presence of DP-128 inhibitor at different concentrations (10 and 100 uM) was monitored by
determining the fluorescence signal of 2 uM YAT2150, which was present from the start of the
incubation, using a CLARIOstar plate reader (BMG LABTECH). Kinetic measurements were
performed by incubating the samples at 37 °C with shaking at 700 rpm, with fluorescence readings
taken every 300 seconds for 24 h. After the incubation period, the fluorescence spectrum following

aggregation was recorded using an Aminco Bowman Series 2 fluorometer (SLM Aminco).
2.5. Microscopy techniques for amyloid characterization:

2.5.1. Atomic force microscopy (AFM): For AFM studies, 2 uLL of sample were incubated on a freshly
cleaved mica disc and let to adsorb for 2 min. Afterwards, mica disc was gently rinsed with milliQ
water to remove non-adsorbed sample and dried under a nitrogen stream. AFM samples were scanned
with a multimode Nanoscope IV from Digital Instruments (Bruker, AXS Co., Madison, WI, USA) on
air and in intermittent contact mode with RTESPA-150 probes, with a nominal spring constant of 5 nN

nm! and a nominal radius of 8 nm, from Bruker AFM probes (Camarillo, CA, USA). All images were

5



processed by NanoScope Analysis Software (Bruker AXS Corporation, Madison, WI, USA).

2.5.2. Electron Microscopy: For negative staining, the samples were adsorbed onto freshly glow-
discharged, carbon-coated grids, then rinsed with water and stained using 1% (w/v) uranyl acetate. To
ensure optimal particle size, both bundle samples and disordered fibrils formed at pH 7 were typically
sonicated briefly (5 seconds using a Kontes sonicator at approximately 60 W). Micrographs were

captured using a Philips CM 120 microscope.

2.6. In cellula aggregation: Assays were performed using E. coli overexpressing AB42, human a-
synuclein (a-SynH), HET-s PFD and Ure2p. Competent E. coli BL21(DE3) cells were transformed
with the required vectors carrying the DNA sequence of the respective proteins. For bacterial culture
preparation, a colony of BL21(DE3) cells carrying the plasmid to be expressed was inoculated into 10
mL M9 minimal medium containing 50 ug mL-! kanamycin, 100 ug mL-" ampicillin and/or 12.5 pg
mL~" chloramphenicol (depending on the vector used), at 37 °C. A sufficient amount of culture was
transferred to a fresh M9 medium with the corresponding antibiotic(s) and incubated at 37 °C and 250
rpm. When an ODyg of 0.5-0.6 was reached, 200 pL culture was transferred to a 1.5 mL Eppendorf
tube with 790 puL induced M9 medium (containing 10 uL. IPTG 100 mM) and 200 pL to another tube
with 790 puL non-induced M9 medium (without IPTG). Then, 10 uL. YAT2150 was added to a final
concentration of 2 uM. The process was repeated using ThS at a final concentration of 25 uM. Samples
were incubated at 37 °C and 250 rpm for 24 h. Fluorescence was determined with a CLARIOstar
(BMG LABTECH). Additionally, ODg,y was determined in a DTX 800 multimode reader (Beckman

Coulter) to normalise fluorescence based on bacterial concentration.

2.7. In cellula inhibition of AP42 aggregation and Kinetics analysis: Building on the in cellula
aggregation protocol mentioned above, DP-128 was added as inhibitor of amyloid aggregation at 5, 10
and 20 puM to test the ability of YAT2150 to determine the action of potential amyloid inhibitors. For
kinetic and thermodynamic parameters, amyloid aggregation was approached mathematically as an

autocatalytic reaction using a previously described equation [13,29].

2.8. Determination of relative fluorescence: Fluorescence resulting from the binding of the different
dyes to model proteins (in vitro) or IBs (in cellula) was determined using an Aminco Bowman Series
2 spectrofluorimeter (SLM Aminco) and a CLARIOstar (BMG LABTECH). Excitation and emission
wavelengths were set at Ao, = 465 nm and A¢, = 595 nm for YAT2150; Aex = 445 nm and Ay, = 485 nm
for ThT; and A, = 440 nm and A, = 485 nm for ThS.

