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Chapter 3. 

Investigating α-Synuclein Aggregation In Situ Using Site-

Directed Spin Labeling and EPR 
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3.1 Introduction  

α-Synuclein (αS) is an intrinsically disordered protein with 140 aminoacid residues, which is 

of major interest due to its involvement in neurodegeneration, particularly in Parkinson’s 

disease (PD) [1-4]. Under pathological conditions, αS aggregates into β-sheet rich structures, 

called fibrils, whose presence is the histological hallmark in the brain of PD patients. 

The aggregation of αS is a complex process that involves the formation multiple 

intermediates, including oligomers, identified as the toxic species taking part in the 

neurodegeneration, before the mature fibrils are formed [3, 5, 6]. 

While fibrils are particularly stable structures, and have been extensively characterized by 

CryoEM and ssNMR [7-13], characterization of oligomers is challenging due to their transient 

nature and structural heterogeneity [14, 15]. Methods for oligomer characterization often 

involve chemical modification or dilution for single-molecule experiments [14, 16-21], which 

can stabilize only specific structures, and potentially distort the natural equilibrium of the 

aggregation process.  

A widely used method to monitor αS aggregation is the Thioflavin T (ThT) fluorescence assay, 

which allows to specifically detect β-sheet-rich fibrillary aggregates, but does not provide 

direct information on monomers or early stage intermediates like oligomers [5, 22-24]. A 

typical ThT fluorescence curve follows a sigmoidal trend: It begins with a lag phase, during 

which no fluorescence is detected and oligomers and intermediates are forming. The lag 

phase is followed by an exponential increase as the β-sheet fibrils start to assemble, and 

ending in a plateau where the system reaches equilibrium [5, 22]. However, since ThT 

fluorescence only tracks fibrils, it lacks the ability to resolve non-fibrillar species, making it 

unsuitable to monitor early aggregation events. 

Recently, Zurlo et al. [25], developed an approach to investigate αS aggregation in situ using 

site-directed-spin-labeling (SDSL) and continuous wave electron paramagnetic resonance 

(CW-EPR) (figure 1)[25]. The key advantage of this method is that it directly measures the 

mobility of the protein in solution, with different species giving distinct EPR spectral shapes. 

By measuring the aggregating solution directly, the EPR spectra contain information on all 

species present, from monomers to oligomers and fibrils. By simulating the EPR spectra with 

three components, each with a different rotational correlation time (τr), the contributions of 

the different species were disentangled and quantified, giving quantitative information on 

the amount of monomers, oligomers and fibrils in solution. The study identified an early 

oligomeric population in equilibrium with monomers, leading to a kinetic model in which 

oligomers could either serve as precursors to fibrils or dissociate back into monomers [25]. 

The oligomers identified had a relatively fast dissociation rate, making them impossible to 

detect with techniques that require separation of species or dilution, making in situ EPR a 

powerful method for the identification of such metastable, short lived species. 
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To ensure comparability between different aggregation assays, ThT fluorescence assays must 

be run in parallel with EPR measurements, allowing direct correlation between fibril 

formation and EPR spectral changes. Another challenge in applying this method is that the 

EPR spectral components from different species overlap, making it difficult to unambiguously 

distinguish the spectral contribution of oligomers from that of fibrils [26]. Also, a three-

component simulation may be overfitting the data that suffer from low resolution, especially 

when the intensities of the long-τr components are low, such as at the beginning of the 

aggregation. In this study, we simplify the analysis by employing a two-component model, 

where the τr of monomers is obtained from monomeric αS and the τr of aggregates is 

determined from fibril-enriched samples. This approach reduces potential fitting bias and 

improves reproducibility while still allowing the detection of early aggregates. Additionally, 

we introduce confidence intervals in quantifying component contributions, providing a more 

robust assessment of the species present in solution. 

