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Abstract

Influence of epigallocatechin gallate on protein dynamics in oligomeric alpha-synuclein
By Nathaniel Lechtzin

The intrinsically disordered protein, a-synuclein (a-syn) plays a role in neurotransmitter
release in brain neurons, and its dysfunction is associated with debilitating neurodegenerative
disorders, such as Parkinson's disease. Oligomeric forms of a-syn have been identified as
cytotoxic, owing to proposed membrane disruption and permeabilization. The small molecule,
epigallocatechin gallate (EGCG), a polyphenolic compound derived from green tea, has been
shown to bind to oligomeric a-syn, remodel oligomer structure, inhibit membrane
permeabilization, and suppress the dynamics of intrinsically disordered regions within a-syn.
Here, we employ temperature-controlled ice boundary confinement and spin probe (TEMPOL)
electron paramagnetic resonance spectroscopy in frozen solution samples of a-syn in the
presence of varying concentrations of EGCG (molar ratios of 1, 7, 15, 60 and 100, relative to a-
syn) to elucidate the mechanism of action of EGCG. The presence of oligomeric a-syn was
confirmed in our samples by transmission electron microscopy. Simulation of the electron
paramagnetic resonance spectra obtained over the temperature range of 225-265 K reveals two
distinct motional components, identified by relatively long (slow rotation) and short (fast
rotation) TEMPOL rotational correlation times, and corresponding normalized weights. In the
presence of EGCG, the fast component retains the mesophase mobility of a-syn alone,
independent of EGCG concentration over the full temperature range. In contrast, the slow
component mobility decreases for EGCG/a-syn ratios greater than 1:1, at each temperature
value. The fast component dominance (weight=0.8) at high temperatures transitions to slow
component dominance at low temperatures (>0.9). The crossover temperature of equal weights is
shifted to higher temperatures by increasing EGCG concentration. The characteristic thermal
hysteresis, which arises from compaction of the dynamics of the disordered C-terminal domain
of a-syn oligomers is also observed in the presence of EGCG. At high concentrations of EGCG
(100:1, 60:1) and elevated temperatures, a redox reaction leads to TEMPOL radical annihilation.
Together, the results indicate that EGCG associates predominantly with the N-terminal and
central, non-amyloid component of the (3-sheet-structured oligomer core, rather than the
dynamically disordered C-terminal domain, that protrudes from the core. Overall, we find that
EGCG attenuates the dynamics of a-syn oligomers globally, making a-syn more susceptible to
confinement.
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Introduction

1. The a-synuclein protein

The monomeric protein, a-synuclein (a-syn), is an intrinsically disordered protein (IDP)
under physiological conditions in vitro.! a-Syn is localized within the presynaptic nerve axon
terminal (i.e., synaptic bouton), and it plays a hitherto unspecified role in neurotransmitter
release.? Dysfunction of a-syn is associated with Parkinson’s Disease (PD), the second most
common neurodegenerative disease in humans, and several other neurodegenerative disorders
known as synucleinopathies.® a-Syn is comprised of 140 residues (14.5 kDa) and human a-syn
is encoded by the SNCA gene. a-Syn is composed of three distinct regions. The N-terminal
domain (NTD; residues 1-60) consists of repeated 11-residue domains and has a propensity to
form an amphipathic a-helix, promoting interactions with phospholipid membranes.?* The
central region (residues 61-95) is hydrophobic, prone to aggregation, and constitutes the non-
amyloid-# component (NAC) of a-syn.® In the presence of lipid vesicles and phospholipid
membranes, the NTD and NAC take on an a-helical structure, allowing a-syn to bind to the
membrane surface.® Upon association, a-syn can alter the organization and stability of
membranes, and this membrane binding and remodeling is implicated in the physiological role of
a-syn as a modulator of neurotransmitter release.”# Furthermore, a-syn has been reported to
exhibit chaperone activity, assisting in the repeated assembly and disassembly of the soluble N-
ethyl-maleimide-sensitive factor (NSF) attachment protein receptor (SNARE) complex, a
process that is necessary for the repeated release of neurotransmitters.® a-Syn is also associated

with the facilitation and attenuation of synaptic vesicle pooling and recycling.°