2.9. Fluorescence microscopy in bacteria: Bacterial cells overexpressing AB42 and HET-s PFD were
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incubated for 1 h with 2 uM YAT2150. Following incubation, excess YAT2150 was removed by
centrifugation, and the cells were resuspended in PBS and placed on a microscope slide for imaging.
Images were acquired using LED light with a CYR70010 filter, or with phase contrast, using a Leica
Thunder microscope equipped with an sSCMOS camera (Leica K5). All imaging was performed at the

Centres Cientifics 1 Tecnologics of the Universitat de Barcelona (CCiTUB).
2.10. Molecular modelling of the binding mode of YAT2150 to Ap40 fibrils:
2.10.1. Molecular docking calculations of YAT2150 on Ap40 fibrils.

The two-fold extended morphology of AB40 fibrils (PDB id 6WO0O [30]) was considered for docking
calculations. The 6-monomer long fibrils were modelled from the structures included in the protein
data bank (PDB) (accounting for a total of 12 monomers). Protonation states were predicted using
PropKa [31] and further checked by visual inspection. Due to the symmetrical structure of YAT2150,
docking calculations were performed to identify the putative binding sites of the YAT2150 styryl-
pyridinium moiety (i.e., the 3-methyl-4-[4-(diethylamino)styryl]-N-methylpyridinium moiety) present
in YAT2150 using the open-source software rDock [32]. A total of 200 binding poses were recovered
and filtered by their docking score (SCORE.INTER < -16 kcal/mol). Three binding modes were then

selected by visual inspection and subjected to Molecular Dynamics simulations to assess their stability.
2.10.2. System Setup of YAT2150 bound to AB40 fibrils.

The structural integrity of the three binding modes was examined building up AB40-YAT2150
complexes consisting of the YAT2150 styryl-pyridinium moiety simultaneously bound at the three
binding sites in the modelled AB40 fibril. This system includes 12 fibrils and three YAT2150 styryl-
pyridinium units. The complexes were then solvated using a dodecahedral box of TIP3P water
molecules accounting for a 12 A spacing between the protein and the box edge, leading to a total of
~106,000 atoms. Counterions (Na*) were added to maintain the neutrality of the simulated systems.
Finally, three independent MD simulations were run to check the structural integrity of the YAT2150
styryl-pyridinium unit in the distinct sites of AB40.

The binding of the whole chemical skeleton of YAT2150 to AB40 fibrils in the most favourable pose
as determined from previous studies required a larger protein model. Therefore, we extended the fibrils
up to 11 monomers (accounting for a total of 22 monomers). Two styryl-pyridinium moieties were
placed in the binding sites located at 10.5 A, which gives enough space to include the decamethylene

chain that bridges the two styryl-pyridinium units. Then, the systems were solvated using a



dodecahedral box of TIP3P water molecules accounting for a 12 A spacing between the protein and the
box edge. Counterions (Na*) were added to maintain the neutrality of the simulated system. In total,

the simulation system accounted for a total of ~127,000 atoms.

The amberff14sb force field [33] was used for the protein, Joung and Cheatham III parameters were
used for the counterions [34], and the TIP3P model was used for the solvent [35]. Partial atomic
charges for the YAT2150 styryl-pyridinium moiety and the whole YAT2150 were derived using the
RESP protocol at the HF/6-31G(d) level of theory, as calculated with Gaussian09 [36].

2.10.3. Unbiased Molecular Dynamics simulations.

Each system was minimized using 4,000 steps of steepest descent, followed by 4,000 steps of
conjugate gradient algorithm. Then, each system was gradually equilibrated in 6 steps. The systems
were heated in the NVT ensemble from 100 to 300 K in three stages of 1 ns (100—150, 150-250, 250—
300 K) with 5 kcal-mol™! positional restraint on all the atoms of the protein and the ligand.
Subsequently, the density of the system was equilibrated for 3 ns in the NPT ensemble (pressure: 1
bar, T: 300 K). During the last 2 ns of the equilibration run, the positional restraints were slowly

released.