Another challenge in in situ EPR analysis is label dissociation, which can complicate spectral 

interpretation [25, 26]. The most commonly used nitroxide spin label, MTSL, forms a disulfide 

bond with cysteine residues (figure 2) that is susceptible to reduction over time, resulting in 

a considerable amount of free label contributing to the spectral shape. To address this, we 

compare multiple spin labels with different chemical linkages, assessing their stability during 

aggregation (figure 2). 

To probe structural features of aggregates, we introduce spin labels at different positions in 

the αS sequence. By monitoring the time evolution of EPR spectral components for spin 

labels at position 9, 27 and 56, we show that in situ EPR can reveal how specific regions of 

αS integrate into aggregates, providing valuable insights into early-stage oligomerization. 
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3.2 Materials and Methods 

Protein Labeling, Preparation, Aggregation Conditions  

Protein expression and purification were as described in Zurlo et al [25]. The spin labels were 

all purchased by Toronto Research Chemicals. The spin labels used were: MTSL (S-(1-oxyl-

2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate), IAP (3-(2-

Iodoacetamido)-2,2,5,5- tetramethyl-1-pyrrolidinyloxy) and MAP (3-Maleimido,2,2,5,5-

tetramethyl-1-pyrrolidinyloxy). The labeling was performed as described in Zurlo et al. [25], 

with variation on the incubation conditions with the label: the incubation with the labels was 

performed overnight at 4 °C with gentle shaking. Although the protein stocks were purified 

and monomeric, this was not tested immediately before starting the aggregation 

experiment, and therefore a small population of multimeric species cannot be excluded. 

Description of experiment: a stock solution of spin-labeled α-synuclein was diluted into 1 mL 

 

Figure 1. Overall aggregation pathway and depiction of in situ EPR method. Spin labelled αS (red dots) is 

diamagnetically diluted with wt αS (blue dots). The aggregating sample, containing monomers, oligomers 

and fibrils is measured directly with CW EPR and ThT fluorescence. 

 

Monomers

Oligomers

Fibrils
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of assay buffer (10 mM Tris–HCl, pH 7.4, 0.01% NaN3), to a final spin concentration of 10 µM. 

The solution also contained wild-type α-synuclein (wt-αS) for a total α-synuclein 

concentration of 100 µM. The solutions were prepared in 1.5 mL low bind Eppendorf tubes. 

After an initial EPR and fluorescence measurement was taken at the time the spin labeled 

protein was diluted, the samples were allowed to aggregate on a thermomixer (Eppendorf, 

Thermomixer comfort) with a speed of 1000 rpm at 37 °C. At each time point, 30 μL samples 

were drawn from the aggregation solution and used for EPR and Thioflavin T (ThT) 

fluorescence assay. Samples needed to be measured once extracted, as storage at room 

temperature might allow aggregation to proceed, and fibril denaturation has been proved at 

low temperatures [27]. This ultimately limits to one, maximum two, aggregating samples that 

can be run simultaneously.  

 

 

Figure 2. Structures and labeling reactions of the spin labels used in this work. A) MTSL (R1) B) MAP (R2) C) IAP 

(R3). 
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Diamagnetic Dilution  

To suppress changes in the EPR lineshape by spin–spin interactions, all samples were made 

with a mixture of 9:1 wild type αS: spin-labelled αS, as described in [25]. 

Thioflavin T fluorescence assay 

Thiofavin T (ThT) fuorescence measurements were made by diluting 10 μL of the aggregating 

solution in 1 mL assay buffer with 5 μM ThT. Measurement were carried out on a Varian Cary 

Eclipse Fluorescence Spectrophotometer (Varian, Palo Alto, US). Excitation wavelength was 

set to 440 nm and emission spectra were recorded between 460 and 600 nm. The 

fluorescence intensity at the 485 nm maximum was recorded. ThioT fluorescence 

measurement can be subject to fluctuations once the plateau phase is reached. To improve 

readability of the time traces shown in main text, some of the ThioT fluorescence time points 

were removed from the plots. This was only done once the curve reached the plateau phase, 

so the time points in the lag phase and exponential growth phase are not affected. 

