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Simple Summary: To understand complex cellular processes, the investigation of intrinsically dis-
ordered proteins that are involved in the most crucial mechanisms is of utmost importance. How-
ever, intrinsically disordered proteins lack a well-defined structure and exhibit vast flexibility. A
prominent example is a-synuclein, that under pathological conditions, self-interacts and forms
highly-ordered filamentous aggregates characteristic of neurodegenerative disorders, e.g., Parkin-
son’s disease. Due to its broad conformational ensemble, its investigation is hampered, and suitable
biophysical methods to elucidate underlying interactions and mechanisms on a molecular level are
scarce. Investigating the aggregation process and prevailing kinetics is essential to gain insight into
the causes of the pathological processes and eventually invent effective treatments. Here, we set out
to investigate the accelerated aggregation process of a-synuclein and its disease mutants in the pres-
ence of ethanol. For the first time, we made use of rapid scan electron paramagnetic resonance spec-
troscopy to study the kinetics of a-synuclein aggregation. We were able to highlight differences
between different protein variants and demonstrated that this approach outperforms conventional
techniques in terms of sensitivity and rapidity of data acquisition and successfully demonstrated
that this technique is suitable for studying intermolecular interactions with fast kinetics.

Abstract: Intrinsically disordered proteins (IDPs) are involved in most crucial cellular processes.
However, they lack a well-defined fold hampering the investigation of their structural ensemble
and interactions. Suitable biophysical methods able to manage their inherent flexibility and broad
conformational ensemble are scarce. Here, we used rapid scan (RS) electron paramagnetic reso-
nance (EPR) spectroscopy to study the intermolecular interactions of the IDP a-synuclein (aS). aS
aggregation and fibril deposition is the hallmark of Parkinson’s disease, and specific point muta-
tions, among them A30P and A53T, were linked to the early onset of the disease. To understand the
pathological processes, research intensively investigates aS aggregation kinetics, which was re-
ported to be accelerated in the presence of ethanol. Conventional techniques fail to capture these
fast processes due to their limited time resolution and, thus, lose kinetic information. We have
demonstrated that RS EPR spectroscopy is suitable for studying aS aggregation by resolving under-
lying kinetics and highlighting differences in fibrillization behavior. RS EPR spectroscopy outper-
forms traditional EPR methods in terms of sensitivity by a factor of 5 in our case while significantly
reducing data acquisition time. Thus, we were able to sample short time intervals capturing single
events taking place during the aggregation process. Further studies will therefore be able to shed
light on biological processes proceeding on fast time scales.

Keywords: aggregation; a-synuclein (aS); electron paramagnetic resonance (EPR) spectroscopy; in-
termolecular interactions; intrinsically disordered protein (IDP); rapid scan (RS)
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1. Introduction

To fully understand complex cellular processes, proteins should not be considered
isolated species; rather, they constitute key players in sophisticated interaction networks
[1]. Intrinsically disordered proteins (IDPs) usually form hubs in these networks interact-
ing with a multitude of partners [2,3]. IDPs lack a well-defined three-dimensional struc-
ture; however, they are shown to undergo disorder-to-order transitions upon interaction
[4]. Their inherent flexibility and heterogeneous conformational ensemble complicate
their investigation, rendering them unattainable for high-resolution techniques.

A prominent example is the IDP a-synuclein (aS) that, upon interaction with nega-
tively charged membranes, exhibits an a-helical structure [5,6]. Under pathological con-
ditions, aS self-interacts forming non-functional, highly-ordered filamentous aggregates
that accumulate in Lewy bodies that are characteristic of Parkinson’s disease (PD) and
related neurodegenerative disorders [7,8]. Research intensively focuses on understanding
the process and kinetics of aS aggregation and searching for parameters that influence the
aggregation. Reported models postulate the formation of oligomers constituting the toxic
species with fibrils representing the end-point of the process [9-12].

Early onset PD was linked to several point mutations in the gene encoding aS.
Among others, the mutations A30P [13] and A53T [14] are particularly interesting, and
their aggregation behavior was investigated thoroughly. These studies discovered faster
aggregation for aS A53T compared to the aS wild type (wt) [15,16], whereas for aS A30P
varying findings ranging from slower to faster kinetics were reported [16-19].

Besides alteration in the primary sequence of aS, the environment strongly influences
the kinetics of aggregation. Not only the pH and the salt concentration of the buffer [20,21]
showed an impact, but also the presence of lipids [21,22] or organic solvents such as eth-
anol (EtOH) [23-25] altered the kinetics of fibrillization.