We performed three replicates of 100 ns-long production runs of the AP40-YAT2150(styryl-
pyridinium) complexes to assess the stability of the predicted binding modes. The production runs of
the YAT2150- AB40 complex with the whole YAT2150 were 500 ns long (three replicates, accounting
for a total of 1.5 ps). All production runs were performed in the NPT ensemble, using a Langevin
thermostat and a Montecarlo barostat to control temperature and pressure, respectively. SHAKE was
applied to all bonds involving hydrogen atoms to allow for a time step of 2 s, and all simulations were
performed with the CUDA accelerated version of PMEMD implemented in the AMBER24 software
[37]. To prevent the unfolding of the monomers at the edges of the fibrils, we applied soft positional

restraints (1 kcal'mol™!) on the Cow atoms of the B sheets of each monomer.

3. RESULTS AND DISCUSSION
3.1. In vitro detection of amyloid fibres
3.1.1. Evaluation of YAT2150 binding capacity

BSA, lysozyme, and insulin were selected as model proteins to evaluate the binding capacity
of YAT2150 to amyloid structures. These proteins form amyloid-like aggregates [26—28], making
them suitable for studying amyloid-specific binding and hence to assess the performance of YAT2150
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as amyloid marker. ThT, one of the most used amyloid dyes, was employed as a control. Figure 2

illustrates that the different fluorescence spectra revealed maxima at ~ 595 nm for YAT2150 and ~

480 nm for ThT in the presence of amyloid aggregates. Across all samples, aggregated proteins

displayed higher fluorescence intensities compared to their non-aggregated counterparts,

demonstrating the ability of YAT2150 to bind amyloid aggregates.
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Figure 2. Detecting protein aggregation with YAT2150 and ThT. Fluorescence spectra of YAT2150 (top

panel) and ThT (bottom panel) for aggregated (blue) and non-aggregated (green) BSA, lysozyme, and insulin.

Negative controls (red) include YAT2150 or ThT.

As shown in Figure 2, both ThT and YAT2150 exhibit significant increases in fluorescence
upon binding to amyloid structures in all three model proteins. Additionally, a slight shift in the
emission maximum is observed for both dyes when comparing the spectra of amyloid structures
(blue spectra) with those of non-aggregated proteins (green spectra). However, as previously
reported, these slight shifts are of low relevance in the case of ThT due to the nature of its
fluorescence enhancement [38]. In this context, Figure 3 shows that when several amyloid-prone
proteins are tested, ThT exhibits negligible shifts, whereas YAT2150 demonstrates a distinct
hypochromic shift of ~4 nm for certain amyloid proteins, particularly in the spectra of vPrP and
Ure2p. These shifts may be attributed to the dye's sensitivity to the molecular environment created
by different structures, including restrictions in molecular motion, changes in polarity, or variations

in the hydrophobicity of the surroundings, as previously described for dyes such as DMN [39].

3.1.2. Broad detection capabilities of YAT2150 across diverse amyloid-prone proteins

1
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After confirming that YAT2150 specifically binds to various amyloid structures formed by the
selected protein models, we expanded the study by assessing its detection capabilities using a diverse
set of amyloid-prone proteins. These included the vPrP, the yeast prion-like proteins Sup35 and Ure2p,
and different sequences of amylin, a peptide hormone implicated in type II diabetes mellitus [25]. As
shown in Figure 3, YAT2150 successfully detected amyloid fibrils formed by amylin core sequences
WT, R, and S, vPrP, Sup35, and Ure2p. Notably, the emission intensity of ThT varied significantly
depending on the protein tested (for instance, high intensity for Sup35 and very low intensity for vPrP
and Ure2p). In contrast, YAT2150 detected aggregates of all tested proteins, including vPrP and Ure2p,

demonstrating broader applicability than ThT in amyloid monitoring.
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Figure 3. Broad detection of protein fibres. Emission spectra of ThT (25 uM; left) and YAT2150 (2 uM;
right) after 5-min incubation at room temperature with fibres of different proteins. [Protein] = 20 uM; PBS pH
7.4.