EPR Measurement Conditions  

For the EPR measurements, glass micropipettes of a volume of 50 μL (Blaubrand Intramark, 

Wertheim, Germany) were filled with 20 μL of the sample for each measurement. The 9 GHz, 

continuous-wave EPR spectra were recorded using an EMX Plus spectrometer (Bruker, 

Rheinstetten, Germany). The measurements conditions were: room temperature, 

microwave power 2.0 mW, modulation amplitude 0.25 mT or 0.5 mT, modulation frequency 

100 kHz, time constant 20.48 ms. The high modulation amplitude (0.5 mT) was in some cases 

used to enhance broad, low intensity components. The time spent on each measurement 

was adapted according to the spectral lineshape, i.e., the aggregation time, and they could 

last from 20 minutes to 1 hour. The spin concentration was determined by comparing the 

double integral of the EPR spectra with the double integral of a reference sample in buffer 

(label concentration 100 μM). The spin concentrations were ≈ 10 μM for a total protein 

concentration of 100 μM.  

Preparation of fibril enriched sample 

To prepare a fibril enriched sample, 300 μL of the aggregating solution were centrifuged with 

an airfuge (Beckman Coultier, Brea, USA) at 65000 rpm for ten minutes. The surnatant was 

removed, and the pellet re-suspended in assay buffer. The procedure was repeated three 

times, after which most of the monomers and free label were removed from the solution. 

Finally, 20 μL of the re-suspended pellet were used for EPR measurement as described in 

“EPR measurement conditions”. 
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Simulations of EPR Spectra 

EPR spectra were baseline corrected using WinEPR software (Bruker, Reinstetten, Germany). 

MATLAB (version 9.4.0.813654, R2019a, The MathWorks, Inc., Natick, MA, USA) and the 

EasySpin package (5.3.5) were used for simulations of the EPR spectra [28]. The simulations 

were performed as described by Zurlo et al. [25]: the parameters of the simulation were 

manually adjusted to agree best with the experimental spectra. For all simulations, an 

isotropic rotation of the nitroxide (S=1/2) and a common set of g- and A-tensor principal 

values were used: g = [2.0090 2.0068 2.0030], A = [13 13 109] MHz. A superposition of three 

components was used, simulated with the “chili” function and differing based on rotational 

correlation time. The τr obtained at t=0 was kept constant for all other simulations as the 

correlation time for the fast (monomer) fractions. The τr for aggregates was derived from 

spectra acquired from fibril enriched samples. The error margins on the correlation time used 

for simulation of the slow component are determined by manually adjusting the τr, until the 

simulation was not a good fit for the experimental spectrum anymore. A very fast component 

was assigned to free label. The τr values of each of the fractions were kept constant for the 

entire series. For each time point, the relative contribution of the components was 

optimized.  In [25], a component was used to define medium sized aggregates. In this work, 

the approach presented in Zurlo [25] is simplified to include two components, eliminating 

the component with intermediate τr. In the early stages of the aggregation, the signal-to-

noise ratio of the broad component is low, and a wide range of τr can be used to simulate 

the spectrum, including the τr used for simulation of fibril enriched spectra. Error margins on 

τr and on the contribution of the EPR component to the spectrum were derived by manually 

adjusting the simulation parameters, until they would not reproduce the experimental 

spectrum anymore. The data presented in this work for aS56R1 were collected in our 

laboratory and previously published in [25], and were reanalyzed in the present study with 

the updated analysis method.   