Conventional techniques to investigate protein aggregation include Thioflavin T flu-
orescence, transmission electron microscopy (TEM), atomic force microscopy, and circular
dichroism (CD) spectroscopy. In addition, site-directed spin labeling (SDSL), in combina-
tion with electron paramagnetic resonance (EPR) spectroscopy [26,27], was shown to be a
powerful tool for studying aS aggregation and the structure of resulting fibrils [28-32].
Conventional continuous wave (CW) EPR experiments probe local side chain dynamics
of nitroxide spin labels reflected in the spectral shape and report on aggregation progres-
sion. Using this approach, Zurlo et al. were able to reveal the aggregation kinetics of singly
spin-labeled aS [33,34]. However, spectra acquisition time was considerably long (3 to 8 h
depending on the sample), necessitating the intermediate storage of sample aliquots and
waiting time. Thus, this approach rules out the possibility of investigating unstable, non-
storable samples (e.g., short-lived intermediates) or detecting fast kinetics.

To overcome these limitations, we used rapid scan (RS) EPR spectroscopy [35,36]. We
have already successfully used this technology to study aS-lipid interaction, where
changes in the spectral shape accounted for the binding of aS to lipid membranes reveal-
ing their interaction even inside living cells [37]. Here, we set out to investigate even the
accelerated aggregation of aS in the presence of EtOH and the differences between the
aggregation of aS variants bearing different point mutations. Using RS EPR spectroscopy,
we significantly reduced spectra acquisition time, while the obtained signal-to-noise ratio
(SNR) still outperforms the conventional CW EPR approach without affecting spectral
resolution [38]. Ultimately, RS EPR spectroscopy allows capturing the kinetics of fast bio-
logical processes, which were so far not accessible on a second-time scale by EPR.

2. Materials and Methods
2.1. Protein Production and Spin Labeling

Plasmid mutagenesis, protein expression, and purification were performed as de-
scribed previously [37,39]. Here, a single cysteine residue was introduced in aS variants
at position 27, enabling spin labeling with thiol-reactive nitroxide. Prior to labeling, aS
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cysteine mutant samples were incubated with 2 mM 1,4-dithiothreitol (DTT) for 30 min at
room temperature to resolve disulfide bonds that possibly formed during storage and
thawing. DTT was removed using two desalting steps (Zeba™ Spin Desalting Resin, 7
MWKO, Thermo Fisher Scientific, Waltham, MA USA). Subsequently, a 6-fold molar ex-
cess of the methanethiosulfonate spin label MTSSL (Enzo Life Sciences, Lorrach, Ger-
many) was added to the protein sample and incubated overnight at 4 °C in an overhead
rotor. The excess spin label was removed by one desalting step using a HiPrep 26/10 de-
salting column (GE Healthcare, Uppsala, Sweden) installed on the AKTAprime plus chro-
matography system. Within this step, the buffer was changed to aS aggregation buffer (10
mM Tris, pH 7.4, 150 mM NaCl). The success of labeling was assessed by measuring CW
EPR spectra. The final protein concentration was determined spectrophotometrically by
UV absorption at 280 nm. The labeling efficiency was determined to be > 90 % for all mu-
tants. Samples were stored at —80 °C.

2.2. Aggregation Assay

aS aggregation was performed as described previously [23]. Monomeric aS with a
final concentration of 35 uM in aS aggregation buffer + 20 % (v/v) EtOH was stirred with
a micro-stirring bar in a glass vial at 37 °C and 600 rpm. At regular intervals, aliquots of
20 uL (for EPR and TEM experiments) or 60 pL (for CD experiments) were taken and
measured immediately (except TEM). RS EPR and CD experiments cover time points 0, 5,
10, 20, 40, 60, 120, 180, 360, and 1440 min, whereas CW EPR spectra captured the time
points 0, 20, 60, 120, 180, 360, and 1440 min due to need for longer spectra acquisition time.

2.3. Rapid scan EPR Spectroscopy

Samples with a volume of 20 uL were filled in glass capillaries (HIRSCHMANN®
ringcaps®, inner diameter 1.02 mm, Eberstadt, Germany) and sealed with Hemato-Seal™
capillary sealant (Fischer-brand™, Schwerte, Germany). RS spectra were recorded on an
Elexsys 500 spectrometer (Bruker, Karlsruhe, Germany) equipped with the Rapid-Scan
Accessory (Bruker, Karlsruhe, Germany) [40] at X-band frequency (9.426 GHz). Sinusoidal
rapid magnetic-field scans at a frequency of 20 kHz with a scan width of 20 mT were
applied using a 1D field experiment. The center field was set to 336.4 mT, the attenuation
to 20 dB (2 mW power), and the background correction function TwoTone included in the
XEpr software (Bruker) was chosen. The measurement time was set to 60 s resulting in
averaging of 1,202,643 scans (63,297 onboard averages, 19 off-board averages). Recorded
spectra were processed with Matlab R2019b (The Mathworks, Inc.) and the toolbox
EasySpin 6.00 [41]. Processing included baseline correction, adjusting the field position of
the spectra to correct for small deviations in the microwave frequency between different
samples, smoothing of data with a Savitzky—Golay filter function, and the normalization
of the intensity.