The HET-s PFD is an excellent model for studying the binding capacity of YAT2150. It is well
established that HET-s PFD fibrils exhibit different amyloid structures when aggregated, in vitro,
under varying conditions, such as pH and salt concentration. Here, we analyzed three different amyloid
conformational polymorphs of HET-s PFD that displayed different ThT fluorescence patterns
depending on the aggregation conditions [22]. At pH 2, twisted fibres, primarily composed of three
individual filaments and displaying a strong ThT signal (ThT+), are formed. In contrast, at pH 7,
different morphologies are observed depending on ionic strength: bundled/stacked fibrils at high ionic
strength and short fibrils in apparently amorphous/disordered groupings at low ionic strength (Figure
S1). However, none of these pH 7 aggregates are detectable with ThT (ThT-) (Figure 4, left panel).
Similarly, YAT2150 showed increased fluorescence for aggregates formed under acidic conditions.
Notably, YAT2150 demonstrated an advantage over ThT by detecting HET-s PFD fibrils formed at
pH 7 under high ionic strength conditions. However, like ThT, YAT2150 showed poor sensitivity in
detecting aggregates formed at pH 7 with low ionic strength (Figure 4, right panel). This reduced
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sensitivity may be attributed to the apparently amorphous nature of the aggregates formed under these

conditions, which tend to have shorter, more compact fibrils, limiting dye-aggregate binding (Figure
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S1) [22]. These results suggest that ThT and YAT2150 have different binding modes.

Figure 4. Detection of HET-s PFD morphological variants. Fluorescence spectra of ThT (left panel) and
YAT2150 (right panel) for HET-s PFD in three morphological forms: triplet fibres formed at pH 2-3 (blue),
single-stacked fibres aggregated at pH 7 at high ionic strength (green), and fibres with amorphous appearance
aggregated at pH 7 at low ionic strength (black). In red, negative controls with YAT2150 or ThT.

3.1.3. Characterization of YAT2150 binding to Ap1-40 fibrils

APB40, which is closely associated with Alzheimer’s disease progression, was selected to gain
further insight into the interaction of YAT2150 with amyloid proteins. In this study, we used Ap40
fibrils, confirmed as ThT+ (Figure 5a), to evaluate the binding characteristics of YAT2150.
Considering the emission data of free and AB-bound dye (B,,,) using the one-site binding model
(saturation binding curve, Eq. (1)):

Bmax'x

y: Kd+x (1)

where y is the concentration of YAT2150 bound to AB40, and x is the dye concentration. The resulting
saturation binding curve (Figure 5b) yielded a K, value of 0.026 uM and a B, of 0.592 uM. The low
K, suggests a high affinity of YAT2150 for AB40, indicating that the dye binds effectively to AB40
even at low concentrations. The B,,,, representing the concentration at which the available AB40
binding sites are saturated by YAT2150, indicates a binding stoichiometry of 1:17 YAT2150:AB40.
Together, these values indicate that YAT2150 binds with high affinity and specificity to Ap40.
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Figure 5: Detection and binding characterization of AB40 aggregation. a) Fluorescence spectra of ThT (left
panel) and YAT2150 (right panel) for aggregated (blue) and non-aggregated (green) AB40. Negative controls
with YAT2150 or ThT are shown in red. b) One-site binding model of YAT2150 binding to AP40 at a

concentration of 10 pM.

To explore the potential binding mode of YAT2150, we performed docking calculations of the
YAT2150 styryl-pyridinium moiety on the two-fold extended fibril (PDB id 6W0O) morphology
detected in AD patients [30], which is a common fold found in recent cryo-EM studies [40—42]. The
analysis of the results led to the identification of three possible binding modes of the styryl-pyridinium
unit (Figure S2) The stability of these docking poses was then assessed using 100 ns-long molecular
dynamics simulations. Only one binding mode was stable in the three independent MD simulations. In
this binding mode, the YAT2150 styryl-pyridinium unit binds to the two-fold extended AB40 fibrils at
the interface between the two fibrils over the backbone of the H13 and H14 by interacting with the side
chain of V12 and Q15 residues of one fibril and the negative charge of the C-terminal acid of V40 of
the other fibril and sporadically of the side chain of E11.