3.3 Results 

The aggregation of α-Synuclein (αS) is probed by site-directed-spin-labeling (SDSL)-EPR and 

Thioflavin T (ThT) fluorescence, as described in Materials and methods. The protein was 

labelled with MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl 

methanesulfonothioate) in position S9 (αS9R1), A27 (αS27R1) and A56 (αS56R1). Also two 

other labels, MAP (3-Maleimido,2,2,5,5-tetramethyl-1-pyrrolidinyloxy) and IAP (3-(2-

Iodoacetamido)-2,2,5,5- tetramethyl-1-pyrrolidinyloxy), were probed, in position 56. The 

two spin-label variants are referred to αS56R2 (IAP) and αS56R3 (MAP). All experiments are 

performed with a 9:1 mixture of αS wt and the spin labelled αS variant, respectively. To 
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illustrate the overall behavior of the spectra and the analysis, we first describe the results for 

αS56R1, next, the results of the different label positions and the different labels are 

described.  

Figure 3 shows the spectra acquired at different time points of the aggregation of αS56R1. 

The spectra are dominated by the classical three-line component observed for nitroxides in 

fast motion, where the three lines arise from the interaction of the unpaired electron spin 

with the nearby 14N nucleus. Over time, a spectral component with a broader linewidth 

appears, coming from species with larger rotational correlation times (τr), and the intensity 

of broad component relative to the narrow line component increases during the incubation.  

Spectral simulation was performed to determine the correlation time and the relative 

contribution of such components to the EPR lineshape. The spectra were simulated using 

two components, designated as “fast” and “slow”, which are shown in figure 4A. The fast 

component is attributed to monomeric αS, and its τr was obtained from the EPR spectrum 

acquired before the start of the aggregation. The slow component is assigned to aggregates, 

and its τr was determined from a fibril- enriched sample, prepared as described in Materials 

and methods (see SI for fibril spectra). All the spectra acquired for different mutants and 

labels were simulated with this two-component model. The rotational correlation times for 

the different spectral components in all samples are given in table 1, and the remaining 

parameters in Materials and methods. All experimental spectra and simulations are shown 

in the SI.  

By simulating the spectra acquired over the time of the incubation, the time developments 

of the contribution for the fast and slow components were extracted. Figure 4B shows the 

time development of the EPR components for αS56R1, alongside the ThT fluorescence 

intensity. In figure 4B, the contribution of the fast component decreases over time, while the 

slow component increases, reaching a plateau at later stages of aggregation. It can be 

noticed that the slow component is already present at early times of the incubation, in the 

first 15 hours, when the ThT assay is not detecting any fibrillary aggregates yet. A similar time 

evolution was observed for αS9R1 and αS27R1 as shown in figure 5.  
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A direct comparison of the development of the slow component over time of αS56R1, αS9R1 

and αS27R1 is given in figure 6A. During the early stages of aggregation (first ten hours), the 

slow- component contribution is higher for αS27R1, compared to αS56R1 and αS9R1. 

However, at later stages of aggregation, αS9R1 reaches a plateau after 75 hours, later than 

αS27R1 and αS56R1, for which the plateau is developed after 50 hours of incubation. The 

ThT fluorescence curves for all mutants (figure 6C), show no significant differences.  

Figure 6B and D show the comparison of the development of slow components and ThT 

curves for different labels (MTSL-R1, MAP-R2 and IAP-R3) for the A56C mutant. No significant 

differences are observed  between αS56R1 and αS56R2. In contrast, deviations occur in the 

case of αS56R3, where the exponential growth phase stops after 20 hours of incubation, to 

resume and reach a plateau after 75 hours of incubation. For αS56R3, ThT shows that the 

aggregation itself is delayed relative to R1 and R2. As all samples contain only 10% of the 

labelled protein, the delay for R3 is unlikely related to the spin-label structure and we 

attribute it to a random change in aggregation. 

 

Figure 3. EPR spectra obtained at different time points during the aggregation of aS56R1. In the inset, a 

zoom-in of the broad spectral component arising from aggregates. Spectra are normalized to double 

integral. 