3. Results
3.1. Spin-labeled a-synuclein Variants Aggregate in the Presence of Ethanol

aS consists of 140 amino acid residues and can be divided into different regions: a
positively charged N-terminus, including an amyloidogenic hydrophobic NAC region,
and a highly negatively charged C-terminus (Figure 1 a) [42-44]. To demonstrate the ver-
satility of our method, besides the wt protein, we used the aS disease variants A30P and
A53T, for which the point mutations were reported to impact pathological processes
[15,17,18]. Since aS is intrinsically diamagnetic, we introduced a single cysteine residue at
position 27 to enable attachment of the thiol-specific methanethiosulfonate spin label
(MTSSL) via SDSL (Figure 1 b), reporting on the local side chain dynamics.
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Figure 1. Spin labeling of aS. (a) aS primary sequence. The different regions of aS are highlighted.
The position of the spin label (blue star) and the disease point mutations A30P and A53T are indi-
cated. (b) Labeling scheme of aS with MTSSL spin-label. (c) Solid-state NMR fibril structure (PDB
ID 2NOA [45]) and MTSSL rotamers (blue) at position 27.

All aS variants with a concentration of 35 M were independently allowed to aggre-
gate at pH 7.4 in the presence of 20 % EtOH at 37 °C and 600 rpm stirring for 1440 min
(corresponds to 24 h). On a molecular level, aS fibrils consist of a highly ordered, 3-sheet
rich core (residues 36 to 98) exhibiting a parallel in-register arrangement, whereas the N-
and C-termini remain flexible and unstructured [28,29,31,45-48]. Figure 1c shows the
high-resolution structure of aS fibrils with calculated MTSSL rotamers attached at position
27.

First, we verified that the cysteine mutagenesis and attachment of MTSSL do not in-
fluence the morphology (Figure S1) nor the fibrils' secondary structure (Figure S2). We
found that spin-labeled aS forms a (3-sheet structure and highly ordered fibrils in the pres-
ence of EtOH, concluding that under our conditions, the aggregation is undisturbed.

3.2. Spin-Dilution Is Not a Prerequisite in Our Experimental Setup

Spin labels placed in close proximity, e.g., in fibrils, interact with each other, impact-
ing the EPR spectrum's line shape. Thus, diamagnetic dilution is a frequently used tool so
that spectral changes solely result from differences in spin mobility. Figure 1c clearly
shows that the spin label at position 27 is expected to be located outside the [3-sheet core
of the fibril, and no effect of the spin—spin interaction between labels within the fibril is
expected. For experimental proof, we compared the EPR spectra of a5 monomer and fibril
recorded at 120 K (Figure S3). We found no spectral broadening in the fibril spectrum
compared to monomeric aS species and concluded that no diamagnetic dilution is re-
quired in our experimental setup. Hence, we improved our SNR due to the increased spin
concentration in our sample.
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3.3. Circular Dichroism Reveals the Global Aggregation Process of a-synuclein

Next, we monitored the aggregation process of the spin-labeled aS variants within
the time range of 1440 min by CD spectroscopy (Figure S4). This technique reports on the
overall secondary structure of the protein backbone, thus reporting on global structural
changes. Here, the spectra reveal a transition from a random coil secondary structure to a
[-sheet structure with time. After 1440 min, each aS variant exhibits solely 3-sheet content
representing the end-point of aggregation. A qualitative comparison of the spectra of the
different variants indicates that the kinetics of the global structural transition differ be-
tween the aS variants, with aS A30P-A27C-MTSSL tending to convert slowest.

3.4. The Signal-to-Noise Ratio of Rapid Scan EPR Spectroscopy Outperforms Conventional
Continuous Wave EPR Spectroscopy

To assess the process of aS aggregation locally,with respect to the spin-labeled site,
we measured time-resolved CW spectra at room temperature (Figure S5). Clearly, the
spectral broadening is visible over the course of 1440 min. In order to obtain a decent SNR,
we accumulated 30 spectra, each recorded for 1 min resulting in a total measurement time
of 30 min for each spectrum. Thus, we can sample only one single time point every 30 min.
Obviously, we are able to probe smaller intervals in real-time compared to the reported
studies [33,34]. However, the CD spectra clearly show global changes taking place even
within the first half hour, underlining that we lack sufficient time resolution when per-
forming conventional CW EPR experiments.

Here, RS EPR spectroscopy offers advantages by shortening the measurement time
without sacrificing SNR [49]. Figure 2 compares RS EPR spectra acquired for 1 min (Figure
2a) and pseudo-modulated RS EPR spectra (Figure 2b) with conventional CW EPR spectra
accumulated for 30 min (Figure 2c) and 1 min (Figure 2d), respectively. The SNR in CW
EPR spectra drops drastically, especially if spectra are broad, as is the case for spectra
acquired after 1440 min of aggregation. In this regard, slight spectral differences are not
distinguishable anymore, and CW EPR fails to report on precise processes. Under our ex-
perimental conditions, a typical RS EPR experiment exhibits an SNR improved by a factor
of approximately five compared to CW EPR when samples are measured for 1 min in both
experiments (see Table 1, monomer).

Table 1. Comparison of the signal-to-noise ratios of RS and CW EPR experiments with spectra ac-
quired for 1 min. The SNR of the RS EPR spectra were determined prior to pseudo-modulation.