Based on these findings, we modelled the interaction between YAT2150 with a larger model of the
APB40 fibril that includes 22 monomers (Figure 6). The initial model of YAT2150 retained the binding
mode detailed above for its two styryl-pyridinium units. Accordingly, the two styryl-pyridinium
moieties were separated 10.5 A (distance between the N atoms of the pyridine rings). This model was
then simulated for 500 ns using unbiased Molecular Dynamics simulations per triplicate. The binding
mode of YAT2150 was stable during all the simulation time retaining all the interactions described
above (Figure S3). YAT2150 binds to a groove at the interface between both fibrils, formed by the
backbone of H13 and H14 and the side chains of V12 and QI15. Both styryl-pyridinium moieties
establish van der Waals interactions with the V12 side chains and intermittent salt bridge interactions
with the acid groups of the C-terminal end of V40 and the side chains of E11. The decamethylene linker
establishes hydrophobic contacts with the V12 side chain. This hydrophobic environment allows the

linker to adopt its extended form resulting in a distance between the two styryl-pyridinium units of 12.8
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+ 0.3 A (averaged for the three independent MD simulations; Figure S4). Noteworthy, the
stoichiometry of this binding mode is 1:16 YAT2150:AB40 monomers, in line with the experimental

values reported in this work.

Figure 6. (2) Side view and (b) Top view of the proposed binding mode for YAT2150 to AP40 fibrils. (c) Close
up view of the interactions between YAT2150 and the residues of AB40 fibrils (22 monomers). AB40 fibrils are
represented as blue cartoon and the YAT2150 molecule is shown as orange sticks. Protein surface is shown as

transparent grey surface.

The molecular docking and dynamics simulations performed in this study provide structural
insight into the interaction of YAT2150, the active component of ProteoStat® [8], with amyloid fibrils.
These findings align with the known mechanism of ProteoStat® as a molecular rotor dye [43], which
remains non-fluorescent in solution due to free intramolecular rotation but becomes highly fluorescent
upon binding to misfolded and aggregated proteins. The stabilization of YAT2150 within the amyloid
fibril structure, as observed in our simulations, suggests that its restricted mobility within the cross-f3

spine inhibits rotation, thereby enhancing fluorescence.
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3.1.4. In vitro real-time monitoring of amyloid aggregation kinetics and inhibition

In this study, we sought to demonstrate that YAT2150 not only detects amyloid aggregates at
the final stage but also enables real-time monitoring of their formation kinetics. To achieve this, we
tracked the aggregation kinetics of AB40 using YAT2150 in the absence and presence of the known
amyloid pan-inhibitor DP-128 [44] at concentrations of 10 uM and 100 uM. Previously, we verified
that DP-128 does not interfere with YAT2150 fluorescence by analysing the fluorescence spectrum of
insulin fibrils labelled with YAT2150 before and after DP-128 addition. No changes were observed
after 30 minutes of incubation, confirming the absence of interaction between DP-128 and YAT2150
(data not shown). As illustrated in Figure 7, the aggregation process follows a characteristic two-step
autocatalytic sigmoidal curve, corresponding to nucleation and elongation phases. YAT2150
effectively monitored AP40 aggregation kinetics and demonstrated amyloid inhibition in the presence
of DP-128; displaying inhibitions of 67.6 and 91.6% for 10 and 100 uM DP-128, respectively.
Importantly, the inhibition percentages obtained with DP-128 were consistent with previously reported
data using ThT [21,44], suggesting that YAT2150 is a reliable tool for studying amyloid kinetics and
inhibitors in vitro, maintaining fluorescence stability comparable to ThT over at least 72 hours (data

not shown).