  



50 
 

In all samples, an additional very fast (very short τr) component is present in the EPR 

spectrum. The τr is such that it can only be due to free label. In figure 7, the time development 

of the free-label component is given for the different labels used, and in the SI it is given also 

for αS9R1 and αS27R1. For αS56R1, the free-label component increases over time, 

suggesting detachment of the label from the protein. This effect is even more pronounced 

for αS56R3, where the free label component accounts for almost 60% of the spectral 

lineshape after 200 hours of aggregation. In contrast, for αS56R2, the free label component 

remains constant during the incubation, suggesting that free spin label was already present 

at the start of the incubation, rather than detaching over time. 

 

 

 

 

 

 

Figure 4. Overview of the aggregation process. EPR spectra, simulation components and time development of 

simulation components for αS56R1. The experimental spectrum simulated here is obtained after 18 hours of 

incubation. A) Simulation performed with fast and slow components. Inset: full spectrum. B) Time development of 

the fast and slow components shown in A). An additional component with the correlation time of free label in 

solution appears over time, and is added to the simulation. A): black: experimental spectrum. Red: total simulation. 

Green: fast (monomer) component. Blue: slow (aggregates) component. Yellow: free label component. The data 

presented in this figure were collected in our laboratory and previously published in [25]. 

 

A B
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Figure 5. Development of ThioT fluorescence and EPR simulation components over time, for αS9R1 mutant (A) 

and αS27R1 mutant (B). The solid lines are a guide to the eye. 

  

Table 1. Rotational correlation times used for simulation of fast, medium and slow components. The 

monomer correlation times are obtained from monomer spectra. The correlation times of fibrils are 

obtained from a fibril enriched sample. For details, see main text 

 
Monomer τr (ns) Fibril τr (ns) 

αS56R1 0.41 7.28 ± 1.34* 

αS56R3 0.31 7.04 ± 1.45 

αS56R2 0.38 6.6 ± 1.86 

αS27R1 0.40 6.35 ± 1.46 

αS9R1 0.37 7.94 ± 0.7 

*The rotational correlation time used in [25] for the slow fraction is 10 ns. 

A B 
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Figure 6. Comparison of the time development of slow component for different mutants (A) and labels (B). 

Comparison of ThioT fluorescence curves for different mutants (C) and different labels (D). 

  

A B

C D
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3.4 Discussion 

 

The method of monitoring αS aggregation in situ with EPR was first reported by Zurlo et al, 

with αS labelled in position 56 [25]. Here, we extended the investigation to probe the 

positions 9 and 27, and two additional types of spin labels. In addition, the data were 

analyzed with improved simulations, providing a more systematic investigation of the in situ 

αS aggregation by SDSL EPR. 

The aggregation is monitored by the CW EPR spectrum, which is sensitive to the τr of the 

nitroxide moiety. The local mobility of the bonds linking the nitroxide to the protein 

backbone, see figure 2, together with the flexibility of αS, are dominating the spectral line 

shape. In its monomeric form, αS has a spectrum characteristic of a relatively fast rotating 

nitroxide (see figure 3). If αS aggregates, the nitroxide rotation becomes hindered by the 

interaction of the label with other monomers, leading to a longer τr and spectral broadening. 

During aggregation, spin labels may come in close proximity within the aggregates, leading 

to spectral broadening due to spin-spin interactions, such as exchange coupling. To prevent 

this effect and ensure that spectral changes reflect differences in mobility rather than label-

label interactions, the labeled protein is diluted with wild-type αS (diamagnetic dilution), 

increasing the average nitroxide-nitroxide distance within the aggregates. 