Accumulation time RS CW

monomer 121 26
fibril 54 4
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Figure 2. Comparison of the sensitivity of RS and CW EPR experiments. Dark blue spectra corre-
spond to aS A27C-MTSSL monomer sample, whereas light blue spectra show aS in fibrils. (a) Ab-
sorption spectra recorded by RS EPR spectroscopy were accumulated for 1 min. (b) Pseudo-modu-
lated RS EPR spectra from (a) modulated with 0.1 mT. (¢) CW EPR spectra after 30 min of acquisition
and averaging. (d) CW EPR spectra represent accumulation for 1 min. Field modulation in CW (c,d)
results in the detection of the first derivative of the absorption spectrum.

3.5. Rapid Scan Experiments Capture the Local Kinetics of a-synuclein Aggregation

Exploiting reduced acquisition time while improving the SNR, we monitored the ag-
gregation of the aS variants by RS EPR spectroscopy. Here, we were able to sample more
time points in shorter time intervals compared to CW EPR experiments (see Section 2.2).
Especially at the beginning of the aggregation process, where CD spectra suggested slight
global secondary structural changes, we probed short intervals to examine transitions on
a locally resolved level.

Figure 3 shows the obtained time-dependent RS EPR spectra for all aS variants in the
time range of 0 to 1440 min. We clearly find changes in the spectral shape over time. As
expected, the spin mobility decreases due to the aggregation's progression resulting in the
spectra's broadening. We find a systematic trend of spectral broadening for all variants
and obtain similar spectra after 1440 min in all cases. Thus, we conclude that we could
describe the complete course of aS aggregation from monomer to fibril.

Considering the spectral changes with time, we find different aggregation kinetics
for the individual aS variants. This finding agrees with the CD spectra indicating differ-
ences in the kinetics of global structural transitions. These results infer that the local struc-
tural changes in the extremal N-terminal region occur on the same time scales as the over-
all aS backbone transitions and different kinetics of each aS variant are displayed by our
experimental approach.

Thus, we demonstrated that RS EPR spectroscopy could monitor the complete aggre-
gation process of different aS variants in a time- and site-resolved manner, even though
the kinetics are accelerated in the presence of 20 % EtOH.
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Figure 3. Time-resolved absorption spectra demonstrate aggregation of aS. Room-temperature RS
EPR spectra of (a) aS A27C-MTSSL, (b) aS A30P-A27C-MTSSL, and (c) aS A53T-A27C-MTSSL. aS
was aggregated at 37 °C and 600 rpm in the presence of 20 % EtOH. Samples at different time points
in the range of 0-1440 min were acquired in real-time.

4. Discussion

Biophysical methods to study protein aggregation are important to understanding
neurodegenerative disease pathological processes. Here, we used rapid scan EPR spec-
troscopy to investigate the aggregation of the IDP aS implicated in PD, whose fibrillization
and deposition in Lewy bodies causes a decline in motor and cognitive functions [7,50].
While its implication in pathogenesis is indisputably approved, the physiological role of
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a$ is still not fully understood. However, the involvement in membrane remodeling and
vesicle trafficking [51-53] is thought to be associated with its function.

Further development of the rapid scan technique enables the detection of a broad
magnetic field range (~ 200 G), allowing for the complete acquisition of spectra of nitrox-
ide spin labels. Previously, we exploited this feature of RS EPR spectroscopy to investigate
aS-lipid interaction [37] to gain insight into aS functioning inside cells. Here, we set out to
investigate the aggregation of different aS variants using the RS EPR approach, which, to
our knowledge, has not yet been realized.

Under our experimental conditions, aS aggregation was accelerated due to the pres-
ence of 20% EtOH, which was shown to influence aS aggregation kinetics [23,24]. Here,
the strength of the RS technique, able to acquire spectra with high time resolution while
exhibiting a good SNR, can be exploited. Evaluating changes in the line shape that reflects
the mobility of the attached MTSSL spin label was used to follow the course of aS aggre-
gation on a minute time scale. Compared to conventional CW experiments that capture
time intervals of 30 min, we gain information and can monitor every single event taking
place during the aggregation process.

Over time, we find that decreased spin label mobility is reflected in broader spectral
line shapes. Under our conditions, all aS variants aggregate into fibrils within 24 h, exhib-
iting different kinetics that agree with CD spectroscopy results. Thus, we demonstrated
the suitability of RS EPR spectroscopy to detect the process of aS aggregation with high
time and site resolution. Now, it is possible to label different positions within the aS se-
quence and perform an aggregation site scan. This will allow determining regions in-
volved in different phases of the aggregation process, gaining new insights into patholog-
ical processes of neurodegenerative diseases.

