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Abstract
Self-aggregation of amyloid proteins is a crucial step in neurodegenerative disease. 
The protein alpha-synuclein (αS) is implicated in Parkinson’s disease. In an exten-
sion of the demonstration of in situ observation of intermediates in αS-aggregation 
by continuous wave (cw) EPR at room temperature (Zurlo et  al. PLoS One 16: 
e0245548, 2021) by spin-label EPR, here the spin label is attached to position 90 
(R1αS90), rather than at position 56. The aim is to determine, if the spin-label posi-
tion affects the kinetics of aggregation and if local information on the intermediates 
is accessible. Probed by the MTSL ((1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) 
methanethiosulfonate) spin label at position 90, using diamagnetic dilution of 9:1 
wild type αS to R1αS90, similar aggregation kinetics are found. Rotation correlation 
times for the spin label in the oligomer cannot be determined with sufficient accu-
racy to obtain local information on the oligomer under the conditions used. At the 
present stage, higher resolution EPR approaches, such as high-field EPR are more 
promising.

1 Introduction

Amyloid aggregation is a critical step in neurodegenerative disease and recent 
emphasis on oligomeric intermediates in this process as disease active agents has 
triggered the search for novel methods to measure such intermediates, see for exam-
ple [1, 2]. Alpha-synuclein (αS) is an interesting example, as it is a functional pro-
tein in the brain, where it is suggested to be involved in neuronal-vesicle fusion to 
the synapse, and thereby important in the neurotransmitter release in the synapse 
[3, 4]. The protein αS contains 140 aminoacids residues, lacks secondary structure 
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in solution, and therefore is classified as an intrinsically disordered protein (IDP). It 
gained notoriety because of its putative role in Parkinson’s disease [5, 6] and con-
sists of the amphipatic region of residues 1–100, involved in membrane binding that 
also contains the NAC (non-amyloid-beta component) residues 61–95, and the nega-
tively charged C-terminus, from residue 100 onwards [7].

In Fig. 1a, the overall process of amyloid self-aggregation, in which monomers 
aggregate into oligomers and fibrils is shown. Fibrils are elongated structures with a 
width of several nm, in which the proteins adopt a characteristic cross-β-sheet sec-
ondary structure. Fibrils are the endpoint of aggregation, oligomers can be on or off 
pathway to fibrils, as shown in the top, respectively, bottom pathways in Fig. 1a.

Fig. 1  Schematic overview of αS aggregation processes and intermediates, from monomers to fibrils 
(shapes of oligomers are arbitrary and pathways serve as indications only) For kinetic interpretation, see 
Fig. 4 of [8] (a). b Schematic of hypothetical oligomer. Blue/black lines: αS, purple: C-terminal end, Red 
star: position 56, Green star: position 90 of αS. Lines without stars: wild type. For details, see text
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We have recently shown that by room temperature in situ 9 GHz continuous wave 
(cw) EPR spectroscopy an oligomeric intermediate can be detected [8] and analysis 
with a kinetic model by Knowles et al. [9] was presented. It revealed a significant popu-
lation of oligomers at early times of the aggregation, suggested that these oligomers are 
in equilibrium with monomers, and that monomers converted into fibrils [8].

In the present account, a second spin-label position is investigated and the EPR part 
of the study is elaborated further. An important observable of cw EPR is the rotation 
correlation time (τr) of the nitroxide-part of the spin label. In nitroxide spin labels, the 
unpaired electron is delocalized on the nitrogen and oxygen atoms of the N–O-bond. 
As discussed earlier [8], τr is related to the size of the particle the spin label is incor-
porated into, i.e. the size of the aggregate. For the MTSL spin-label ((1-Oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl) methanethiosulfonate), additional degrees of freedom 
derive from rotation about the single bonds that link the nitroxide-ring to the protein 
backbone. The latter degree of freedom, referred to as the local mobility of the spin 
label, contains information about the immediate surrounding of the spin label: if the 
label is buried, its local mobility will be low, and its τr will be longer than if the spin 
label is on the outside of an aggregate, where the τr is expected to be smaller.