Figure 1 shows that amyloid aggregation involves the formation of multiple aggregate 

species that differ in structure and size. In the course of incubation,  aggregates form and the 

spectra will be a superposition of the spectra of all these different aggregates present in 

solution. As the spectra of these aggregates are expected to differ, at least three different 

mobility components (figure 1), with distinct τr, corresponding to monomers, intermediates 

and fibrils are expected. For two of these components, τr values can be determined 

experimentally (monomers and fibrils, see results). In Zurlo et al. [25] three components 

were used, one for monomers, one for intermediates and one for fibrils. However, the τr for 

intermediate species cannot be directly extracted from experimental data, and, as shown in 

[26], the τr values of intermediates and fibrils overlap within uncertainty margins, making 

their spectral contributions interchangeable. 

Extensive analysis of the data and testing different simulation parameters revealed that the 

τr experimentally determined from fibrils can be used to simulate the spectral component 

observed at early time points, where its contribution is weak relative to the overall spectrum. 

Given the larger dataset obtained in the present study and the need to streamline the 

analysis while avoiding bias, we opted for this more robust model. By using the τr obtained 

from fibrils to represent all aggregated species, both intermediates and fibrillary aggregates 

contribute to the same EPR spectral component. However, only fibrils show ThT 
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fluorescence, so by monitoring the aggregation with ThT in parallel to the EPR experiments, 

the non-ThT active contribution of the oligomers is identified. 

 

Structural information from in situ EPR 

In principle, EPR can provide local structural information by revealing how specific regions of 

a protein are incorporated into an aggregate. Therefore, by labeling different positions (9, 

27 and 56) in the present study, variations in immobilization within the aggregates can be 

observed and offer insights into structural features of the aggregates.  

As for fibrils there is independent information on structure [7-13], we test the ability of the 

EPR approach to obtain such structural information. It is known [7-13], that in the fibril state 

position 56 is situated in the fibril core, while 9 and 27 are positioned on the outside of the 

fibrils, suggesting that the αS positions studied in the present work reflect these differences. 

For this reason, position 9 and 27 were expected to have a higher mobility in EPR, i.e. shorter 

τr, than position 56. However, the τr  of the slow (fibril) component is, within error margins, 

the same for the different mutants analyzed (see table 1 for correlation times, and SI for 

spectra). This suggests that EPR at 9 GHz does not have sufficient resolution to differentiate 

between the αS positions investigated here. 

What we observed, however, is that the time development of the slow component is 

different in the different mutants, suggesting that the time course of the development of the 

 

Figure 7. Free label contribution to the αS aggregation EPR spectra over time. Amount of free label in each 

spectrum is obtained by spectral simulation, see main text and materials and methods. Black: αS56R1. Red: 

αS56R2. Blue: αS56R3.  
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EPR spectral contributions can be used to obtain structural information. This requires that 

the aggregation-time course is not influenced by the label position. That is the case is proven 

by the ThT curves, where the aggregation process has the same time course, unaffected by 

the labels, proving that this condition is met (fig. 6C). Therefore, the observation that the 

slow component of αS9R1 reaches a plateau later than αS56R1 and αS27R1 suggests that 

position 9 does not take part in the initial fibrillization.  Position 9 in fibrils is reported to be 

in the highly mobile tail end, outside of the fibril core, in agreement with this observation. 

On the other hand, position 27, which is closer to the fibril core but still outside of it, does 

not exhibit the same behavior as position 9. Perhaps its position close to the fibril core plays 

a role, however, the ultimate reason is unknown so far.  

Next, we turn to the intermediates. As the fibril results suggest that time development of the 

EPR components can be used to obtain structural information, we apply it to the much more 

difficult to study intermediates of aggregation. In the time frame where oligomers occur, i.e. 

in the first 10-20 hours of the aggregation, αS27R1 is more immobilized than  αS9R1 and 

αS56R1. This suggests that the region of αS around 27 is incorporated into the oligomers 

first, only to be followed by the regions around positions 9 and 56. Expanding this initial set 

of positions to other regions of αS could be expected to give a first indication about the 

location of residues in the oligomers, a first step to obtaining oligomer structure information. 