To further validate DP-128’s inhibitory effect, AB40 aggregation in the absence and presence
of the compound was assessed by quantifying the soluble protein fraction after 24 hours of incubation
at 37°C with 1200 rpm agitation. Following centrifugation and considering that 85-90% of the total
APB40 peptide aggregates [45—47], absorbance at 280 nm revealed that 61% of the protein remained
soluble in the presence of DP128. Direct visualization of amyloid fibrils and aggregates by AFM
confirmed a considerable reduction in amyloid fibrils in the presence of DP-128, further supporting its
inhibitory effect (Figure 7). These results align with YAT2150-based measurements, reinforcing its

reliability in monitoring amyloid aggregation and inhibition.
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Figure 7. a) In vitro aggregation kinetics of AB40 peptide. Ap40 in amyloid conformation was followed by the

determination of YAT2150 fluorescence increase (left panel) and the end-time fluorescence spectrum (right
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panel) in the absence (blue) and presence of DP-128 inhibitor at concentrations of 10 uM (green) and 100 uM
(orange). In red, the negative control with YAT2150. b) AFM images of ApB40 samples incubated in the absence
(left) and presence (right) of DP-128.

The kinetics of amyloid aggregation follows an autocatalytic reaction model, as discussed in
previous studies [29,48]. In this context, we studied the effect of the compound DP-128 at
concentrations of 10 uM and 100 uM on the kinetics of the AB40 aggregation. In the presence of 10
uM DP-128, a significant decrease in the nucleation constant (k,) was observed, from 4.08-107> min™!
in the absence of the compound to 1.21-10° min™!, indicating a delay in the formation of the
aggregation nucleus. This delay was also reflected in the lag time (#j), which increased from 17.6 to
24.9 min. This suggests that DP-128 partially inhibits nucleation by delaying the formation of the
first aggregates. Furthermore, the half-aggregation time (¢;,) increased from 24.5 to 31.8 min, and
the final aggregation time (#,) was delayed from 31.5 to 38.7 min. Regarding the elongation constant
(ke), a slight increase was observed in the presence of DP-128, rising from 25620 M™'-min "' to 27033
M 'min'. This suggests that DP-128 binds to AP40 monomers, preventing the formation of
productive nuclei or hindering the development of on-pathway nuclei. However, once the initial
productive nuclei are formed, fibril elongation follows a similar pattern as in the absence of the
inhibitor, indicating that DP-128 does not affect fibril growth. In the presence of 100 uM DP-128, the
inhibition is nearly total, and the kinetic parameters cannot be determined due to the near-absence of
aggregate formation. Interestingly, in a previous study we conducted, the in cellula kinetics of AB40
aggregation was also analysed using ThS [13]. Despite the differences in experimental protocols, the
observed trend was consistent with the results presented here, further supporting the inhibitory effect
of DP-128 on AB40 aggregation and highlighting the value of YAT2150 in monitoring aggregation

kinetics.
3.2. In cellula detection of inclusion bodies
3.2.1. In cellula detection of intracellular amyloid aggregates

Following the successful demonstration of YAT2150’s capacity to bind to amyloid aggregates
and monitor kinetics in vitro, further tests were conducted in cellula to assess its ability to detect
intracellular protein aggregates (inclusion bodies, IBs). In cellula assays offer a more physiologically
relevant environment, as they involve processes of protein synthesis, folding, and aggregation within
cells, providing insight into how YAT2150 performs under more natural conditions compared to in

vitro studies.
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In this case, assays were performed using E. coli overexpressing amyloidogenic proteins. The
proteins studied included AB42, a-SynH, HET-s PFD and Ure2p. Ure2p was included as a negative
control since this protein is primarily produced natively in bacteria under our conditions (R.S. personal
communication). YAT2150 was used at 2 uM, and tests were conducted up to 10 uM without detecting
any adverse effect on bacterial growth (data not shown). The fluorescence ratio between induced
cultures (overexpressing amyloid protein and forming IBs) and non-induced cultures (not forming IBs)
was calculated for each protein tested in the presence of YAT2150 (Table 1). Our probe was compared
with ThS as a reference for monitoring amyloid aggregation in cellula (Table 2) [13]. YAT2150
successfully distinguished amyloidogenic IBs from non-aggregating controls, with the fluorescence
signal of E. coli cells expressing AB42, a-SynH, and HET-s PFD being 1.86, 1.85, and 1.42 times
higher, respectively, than in non-induced cells. The difference for Ure2p, as expected, was negligible
(1.08), indicating a weak binding of YAT2150 to the non-amyloid aggregates formed by this protein.