In the original study [8], αS spin labeled at position 56 was investigated. For spin 
labeling, the αS mutant with a cysteine at position 56 was labeled with the MTSL spin 
label. This construct is referred to in the following as R1αS56. In the present study, the 
same approach is used, but now with the spin label attached to position 90, rather than 
56, R1αS90. To investigate a second spin-label position serves two purposes: to inves-
tigate whether both constructs have similar aggregation kinetics and to see whether dif-
ferences in the local mobility can be observed. The latter aspect would reveal structural 
features of the species investigated, as shown schematically in Fig. 1b, for a hypotheti-
cal oligomer. If the spin label is attached to a section of the protein that becomes buried 
in the aggregate (green star, Fig. 1b), it would have a lower mobility than a spin label 
attached to a position that remains on the outside of the respective aggregate (red star, 
Fig. 1b). As position 56 is in the center of the membrane-binding region and position 
90 is towards the end of the NAC region, spin labels at these positions report on sec-
tions of the protein that likely differ in their involvement in oligomers and fibrils.

With respect to the first aim, we show that the label position does not affect the 
aggregation kinetics. A difference in local mobility at the two positions in the fibril-
state is likely, given what is presently known about αS fibrils. We show that the 
experimental uncertainty in the present approach is too large to detect a possible dif-
ference in mobility in the fibrils. With respect to the oligomers, the superposition of 
monomer and oligomer spectra in the 9 GHz EPR spectra creates a further obstacle. 
While 9 GHz in situ cw EPR is valuable to track intermediates of aggregation and 
determine their kinetics, for information on their structures higher resolution, spe-
cialized EPR techniques are more promising.
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2  Materials and Methods

2.1  Protein Preparation, Aggregation Conditions

Protein expression and labeling were as described in Zurlo et al. [8]. 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 (concentration between 150 µM and 250 µM) was diluted into 
3 mL of buffer (10 mM Tris–HCl, pH 7.4), to a final concentration of 10 µM. The 
solution also contained 90 µM wild-type α-synuclein (wt-αS) for diamagnetic dilu-
tion (see below). The solution was divided into three 2 ml LoBind Eppendorf tubes, 
resulting in a volume of 1.5 ml per Eppendorf tube. The experiments were carried 
out over five days. After an initial measurement was taken at the time the spin-
labeled protein was diluted (t = 0), the samples were allowed to aggregate on a ther-
momixer (Eppendorf, Thermomixer comfort) with a speed of 1000 rpm at 37 °C. At 
each time point, 40 μL samples were drawn from the aggregation solution and kept 
in the fridge at 4 °C. From these, samples for EPR and Thioflavin T (ThT) fluores-
cence measurements were made. At the beginning, samples were collected every 
3 h, at later times the intervals were longer. These conditions correspond to those of 
the dataset HV1 and HV2 for R1αS56 from Zurlo et al. [8]. For the EPR measure-
ments, glass micropipettes of a volume of 50 μL (Blaubrand Intramark, Wertheim, 
Germany) were filled with 20 μL of the sample for each measurement.

2.2  EPR Measurement Conditions

The 9 GHz, continuous-wave EPR spectra were recorded using an ELEXSYS E680 
spectrometer (Bruker, Rheinstetten, Germany). The measurements were done under 
the following conditions: room temperature, a microwave power of 0.63 mW and a 
modulation amplitude of 0.25 mT at a modulation frequency of 100 kHz. The time 
expended on each measurement was adapted according to the spectral lineshape, i.e., 
the aggregation time, and they could last from 3 to 8 h. Also for the R1αS90 sample, 
at long aggregation times the spectral amplitude decreases due to line broadening, 
and therefore, to obtain the desired signal-to-noise ratio, a longer accumulation time 
is needed. In practice, we inspected the signal-to-noise ratio of each EPR spectrum 
after a given accumulation time and increased the measurement time if the spectral 
quality was not yet sufficient [8]. The spin concentration was determined by compar-
ing the double integral of the EPR spectra with the double integral of a reference 
sample (MTSL, 100 μM). The spin concentrations were ≈ 10 μM for a total protein 
concentration of 100 μM.
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2.3  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 aS: R1aS. This is expected to increase 
the spin-label to spin-label distance for the majority population of spin labels in 
aggregates to above 8–10 Å, which should be sufficient to suppress any visible effect 
of spin–spin interaction on the EPR lineshape. In the present experiment we want to 
avoid this interaction, as it would complicate/mask the line broadening by reduced 
mobility of the spin label upon aggregation.