5. Conclusions

We successfully applied RS EPR spectroscopy to monitor the intermolecular interac-
tion of the IDP aS and demonstrated its suitability. We obtained a high time resolution
while spectra were acquired in good quality with sufficient SNR. Future studies could
exploit these advantages to investigate other time-resolved biological processes. Even
faster aggregation kinetics, as reported, e.g., for the IDP Af3, will be accessible with RS
EPR spectroscopy, and these results might shed new light on crucial cellular processes,
such as the pathological aggregation of proteins in neurodegenerative diseases.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biology12010079/s1, Supplementary experimental details,
Figure S1: Comparison of aS fibril morphology in the presence of cysteine mutation and MTSSL
spin label, Figure 52: Comparison of the aS secondary structure in the presence of cysteine mutation
and MTSSL spin label, Figure S3: Low-temperature CW EPR spectra of aS A27C-MTSSL, Figure S4:
Time-resolved CD spectra of the spin-labeled aS variants, Figure S5: Time-resolved CW EPR spectra
of the spin-labeled aS variants.

Author Contributions: Conceptualization, ].D. and M.D.; methodology and investigation, J.D.; writ-
ing—original draft preparation, J.D.; writing—review and editing, M.D.; supervision, project ad-
ministration and funding acquisition, M.D. All authors have read and agreed to the published ver-
sion of the manuscript.

Funding: This work was supported financially by the Deutsche Forschungsgemeinschaft (SFB969)
and by the European Research Council (ERC) under the European Union’s Horizon 2020 research
and innovation program (Grant Agreement No. 772027-SPICEERC-2017-COG).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data is provided by the authors upon request.



Biology 2023, 12, 79 90f 11

Acknowledgments: We gratefully acknowledge the experimental contributions of Martina Adam-
Wels, including plasmid mutagenesis and protein purification. We thank Florian Johannsen for as-
sistance with the rapid scan setup and Mykhailo Azarkh for fruitful discussions. We thank the elec-
tron microscopy center at the University of Konstanz for assistance in sample preparation and ac-
quisition of TEM images.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Braun, P.; Gingras, A.C. History of Protein-Protein Interactions: From Egg-White to Complex Networks. Proteomics 2012, 12,
1478-1498. https://doi.org/10.1002/PMIC.201100563.

Uversky, V.N. Intrinsically Disordered Proteins from A to Z. Int. ]. Biochem. Cell Biol. 2011, 43, 1090-1103.
https://doi.org/10.1016/j.biocel.2011.04.001.

Wright, P.E.; Dyson, H.J. Intrinsically Disordered Proteins in Cellular Signaling and Regulation. Nat. Rev. Mol. Cell Biol. 2015,
16, 18-29. https://doi.org/10.1038/nrm3920.Intrinsically.

Dyson, H.J.; Wright, P.E. Coupling of Folding and Binding for Unstructured Proteins. Curr. Opin. Struct. Biol. 2002, 12, 54—60.
https://doi.org/10.1016/50959-440X(02)00289-0.

Davidson, W.S,; Jonas, A.; Clayton, D.F.; George, ].M. Stabilization of Alpha-Synuclein Secondary Structure upon Binding to
Synthetic Membranes. |. Biol. Chem. 1998, 273, 9443-94409. https://doi.org/10.1074/JBC.273.16.9443

Ulmer, T.S.; Bax, A.; Cole, N.B.; Nussbaum, R.L. Structure and Dynamics of Micelle-Bound Human a-Synuclein. J. Biol. Chem.
2005, 280, 9595-9603. https://doi.org/10.1074/jbc.M411805200.

Spillantini, M.G.; Crowther, R.A.; Jakes, R.; Hasegawa, M.; Goedert, M. Alpha-Synuclein in Filamentous Inclusions of Lewy
Bodies from Parkinson’s Disease and Dementia with Lewy Bodies. Proc. Natl. Acad. Sci. USA 1998, 95, 6469-6473.
https://doi.org/10.1073/PNAS.95.11.6469.

Atik, A.; Stewart, T.; Zhang, J. Alpha-Synuclein as a Biomarker for Parkinson’s Disease. Brain Pathol. 2016, 26, 410-418.
https://doi.org/10.1111/BPA.12370.

Li, X.; Dong, C.; Hoffmann, M.; Garen, C.R.; Cortez, L.M.; Petersen, N.O.; Woodside, M.T. Early Stages of Aggregation of Engi-
neered a-Synuclein Monomers and Oligomers in Solution. Sci. Rep. 2019, 9, 1734. https://doi.org/10.1038/s41598-018-37584—6.
Villar-Piqué, A.; Lopes da Fonseca, T.; Outeiro, T.F. Structure, Function and Toxicity of Alpha-Synuclein: The Bermuda Triangle
in Synucleinopathies. . Neurochem. 2016, 139, 240-255. https://doi.org/10.1111/JNC.13249.

Cremades, N.; Cohen, S.I.A,; Deas, E.; Abramov, A.Y.; Chen, A.Y.; Orte, A.; Sandal, M.; Clarke, R.W.; Dunne, P.; Aprile, F.A.; et
al. Direct Observation of the Interconversion of Normal and Toxic Forms of a-Synuclein. Cell 2012, 149, 1048-1059.
https://doi.org/10.1016/].CELL.2012.03.037.