The C-terminal domain (CTD; residues 96-140) contains a preponderance of acidic
residues and prolines and is implicated in interactions between a-syn and other proteins, such as
VAMP?2 (vesicle associated membrane protein 2).1! The CTD is an intrinsically disordered
region (IDR), and it remains free and unfolded during membrane binding.*> Monomeric a-syn
has the capacity to aggregate,'3* which leads to the formation of several types of partially
ordered structures, including multimers, liquid-liquid phase separation,*>-*8 oligomers,'® and

fibrils, for all of which the CTD remains dynamic and free.?%-%3s

2. Aggregate forms of a-synuclein

Neurodegenerative conditions associated with a-syn are hallmarked by the accumulation
of excess a-syn, which, in the case of PD and other Lewy Body Diseases (LBD), gives rise to the
buildup of Lewy bodies, intracellular protein aggregates of varying morphologies considered the
defining feature of LBD pathologies.®?* @-Syn is the major component of Lewy bodies in PD.?
a-Syn oligomer size can vary from dimers to dozens of monomers, with significant
heterogeneity in structure depending on solution conditions and methods of preparation.?® For
example, lyophilization is a common approach for generating a-syn samples rich in stable
oligomeric species, yet this preparation method produces a highly polydisperse distribution of
oligomer sizes.?” Oligomers most commonly assume an ellipsoid, disc-like ultrastructure,
consisting of a core with partial secondary structure rich in 8-sheets (predominantly the NAC
and, to a lesser extent, the NTD), surrounded by the dynamic and unstructured CTDs.? a-Syn
also forms fibrils, whose core structure of a-syn fibrils has been resolved by solid-state nuclear
magnetic resonance (NMR) spectroscopy,?* as well as cryogenic electron microscopy (cryo-

EM).?223 The fibril core is composed primarily of parallel g-sheets (NAC) with the NTD and



CTD IDRs protruding outward along the length of the fibril. The structure of the IDRs remains
poorly characterized owing to their disorder and dynamism. Oligomers of a-syn display an
intermediate amount of secondary structure content, with a fraction of §-sheet structure in
between those observed in monomers (i.e., no well-defined secondary structure) and a-syn
fibrils, which contain the greatest amount of 5-sheet structure among the aggregated states of a-
syn.?” The transient nature of a-syn oligomers, on the NMR time scale of microseconds to
milliseconds, as well as the substantial heterogeneity in their size and structure, have hindered

efforts to directly quantify them or describe their structure in detail.?

3. Effects of the polyphenolic antioxidant, (-)-Epigallocatechin gallate (EGCG), on peptide
aggregate structures

(-)-Epigallocatechin gallate (EGCG) is a polyphenol and powerful antioxidant derived
from green tea (Fig. 1). Consistent with the amphipathic nature of the NTD, EGCG displays a
distinct affinity for this region of a-syn, and, generally, each a-syn monomer may bind up to 54
EGCG molecules during oligomerization, whereas pre-formed a-syn oligomers are able to bind
up to approximately 7 molecules of EGCG for each a-syn.?® Phenolic compounds have been
demonstrated to hinder aggregation of a-syn.3° EGCG has been shown to potently inhibit a-syn
aggregation into oligomers, and it promotes disaggregation of existing a-syn oligomers.3!
Additionally, EGCG reportedly reduces a-syn oligomer cytotoxicity by inhibiting the ability of
oligomers to associate with and permeabilize membranes, without significant effects on the
oligomers’ size or secondary structure.®> Contrary to the effects of non-treated oligomers,
oligomers exposed to EGCG are also not reported to reduce mitochondrial activity or induce

production of reactive oxygen species (ROS).3%3 There is also evidence that EGCG redirects the



fibrillation of a-syn, configuring aggregating a-syn monomers into non-toxic, off-pathway
oligomers and restructuring existing fibrils into non-toxic aggregate structures.3>¢ The

neuroprotective and therapeutic potential of EGCG makes it a highly desirable target for further

study.
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Figure 1. Structure of the small molecule, EGCG, with its di-hydroxy and two tri-hydroxy-substituted phenyl
rings; small molecules containing aromatic components with multiple vicinal hydroxyl groups have been

reported to effectively inhibit aggregation of a-syn into oligomers and to disaggregate pre-formed a-syn
oligomers.3!