2.4  Simulations of EPR Spectra

MATLAB (version 9.4.0.813654, R2018a, The MathWorks, Inc., Natick, MA, 
USA) and the EasySpin package (5.2.4) were used for simulations of the EPR spec-
tra [10]. The simulations were performed as described by Zurlo et al. [8] which are 
reiterated for clarity here: the parameters of the simulation were manually adjusted 
to agree best with the experimental spectra. For all simulations, an isotropic rota-
tion of the nitroxide (S = 1/2) and a common set of g-tensor principal values were 
used: g = [2.00906 2.00687 2.00300]. A superposition of four components: two 
fast fractions using the “Garlic” function, and a medium and slow fraction using 
the “Chili” function. The principal values of the 14N hyperfine coupling tensor were 
 Axx =  Ayy = 13  MHz and  Azz = 110  MHz. For the slow component  Azz = 105  MHz 
was used instead. A component line with a Gaussian shape and a width of 0.12 mT 
was used for all simulations. The spectrum obtained at t = 0 could be simulated with 
a single component, the fast fraction. The τr obtained at t = 0 was kept constant for 
all other simulations. From t = 3 h a new component appeared, τr = 0.24 ns which we 
attribute to free spin label. The subsequent time-point spectra also contained such 
a contribution, in the order of a few percent, but never exceeding 10%. Optimal τr 
values of the slow fraction were derived from the spectra at the end point of the 
aggregation. Similar to R1αS56, the slow fraction was simulated with the “Chili” 
function. The τr of 10  ns of the medium component was derived from spectra at 
times around 40–60 h of aggregation. The τr values of each of the three fractions 
were kept constant for the entire series. For each time point, the relative contribution 
of the components was optimized.

Because of the diamagnetic dilution, which increases the spin–spin distance, the 
only EPR line broadening is expected to derive from mobility differences of the spin 
label: by diluting R1αS with wt-αS, the distances between the spin labels exceed the 
sensitive range of solution cw EPR, also in the aggregates.

2.5  Analysis of EPR Parameters of R1αS90 With Respect to R1αS56

Simulations were performed to check the sensitivity of the spectra to different τr 
values of the fast, medium and slow components. In all the following tests, the 
contribution of each fraction to the respective spectrum was kept fixed. To test τr 
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of the slow fraction, spectra at late times of aggregation were simulated with dif-
ferent τr times, revealing that changes in τr of more than 0.01 ns for R1αS56 and 
more than 2.5 ns for R1αS90 resulted in visibly worse agreement of simulated 
and experimental spectra. The larger uncertainty margin for the R1αS90 mutant 
derives from a poorer signal-to-noise ratio compared to the R1αS56 spectra. For 
the fast component, spectra at the earliest aggregation times were used, reveal-
ing uncertainties in the range of 0.07 ns. For the medium fraction, the range of 
acceptable τr values is in the range of 3.5  ns, significantly larger than for the 
fast and slow fractions. This is due to the lower amplitude that spectra with a 
longer τr have and the superposition of the medium with the fast fraction, which 
both have intensity in the same spectral region. In spite of its even larger τr, the 
uncertainty of τr of the slow fraction is smaller than that of the medium fraction, 
because the relative contribution of the slow fraction to the spectra is larger than 
that of the medium fraction, and, in addition, the slow fraction has intensity in 
magnetic-field regions where neither fast nor medium fraction contribute. The 
error margins are likely upper limits as only individual spectra are investigated, 
and not the entire series. The possibility of global fitting should be investigated 
in the future.

3  Results

Representative cw-EPR spectra of R1αS90, taken at different time points of the 
aggregation, are shown in Fig.  2, the full set in the appendix, Fig.  5. Three nar-
row lines, typical of the nitroxide in fast rotation, and, at later times, additional 
broad components are observed, the latter components are marked with an arrow in 
Fig. 2b–d.

Quantitative analysis of the spectra by simulations (see Materials and methods), 
performed by the same approach as [8], reveals the rotation correlation times of the 
three major fractions (see Table 1) and the amount by which each fraction contrib-
utes to the spectrum at the respective time point (see below).