Chen, S.W; Drakulic, S.; Deas, E.; Ouberai, M.; Aprile, F.A.; Arranz, R.; Ness, S.; Roodveldt, C.; Guilliams, T.; De-Genst, E.J.; et
al. Structural Characterization of Toxic Oligomers That Are Kinetically Trapped during a-Synuclein Fibril Formation. Proc. Natl.
Acad. Sci. USA 2015, 112, E1994-E2003. https://doi.org/10.1073/pnas.1421204112.

Kriiger, R.; Kuhn, W.; Miiller, T.; Woitalla, D.; Graeber, M.; Kosel, S.; Przuntek, H.; Epplen, J.T.; Schols, L.; Riess, O. Ala30Pro
Mutation in the Gene Encoding a-Synuclein in Parkinson’s Disease. Nat. Genet. 1998, 18, 106-108.
https://doi.org/10.1038/ng0298-106.

Polymeropoulos, M.H.; Lavedan, C.; Leroy, E.; Ide, S.E.; Dehejia, A.; Dutra, A.; Pike, B.; Root, H.; Rubenstein, J.; Boyer, R.; et al.
Mutation in the Alpha-Synuclein Gene Identified in Families with Parkinson’s Disease. Science 1997, 276, 2045-2047.
https://doi.org/10.1126/SCIENCE.276.5321.2045.

Conway, K.A.; Harper, J.D.; Lansbury, P.T. Accelerated in Vitro Fibril Formation by a Mutant a-Synuclein Linked to Early-
Onset Parkinson Disease. Nat. Med. 1998, 4, 1318-1320. https://doi.org/10.1038/3311.

Conway, K.A; Lee, S.J.; Rochet, ].C.; Ding, T.T.; Williamson, R.E.; Lansbury, P.T. Acceleration of Oligomerization, Not Fibrilli-
zation, Is a Shared Property of Both a-Synuclein Mutations Linked to Early-Onset Parkinson’s Disease: Implications for Patho-
genesis and Therapy. Proc. Natl. Acad. Sci. USA 2000, 97, 571-576. https://doi.org/10.1073/PNAS.97.2.571.

Lemkau, L.R.; Comellas, G.; Kloepper, K.D.; Woods, W.S.; George, ].M.; Rienstra, C.M. Mutant Protein A30P a-Synuclein
Adopts Wild-Type Fibril Structure, despite Slower Fibrillation Kinetics. |. Biol. Chem. 2012, 287, P11526-P11532.
https://doi.org/10.1074/jbc.M111.306902.

Narhi, L.; Wood, S.J.; Steavenson, S.; Jiang, Y.; Wu, G.M.; Anafi, D.; Kaufman, S.A.; Martin, F.; Sitney, K.; Denis, P.; et al. Both
Familial Parkinson’s Disease Mutations Accelerate Alpha-Synuclein Aggregation. ]. Biol. Chem. 1999, 274, 9843-9846.
https://doi.org/10.1074/JBC.274.14.9843.

Li, J.; Uversky, V.N,; Fink, A.L. Effect of Familial Parkinson’s Disease Point Mutations A30P and A53T on the Structural Prop-
erties,  Aggregation, and  Fibrillation of Human  a-Synuclein.  Biochemistry 2001, 40, 11604-11613.
https://doi.org/10.1021/bi010616g.

Hoyer, W.; Antony, T.; Cherny, D.; Heim, G.; Jovin, T.M.; Subramaniam, V. Dependence of A-Synuclein Aggregate Morphology
on Solution Conditions. ]. Mol. Biol. 2002, 322, 383-393. https://doi.org/10.1016/50022-2836(02)00775-1.



Biology 2023, 12, 79 10 of 11

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Flagmeier, P.; Meisl, G.; Vendruscolo, M.; Knowles, T.P.]J.; Dobson, C.M.; Buell, A K.; Galvagnion, C. Mutations Associated with
Familial Parkinson’s Disease Alter the Initiation and Amplification Steps of a-Synuclein Aggregation. Proc. Natl. Acad. Sci. USA
2016, 113, 10328-10333. https://doi.org/10.1073/pnas.1604645113.

Fallah, M.A.; Gerding, H.R.; Scheibe, C.; Drescher, M.; Karreman, C.; Schildknecht, S.; Leist, M.; Hauser, K. Simultaneous IR-
Spectroscopic Observation of a-Synuclein, Lipids, and Solvent Reveals an Alternative Membrane-Induced Oligomerization
Pathway. ChemBioChem 2017, 18, 2312-2316. https://doi.org/10.1002/CBIC.201700355.