When comparing the staining activity of YAT2150 with that of ThS, and in agreement with in
vitro results, YAT2150 was able to stain HET-s PFD aggregates (p < 0.05, HET-s PFD vs Ure2p) that
ThS hardly detected (p > 0.05, HET-s PFD vs Ure2p), demonstrating that YAT2150 can detect
intracellular amyloid aggregates even in cases where other dyes, like ThS, fail.

If considering the fluorescence of AP42 stained with YAT2150 (1.86) as the maximum
fluorescence value, the ability of YAT2150 to detect a-SynH IBs was very similar (99.53%), while
the detection of HET-s PFD IBs was around 50% (48.93%) (Table 3).

Table 1. YAT2150 fluorescence ratio between induced and non-induced E. coli cells expressing AP42, a-

SynH, HET-s PFD and Ure2p.

Protein Fluorescence ratio of YAT2150 SEM SD
AB42 1.86* 0.02 0.05
o-SynH 1.85* 0.06 0.16
HET-s PFD 1.42%* 0.04 0.13
Ure2p 1.08 0.04 0.11

* p-value < 0.05 vs Ure2p

Table 2. ThS fluorescence ratio between induced and non-induced E. coli cells expressing AB42, a-SynH,

HET-s PFD and Ure2p.

Protein ThS fluorescence ratio SEM SD
AB42 2.15* 0.96 0.04
a-SynH 1.48* 0.52 0.09
HET-s PFD 1.18 0.59 0.11
Ure2p 1.04 0.52 0.03
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* p-value < 0.05 vs Ure2p

Table 3. IBs detection with YAT2150 in E. coli cells overexpressing amyloid-like proteins.

Protein Relative fluorescence of YAT2150 (%) SEM SD
Ap42 100 1.2 29
a-SynH 99.5 3.0 8.5
HET-s PFD 48.9 3.0 9.4
Ure2p 9.0 4.1 10.0

Confocal microscopy confirmed that YAT2150 can effectively penetrate bacterial cells, allowing for
the staining of intracellular amyloid aggregates. In the micrographs (Figure 7), amyloid inclusion
bodies (indicated by white arrows) are visible within E. coli cells overexpressing AB42 and HET-s
PFD. Both YAT2150 and ThS exhibited stronger fluorescence at the cell poles, corresponding to
regions of higher aggregate density. Similar to previous in vitro results, YAT2150 was able to stain
inclusion bodies formed by HET-s PFD, offering a distinct advantage over ThS in amyloid detection

within bacterial cells.
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Figure 8. Confocal micrographs of E. coli cells overexpressing Ap42 and HET-s PFD, and stained with
YAT2150 and with ThS.

These results confirm that YAT2150 effectively detects intracellular amyloid aggregates in
bacterial cells. While YAT2150 showed no effect on bacterial growth up to 10 uM, cytotoxicity assays
in Neuro-2a cells (see Supplementary Figure S5) confirmed that, similarly to bacteria, it is well

tolerated at concentrations up to 10 uM, supporting its suitability for mammalian cell studies. This
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suggests that YAT2150 could also be used in eukaryotic cell models to investigate protein aggregation.
3.2.2. In cellula monitoring of amyloid aggregation kinetics and inhibition

The above assays demonstrated the applicability of YAT2150 to detect aggregates in vitro and
in cellula, even those that thioflavins fail to detect. As a final step, we wanted to verify whether
YAT2150 allows us to follow in cellula aggregation kinetics and thus be used as an alternative dye in
our bacterial screening method for anti-amyloid compounds [49]. Results showed that incubating E.
coli cells expressing AP42 with DP-128 amyloid inhibitor resulted in a significant decrease in
YAT2150 fluorescence compared to cells induced without this compound (Figure 9). Notably,
YAT2150 fluorescence remains stable for more than five days in cellula, reinforcing its reliability as
a long-term aggregation marker in cellular environments (data not shown). The inhibition percentage
was calculated by dividing the final fluorescence of the control (maximum aggregation without DP-
128) by the final fluorescence of each aggregation inhibited with DP-128 at 5, 10 and 20 uM, obtaining
inhibitions of 54.5%, 65.3% and 69.1%, respectively (Table 4).
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Figure 9. In cellula aggregation kinetics of AB42 peptide in the absence (black) and presence of the amyloid
inhibitor DP-128 at 5 (blue), 10 (green) and 20 uM (orange), monitored by YAT2150.