Figure 3 shows the components of the simulation and how they sum up to the 
complete spectrum for one example, at 91 h of aggregation.

The second set of parameters that enters the analysis of the time course of the 
aggregation is the amount by which each of the component contributes to the spec-
tra. It reflects the amount of the intermediates of aggregation. Figure 4 shows these 
amounts for a set of different aggregation experiments, in which Fig. 4a, b refer to 
the aggregation of R1αS90, and Fig. 4c, d to R1αS56, taken from [8] as a reference.

Figure  4a shows the contributions for the dataset shown in Figs.  2 and 4b the 
results of an independent aggregation experiment on a second sample of R1αS90. 
For the R1αS90 aggregation in Fig. 4a at early times, up to 10 h, the fast fraction, 
which corresponds to monomers, dominates. In the time between 20 and 50 h, the 
dominant aggregated species is a component with a τr of 5 ns, which, in accordance 
with Zurlo et al. [8] and as further discussed below (see Discussion), is attributed 
to an oligomeric state of αS. At late times, between 60 and 80 h, the slow fraction, 
which is attributed to fibrils [8], raises. This fraction does not reach a plateau during 
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the aggregation time monitored, because of the particular aggregation conditions. 
In ref. [8], two aggregation conditions are compared, the low volume (LV) and the 
high volume (HV) conditions. The results presented here for R1αS90 refer to the 
HV condition. Under HV conditions, the aggregation is slower than in LV condition, 
the slow fraction rises at a later time point, and does not reach a plateau, as dem-
onstrated for R1αS56 in [8]. The same behavior is observed here for R1αS90.The 
independent aggregation experiment for R1αS90, Fig. 4b, reveals a similar pattern 

344 348 352 356
B [mT]

time 0a)

344 348 352 356
B [mT]

63 hoursb)

344 348 352 356
B [mT]

120 hoursd)

344 348 352 356
B [mT]

101 hoursc)

* * * *

(a) (b)

(c) (d)

Fig. 2  Continuous wave EPR spectra of R1αS90 at selected time points of the aggregation. a Start of 
aggregation (t = 0). b 63 h of aggregation. c 101 h of aggregation. d 120 h of aggregation. Black: Experi-
mental spectra. Red: Simulated spectra. Full spectrum: inset, box: area zoomed-in in enlarged spectrum. 
Amplitude enlarged by 2.5. Arrow: feature of broad spectral component. Asterisk: impurity signal

Table 1  Mobility of spin label 
in R1αS in the three fractions 
observed by EPR. Rotation 
correlation time: τr

Mutant Fast Medium Slow

τr (ns) R1αS56 0.43 ± 0.06 4.0 ± 3.5 10.00 ± 0.01
τr (ns) R1αS90 0.37 ± 0.07 5.0 ± 3.5 10 ± 2.5
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to Fig. 4a, with small differences that reflect the sample to sample variations. Com-
parison with the equivalent data for R1αS56 (Fig. 4c, d), reveal an overall similar 
pattern to the data of R1αS90. Since the differences between the patterns of the two 
mutants are similar in magnitude  to those between different samples of the same 
mutant, the aggregation kinetics must be similar. Therefore, the aggregation kinet-
ics of R1αS90 follow those of R1αS56, described in Zurlo et  al. [8] for the HV 
conditions.

4  Discussion

In the present study we continue the investigation of the aggregation of αS with 
the help of spin-label EPR. Attaching the spin label at position 90 (R1αS90) ena-
bles to study the aggregation at a protein position closer to the C-terminus than 
previously, where position 56 was targeted (R1αS56) [8]. Here the EPR proper-
ties of the two positions are compared, with a special interest in the question if 
structural details can be derived from this kind of experiments.