Gautam, S.; Karmakar, S.; Bose, A.; Chowdhury, P.K. 3-Cyclodextrin and Curcumin, a Potent Cocktail for Disaggregating
and/or Inhibiting Amyloids: A Case Study with a-Synuclein. Biochemistry 2014, 53, 4081-4083. https://doi.org/10.1021/bi500642f.
Gautam, S.; Karmakar, S.; Batra, R.; Sharma, P.; Pradhan, P.; Singh, J.; Kundu, B.; Chowdhury, P.K. Polyphenols in Combination
with B-Cyclodextrin Can Inhibit and Disaggregate a-Synuclein Amyloids under Cell Mimicking Conditions: A Promising Ther-
apeutic Alternative. Biochim. Biophys. Acta Proteins Proteom. 2017, 1865, 589—603. https://doi.org/10.1016/j.bbapap.2017.02.014.
Munishkina, L.A.; Phelan, C.; Uversky, V.N.; Fink, A.L. Conformational Behavior and Aggregation of a-Synuclein in Organic
Solvents: Modeling the Effects of Membranes. Biochemistry 2003, 42, 2720-2730. https://doi.org/10.1021/bi027166s.

Altenbach, C.; Flitsch, S.L.; Khorana, H.G.; Hubbell, W.L. Structural Studies on Transmembrane Proteins. 2. Spin Labeling of
Bacteriorhodopsin Mutants at Unique Cysteines. Biochemistry 1989, 28, 7806-7812. https://doi.org/10.1021/bi00445a042.
Hubbell, W.L.; Altenbach, C. Investigation of Structure and Dynamics in Membrane Proteins Using Site-Directed Spin Labeling.
Curr. Opin. Struct. Biol. 1994, 4, 566-573. https://doi.org/10.1016/50959-440x(94)90219-4.

Chen, M.; Margittai, M.; Chen, J.; Langen, R. Investigation of Alpha-Synuclein Fibril Structure by Site-Directed Spin Labeling.
J. Biol. Chem. 2007, 282, 24970-24979. https://doi.org/10.1074/jbc.M700368200.

Der-Sarkissian, A.; Jao, C.C.; Chen, ].; Langen, R. Structural Organization of Alpha-Synuclein Fibrils Studied by Site-Directed
Spin Labeling. J. Biol. Chem. 2003, 278, 37530-37535. https://doi.org/10.1074/jbc.m305266200.

Karyagina, I.; Becker, S.; Giller, K.; Riedel, D.; Jovin, T.M.; Griesinger, C.; Bennati, M. Electron Paramagnetic Resonance Spec-
troscopy Measures the Distance between the External 3-Strands of Folded a-Synuclein in Amyloid Fibrils. Biophys. J. 2011, 101,
L1-L3. https://doi.org/10.1016/j.bp;j.2011.05.052.

Pornsuwan, S.; Giller, K.; Riedel, D.; Becker, S.; Griesinger, C.; Bennati, M. Long-Range Distances in Amyloid Fibrils of a-Synu-
clein from PELDOR Spectroscopy. Angew. Chemie Int. Ed. 2013, 52, 10290-10294. https://doi.org/10.1002/anie.201304747.
Strohéker, T.; Jung, B.C.; Liou, S.-H.; Fernandez, C.O.; Riedel, D.; Becker, S.; Halliday, G.M.; Bennati, M.; Kim, W.S,; Lee, S.-].;
et al. Structural Heterogeneity of a-Synuclein Fibrils Amplified from Patient Brain Extracts. Nat. Commun. 2019, 10, 5535.
https://doi.org/10.1038/541467-019-13564-w.

Zurlo, E.; Kumar, P.; Meisl, G.; Dear, A.].; Mondal, D.; Claessens, M.M.A.E.; Knowles, T.P.J.; Huber, M. In Situ Kinetic Meas-
urements of a-Synuclein Aggregation Reveal Large Population of Short-Lived Oligomers. PLoS ONE 2021, 16, e0245548.
https://doi.org/10.1371/journal.pone.0245548.

Zurlo, E.; Passerini, L.; Kumar, P.; Huber, M. In Situ Continuous Wave Electron Paramagnetic Resonance Investigation of the
Amyloid Aggregation of Parkinson’s Protein Alpha-Synuclein—The Second Spin-Label Position. Appl. Magn. Reson. 2021, 53,
1133-1150. https://doi.org/10.1007/s00723-021-01434-y.

Eaton, S.S.; Eaton, G.R. Rapid-Scan EPR of Nitroxide Spin Labels and Semiquinones. Methods Enzymol. 2015, 563, 3-21.
https://doi.org/10.1016/bs.mie.2015.06.027.

Eaton, G.R.; Eaton, S.S. Advances in Rapid Scan EPR Spectroscopy. Methods Enzymol. 2022, 666, 1-24.
https://doi.org/10.1016/bs.mie.2022.02.013.

Braun, T.S; Stehle, J.; Kacprzak, S.; Carl, P.; Hofer, P.; Subramaniam, V.; Drescher, M. Intracellular Protein-Lipid Interactions
Studied by Rapid-Scan Electron Paramagnetic Resonance Spectroscopy. J. Phys. Chem. Lett. 2021, 12, 2471-2475.
https://doi.org/10.1021/acs.jpclett.0c03583.

Tseitlin, M.; Eaton, S.S.; Eaton, G.R. Uncertainty Analysis for Absorption and First-Derivative EPR Spectra. Concepts Magn.
Reson. Part A 2012, 40A, 295-305. https://doi.org/10.1002/cmr.a.21248.