 

Comparison of different labels 

To probe spin labels with different linking groups, position 56 was labelled also with IAP 

(aS56R2) and MAP (aS56R3).  Their respective linking groups have different chemical 

stabilities. While MTSL forms a disulfide bond that can be reduced, MAP and IAP form non-

reducible bonds with the cysteine of the protein. Therefore, they can be used in the presence 

of reducing agents, like TCEP, required for some biomolecules to function in vitro. In MAP 

the bond is a thioether bond, in IAP a thioamide group (figure 2). Our results show that MTSL 

progressively detaches from the protein during the incubation, which is somewhat 

unexpected, because no reducing agent is added to the solution. While MAP behaves as 

expected, as it does not detach, it is unclear why IAP would detach in the time course of the 

aggregation. These results suggest to use MAP in situations where long incubations at 

relatively high temperature (37˚ C) are needed. Due to its higher stability, MAP is also a better 

choice for studies in reducing environments, like in cell studies, or partner interaction assays 

[29].  
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3.5 Conclusions 

 

Overall, the data obtained so far highlight the strength of the in situ EPR approach in 

obtaining structural information on the intermediates of αS aggregation. This includes meta-

stable, short lived species that would otherwise be removed from the solution with different 

approaches that involve chemical modification or dilution [14, 16-21]. By systematically 

applying in situ EPR with different label positions and comparing them, it could be possible 

to obtain site specific structural information on oligomeric species. 

An additional possibility to gain more information is by allowing some exchange interaction 

to occur, if diamagnetic dilution is reduced. In this case exchange coupling becomes a major 

interaction in aggregates, and different degrees of diamagnetic dilution can be used to gain 

structural information as shown in [30, 31]. It is also possible that extending the method to 

higher EPR frequency, that provide better spectral resolution, would allow to observe τr 

differences between different label positions inside aggregates, and also to detect other 

mobility components that are hidden in the 9 GHz EPR nitroxide spectrum [32].  

We demonstrate that the in situ EPR approach is a promising tool for studying αS 

aggregation, and for investigating transient intermediates that are otherwise difficult to 

capture. Future work could extend this method to higher EPR frequencies and additional 

label positions in αS, enhancing the capability to obtain site-specific structural insights into 

oligomeric species. 
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Figure SI.1. Zoom in on room temperature continuous wave EPR spectra of the different αS variants studied in 

this work. All spectra shown were acquired after six hours of aggregation. Black: experimental spectrum. Red: 

simulation. The arrows indicate the broad component, attributed to aggregates.  
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Figure SI.2. CW-EPR spectra obtained from fibril enriched samples. Black: experimental spectrum, red: 

simulation. For details, see main text. 
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Figure SI.3. Comparison of experimental spectra obtained from fibril enriched samples from different mutants 

(upper two spectra) and different labels (lower two). The spectra are normalized to the intensity of the broad 

component around 349 mT. Left: full spectra, right: zoom in for better visualization. 
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Figure SI.4 Free label contribution to the αS aggregation EPR spectra over time. Amount of free label in each 

spectrum is obtained by spectral simulation, see main text and materials and methods. Black: αS27R1. Red: 

αS56R1. Blue: αS56R3. Green:  αS56R2. Purple: αS9R1 
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Figure SI.5. CW-EPR spectra obtained for αS56R1. Black: experimental spectrum. Red: simulation. The spectra 

presented for αS56R1 are the same as published in [25]. The simulations are updated to the method described in 

main text. 
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Figure SI.6. CW-EPR spectra obtained for αS9R1. Black: experimental spectrum. Red: simulation.  
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Fig. SI 7. CW-EPR spectra obtained for αS9R1. Black: experimental spectrum. 

Red: simulation.  
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Figure SI.8. CW-EPR spectra obtained for αS56R2. Black: experimental spectrum. Red: simulation.  
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Figure SI.9. CW-EPR spectra obtained for αS56R3. Black: experimental spectrum. Red: simulation. 
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