For R1αS90, simulations required a minimum of three components (for details 
see Materials and methods). The τr values of the fractions where determined from 
the spectra at carefully chosen aggregation times and the τr values of monomers 
(fast fraction), and fibrils (slow fraction) were determined. The medium fraction 
is assigned to oligomeric intermediates. The reasoning is analogous to the one 
for the aggregation of R1αS56 in [8]. Here the main lines are summarized: the 
smaller τr value of the medium fraction compared to the fibril fraction, indicates 

346 348 350 352 354

B [mT]

Fig. 3  Spectral components used in the simulation of the EPR spectra of α‐synuclein R1αS90 (91 h of 
aggregation). Full spectrum: inset, box: zoomed in area. Zoomed‐in spectra: amplitude expanded by a 
factor 2.5 with respect to inset. Experimental spectrum (black), fast component (orange), medium com-
ponent (blue), slow component (green), free spin label (pink). Total simulation (red). For details see text
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smaller particles, and enhanced local mobility of the spin label in this fraction. 
The limitations of these conclusions are described in more detail in [8]. The max-
imum population of the medium fraction, in the order of 30%, is observed before 
the slow fraction raises, an indication that the medium fraction is an intermediate 
of fibrillization, i.e. an oligomer. Given that the medium fraction appears before 
ThioT fluorescence sets in (see Fig. 6), and that ThioT fluorescence is an indicator 
for the formation of fibrils, the medium fraction does not contain fibrils. Consid-
ering the error margins of the τr value of this fraction, see Materials and methods, 
the medium component is not necessarily a single species, suggesting that mul-
tiple oligomeric species could be formed during the time-frame when oligomers 
are observed.

The values of τr and the amounts by which these fractions contribute to the 
spectra shows the similarity of the overall aggregation behavior for R1αS90 
and R1αS56. The similarity of the amount of each fraction as a function of time 
(Fig.  4) suggests that the kinetic analysis given in Zurlo et  al. [8] is also valid 
here. Similar to the reporter position 56, the time dependence of the aggregation 
of R1αS90 shows the formation of an intermediate, assigned to an oligomeric 
state, with significant population, before fibrils are formed.

Similar aggregation kinetics of R1αS56 and R1αS90 is likely, because in both 
experiments a 9:1 excess of wild-type (wt) αS relative to R1αS is used (diamag-
netic dilution, see Materials and methods), and as a consequence, the aggregation 

Fig. 4  Time course of aggregation for R1αS90 a,b and comparison with R1αS56 c,d. Amounts by which 
three components contribute to the EPR spectra at different time points. Fast: monomer, medium: oli-
gomer, slow: fibril (for details, see text)
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should mostly be driven by the wt-protein, minimizing the influence of the spin-
label on the overall aggregation kinetics. In addition, compared to standard fluo-
rescence labels, the spin label is relatively small and moderately polar, further 
reducing the possibility that the label affects the reaction. This justifies consider-
ing the spin label as a local reporter, rather than an agent in the reaction.

The dominant information contained in the τr values, and therefore, the EPR 
spectra, is the local environment of the spin label and in particular the buriedness 
of the spin label. Figure 1b illustrates this in a cartoon form: different locations of 
the spin label, indicated as colored stars, will have different local environments. The 
section of αS close to the green star is more buried in the aggregate, resulting in 
a longer τr than for the spin label at the red star. A longer τr thus reveals that the 
labeled protein section is in the interior of an aggregate, rather than on the outside. 
To illustrate this, some information about structural aspects that could affect mobil-
ity at position 90 and 56 differentially is collected. We start with the description of 
the fibrils, followed by the oligomeric intermediates known to date.

Tuttle and colleagues [11] identified a Greek key motif for the monomer in the 
fibril, in which the residue A90 is buried inside an hydrophobic pocket in the inner-
most portion of the Greek key, while in their structure residues 55–62 are disordered 
and solvent exposed. Those results agree with another NMR structure [12] in which 
A90 takes part in a beta strand and A56 is inside a beta turn, while the Meier group 
[13] solved the structure of a high pH fibril form, in which both A90 and A56 took 
part in the formation of beta strands motifs.