Cattani, J.; Braun, T.; Drescher, M. Probing Alpha-Synuclein Conformations by Electron Paramagnetic Resonance (EPR) Spec-
troscopy. In Methods in Molecular Biology; Holtzbrinck Springer Nature Publishing Group: New York, NY, USA, 2019; Volume
1948, pp. 247-260.

Eichhoff, U.; Hofer, P. 75 Years of EPR. EPR Milestones in 60 Years Bruker History. Appl. Magn. Reson. 2020, 51, 1723-1737.
https://doi.org/10.1007/s00723-020-01221-1.

Stoll, S.; Schweiger, A. EasySpin, a Comprehensive Software Package for Spectral Simulation and Analysis in EPR. . Magn.
Reson. 2006, 178, 42-55. https://doi.org/10.1016/j.jmr.2005.08.013.

Jakes, R.; Spillantini, M.G.; Goedert, M. Identification of Two Distinct Synucleins from Human Brain. FEBS Lett. 1994, 345, 27—
32. https://doi.org/10.1016/0014-5793(94)00395-5.

Burré, J. The Synaptic Function of-Synuclein. J. Parkinsons. Dis. 2015, 5, 699-713. https://doi.org/10.3233/jpd-150642.

Fusco, G.; De Simone, A.; Gopinath, T.; Vostrikov, V.; Vendruscolo, M.; Dobson, C.M.; Veglia, G. Direct Observation of the
Three Regions in a-Synuclein That Determine Its Membrane-Bound Behaviour. Nat. Commun. 2014, 5, 3827.
https://doi.org/10.1038/ncomms4827.

Tuttle, M.D.; Comellas, G.; Nieuwkoop, A.].; Covell, D.J.; Berthold, D.A.; Kloepper, K.D.; Courtney, ].M.; Kim, ]J.K.; Barclay,
A.M.; Kendall, A.; et al. Solid-State NMR Structure of a Pathogenic Fibril of Full-Length Human a-Synuclein. Nat. Struct. Mol.
Biol. 2016, 23, 409-415. https://doi.org/10.1038/nsmb.3194.



Biology 2023, 12, 79 110f 11

46.

47.

48.

49.

50.

51.

52.

53.

Chakraborty, R.; Chattopadhyay, K. Cryo-Electron Microscopy Uncovers Key Residues within the Core of Alpha-Synuclein
Fibrils. ACS Chem. Neurosci. 2019, 10, 1135-1136. https://doi.org/10.1021/acschemneuro.9b00090.

Guerrero-Ferreira, R.; Taylor, N.M.; Mona, D.; Ringler, P.; Lauer, M.E.; Riek, R.; Britschgi, M.; Stahlberg, H. Cryo-EM Structure
of Alpha-Synuclein Fibrils. Elife 2018, 7, e36402. https://doi.org/10.7554/eLife.36402.

Rodriguez, J.A.; Ivanova, M.L; Sawaya, M.R.; Cascio, D.; Reyes, F.E.; Shi, D.; Sangwan, S.; Guenther, E.L.; Johnson, L.M.; Zhang,
M.; et al. Structure of the Toxic Core of a-Synuclein from Invisible Crystals. Nature 2015, 525, 486—490. https://doi.org/10.1038/na-
ture15368.

Mitchell, D.G.; Quine, R.W.; Tseitlin, M.; Eaton, S.S.; Eaton, G.R. X-Band Rapid-Scan EPR of Nitroxyl Radicals. . Magn. Reson.
2012, 214, 221-226. https://doi.org/10.1016/j.jmr.2011.11.007.

Uversky, V.N.; Oldfield, C.J.; Dunker, A.K. Intrinsically Disordered Proteins in Human Diseases: Introducing the D? Concept.
Annu. Rev. Biophys. 2008, 37, 215-246. https://doi.org/10.1146/annurev.biophys.37.032807.125924.

Snead, D.; Eliezer, D. Alpha-Synuclein Function and Dysfunction on Cellular Membranes. Exp. Neurobiol. 2014, 23, 292-313.
https://doi.org/10.5607/en.2014.23.4.292.

Nemani, V.M.; Lu, W.; Berge, V.; Nakamura, K.; Onoa, B.; Lee, M.K,; Chaudhry, F.A.; Nicoll, R.A.; Edwards, R.H. Increased
Expression of a-Synuclein Reduces Neurotransmitter Release by Inhibiting Synaptic Vesicle Reclustering after Endocytosis.
Neuron 2010, 65, 66-79. https://doi.org/10.1016/j.neuron.2009.12.023.

Murphy, D.D.; Rueter, S.M.; Trojanowski, J.Q.; Lee, V.M.Y. Synucleins Are Developmentally Expressed, and a-Synuclein Reg-
ulates the Size of the Presynaptic Vesicular Pool in Primary Hippocampal Neurons. J. Neurosci. 2000, 20, 3214-3220.
https://doi.org/10.1523/jneurosci.20-09-03214.2000.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