Considering amyloid aggregation in cellula as an autocatalytic reaction [13], kinetic and
thermodynamic parameters of AP42 aggregation were calculated (Table 4). Both the nucleation
constant (k,) and the apparent elongation constant (k.*?) of AP42 showed a slight increase when
aggregated in the presence of DP-128. The increase in nucleation and elongation rates translates into
an acceleration of nuclei formation and fibril elongation, respectively, leading to a reduction of lag
time (f), half-aggregation time (¢,;) and end time (#,). This phenomenon has previously been observed

in other amyloid aggregation inhibitors [13,48]. The acceleration of aggregation in the early stages
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may increase non-productive amorphous aggregates to the detriment of amyloid structures, thus

causing a reduction in the final concentration of amyloid structures.

Table 4. Kinetic and thermodynamic parameters of AB42 aggregation.

[DP-128] oM 5uM 10 uM 20 pMm
k, (min-) 8.77x10* 9.85x10* 1.08x103 1.10x1073
k2P (Mt min)? 8358.3 10863.3 11351.7 10930.0
t, (min) 38.0 31.7 32.9 32.4
t1/> (min) 79.0 64.6 60.9 62.0
t; (min) 120.0 97.5 88.8 91.5
Inhibition (%) 0.0 54.5 65.3 69.1

2 To calculate £, a final concentration of A42 of 6 uM was considered [13].

CONCLUSIONS

In vitro results demonstrated that YAT2150 effectively detects amyloid aggregates from
different origins, including those of HET-s PFD not detectable using thioflavins. Moreover, YAT2150
can track amyloid aggregation kinetics, providing insights into the temporal progression of amyloid
formation. In cellula assays using E. coli expressing different amyloidogenic proteins further
confirmed that YAT2150 can detect intracellular aggregates, including those formed by HET-s PFD,
supporting the in vitro results. These results highlight YAT2150’s potential as a real-time monitoring
tool for amyloid aggregation in live cells, as well as its utility for screening amyloid inhibitors in
bacterial systems. The ability of YAT2150 to monitor kinetic changes in aggregation makes it a
valuable asset for investigating both amyloid formation and inhibition. Such kinetic studies are
essential in drug discovery efforts targeting amyloid-related diseases, where inhibitors must intervene
early in aggregation. The inhibition data obtained with the amyloid inhibitor DP-128 align with
previous findings using ThT, further validating YAT2150’s reliability for studying amyloid kinetics

and evaluating therapeutic agents.

In our model, YAT2150 was shown to detect amyloid-like IBs in living cells. Its superior
performance over ThS in detecting HET-s PFD aggregates further emphasizes YAT2150’s potential

as a more reliable indicator of amyloid structures in complex cellular environments.

Practical applications of YAT2150 include drug discovery programs aimed at targeting
intracellular amyloid formation. Its ability to monitor real-time aggregation in living cells offers

valuable insights into the dynamics of amyloidogenesis. Additionally, its effectiveness in cells
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expressing AB42 and a-SynH —proteins associated with Alzheimer’s and Parkinson’s disease, which
together account for ~80% of global dementia cases and affect ~55 million people according to the
World Health Organisation [50]— underscores its broader potential in studying aggregation processes

in neurodegenerative diseases and evaluating the efficacy of aggregation inhibitors.

In conclusion, YAT2150 is a highly selective and versatile tool for studying protein aggregation
mechanisms in amyloid-related diseases. It offers significant promise for the development of detection

techniques for monitoring amyloid aggregation in vivo.
Data availability

The atomistic model of the binding mode of YAT2150 to the AB1-40 fibrils has been uploaded

to a public repository (https://github.com/salomellabres/bm_yat2150).
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