Guerrero-Ferreira et al. did extensive analysis of the fibril structure of a C-termi-
nally truncated αS with Cryo-EM [14, 15] They noticed differences from the struc-
tures solved with NMR and highlighted different polymorphs, with the final com-
position most likely depending on the experimental conditions. Nonetheless A90 
is buried inside an hydrophobic region in all the polymorphs they identified, while 
A56 is solvent exposed in the proto-fibrils, with residues 52–57 forming the inter-
face of two protofilaments inside a fibril. Another CryoEM structure solved on the 
full length protein has opposite chirality with respect to the above-mentioned [14, 
15], but agrees with residues 50–57 taking part in the interaction between two proto-
filaments, and A90 buried in the fibril core [16]. On the other hand, another recent 
work identified two different fibril polymorphs, starting with the same protofilament 
kernel but different interfaces between the protofilaments: residues 47–56 or 68–78, 
with A56 being solvent exposed in the latter case [17]. Those experimental results 
agree with computational analysis that show how, in all fibril polymorphs, residue 
A90 takes part in a beta strand forming the hydrophobic core of the fibril [18, 19]. 
So, in the selection of publications presented here, several structures suggest that 
position 90 would be more buried in the fibril than position 56, and, therefore, a spin 
label attached to position 90 may have a lower mobility than one at position 56.

With respect to αS oligomers, structural information is much more scarce. Studies 
to track oligomers are mainly focused on shape and secondary structure determina-
tion, highlighting a highly heterogeneous composition, in which oligomers with vary-
ing degrees of β-sheet secondary structure, different shapes and properties were iden-
tified [20–25]. Some residue-level features were identified thanks to H/D exchange: 
In that case, the more protected regions were represented by the NAC core extending 
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until A89, whereas the region extending between residues 55–76 appeared to be more 
dynamical [26]. Later, two different types of oligomers with different exchange patterns 
were identified, with A90 showing higher deuterium uptake with respect to A56 in both 
cases [27]. A site-specific fluorescence analysis [28] on residues 4,39,69,90,124 and 
140 revealed that the residues up to and comprising A90, were forming the core of an 
oligomeric species, while the C-terminal sites remained solvent exposed. The buried-
ness, i.e. the low polarity of the fluorescent probe in position 90 in the oligomer was 
confirmed later in another study [29]. Overall, the scarceness of residue-specific struc-
tural information on oligomers in the literature illustrates how much need there is for 
methods that give structural information on these species. For oligomers, in addition, 
often specific conditions or chemical modifications are used to trap, stabilize or enrich 
an oligomeric species of interest. All these measures could have an influence on the 
oligomer structure. Consequently, in situ techniques that avoid isolation or enrichment 
techniques are particularly attractive.

The advantage of in situ EPR is that the aggregation is observed directly in solution. 
Therefore, there is no need for stabilization, isolation or manipulation of intermediates. 
Evidently, this includes intermediates that cannot be detected by traditional methods 
because, for example, they are not ThioT-active. The disadvantage is the superposition 
of different species that complicates the detection of individual spectra. In the case of 
9 GHz EPR, this particularly affects the intermediate state: the intermediate is a rela-
tively broad component, the presence of which can be unambiguously determined, 
however, the lineshape of the spectra is less certain, as reflected in the large error mar-
gin of the τr of the medium component (see Table 1). For the slow component, this 
disadvantage is compensated by its higher contribution in the late-time spectra, and 
the monomers can easily be detected, because, for αS, aggregation in quiescent solu-
tion at room temperature is sufficiently slow that the spectra of the monomers can be 
measured directly, i.e. without overlap of aggregated species. In addition, the small τr 
of the monomers lead to narrow-line, high-amplitude EPR spectra that can easily be 
measured.

In the present study, we explore, if the approach presented in Zurlo et al. [8] can be 
expanded to obtain not only the kinetics of the development of species during amyloid 
aggregation, but also information on the structure of these species. Such information 
would be useful to understand the interconversion between oligomer and fibril, and 
also, in the case of harmful intermediates, aid to find inhibitors. It would provide com-
plementary information to secondary structure content obtained by CD-spectroscopy 
[20, 30], or shape, obtained by small angle X-ray scattering techniques [31]. We show 
that the spin label acts as a proper reporter and does not perturb the aggregation. How-
ever, under the conditions of the present experiments, the relatively large error margins 
of the experiment make it impossible to detect differences in local environment of the 
spin label at the positions 56 and 90. Higher resolution techniques, such as high-field 
EPR [32] and specific methods of structure-analysis using distance determination by 
EPR will be better suited to reach that goal and are planned for the future.
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Fig. 5  EPR spectra of R1αS90 taken during the aggregation. Black: experimental, red: simulation
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Fig. 5  (continued)
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