4. Low-temperature frozen aqueous mesodomain system

In the present study, in vivo intracellular confinement is paralleled by the ice boundary in
frozen agqueous solution. Freezing of aqueous solutions leads to the exclusion of impurities, such
as proteins or solutes, from the encroaching ice front and thus to localization within interstitial
regions of the polycrystalline bulk ice.®” Protein motions are tightly coupled to dynamics of the
surrounding solvent.®83° The present system thus consists of protein in the polycrystalline ice-
bounded, interstitial, aqueous mesodomain, or freeze-concentrated liquid surrounding the
protein.*® The electron paramagnetic resonance (EPR) spin probe, TEMPOL, a small
heterocyclic molecule and stable aminoxyl radical, is also excluded by the ice front and is thus
localized to the solvent domains directly surrounding the protein. For folded, globular proteins,
TEMPOL is localized in a hydration layer most immediately surrounding the protein surface, or
protein-associated domain (PAD), and the solvent mesodomain, the next concentric layer
between the protein surface and the ice boundary. The PAD and mesodomain solvent
components are identified by rotational correlation time (z.; determined from theory-based
simulation of EPR line shape),** which directly reflects the solvent phase mobility and, by
extension, the protein-coupled solvent dynamics.*>#344 TEMPOL can reveal the dynamical
condition of the PAD and mesodomain solvent phases over a window of detectable correlation
times ~101°< 7, < 107" s at a microwave frequency of about 9.5 GHz.*®> The previous EPR
studies of aqueous globular proteins frozen in the presence of cryosolvents, solvents that remain
liquid at low temperatures, have found two distinguishable mobility components that correspond
to distinct solvent phases.*® The slow mobility component is associated with the fraction of

TEMPOL within the PAD, and the fast mobility component is considered to correspond to



TEMPOL in the mesodomain, which envelops the PAD and is externally enclosed by
polycrystalline ice.*? Cryosolvents are generally precluded from the PAD and thus contribute
only to the volume of the mesodomain.*>4” Therefore, no mesodomain layer is observed in the
absence of added cryosolvent such that the PAD is directly bordered by the polycrystalline ice

boundary.*®

5. Spin-probe electron paramagnetic resonance (EPR) spectroscopy

The TEMPOL spin probe is randomly oriented in the EPR samples, with respect to the
external magnetic field. The EPR spectra of TEMPOL arise from the interactions of the
unpaired electron spin (S=1/2) with the external magnetic field (Zeeman interaction; defined by
the g tensor) and the nitroxide *N nuclear spin (I=1) through the hyperfine interaction (defined
by the N hyperfine tensor). The energy level diagram is shown in Fig. 2. The *N hyperfine
interaction is dominant at the X-band microwave frequencies and magnetic fields used in the
reported experiments. The spectral features correspond to electron spin-spin transitions
(Ams=x1/2), and the three-line spectrum arises from the electron spin transitions among the three
14N nuclear spin states, defined by mi=0, £1.#° Figure 3 shows that effect of rotational motion of
the TEMPOL spin probe on the EPR line shape. At higher temperatures, the relatively rapid
rotational motion of the spin probe averages the dipolar hyperfine interaction, which leads to the
clear resolution of three spectral features, which are separated by the isotropic (through-bond
coupling; not orientation-dependent) N hyperfine coupling constant. Slower rotation at lower
temperatures leads to manifestation of the orientation-dependent dipolar hyperfine interaction,
which broadens each m feature. In the rigid limit, corresponding to a rotational correlation time

() of >107" s, the full, anisotropically broadened, or "powder-pattern™ line shape is manifested.



These effects of motion on the TEMPOL line shape are the basis for extraction of = and

component weights, W, by using EPR simulations.*14°
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Figure 2. Energy level diagram for the nitroxide spin probe, TEMPOL. Succession of states,
from left to right: (1) In the absence of a magnetic field, the two spin states of the unpaired

electron (S=1/2) on TEMPOL, ms=%1/2, are degenerate in energy. (2) In the presence of an

external magnetic field, the degeneracy is lifted, and the energy difference between "spin up" and

"spin down" states is equal to the electron Zeeman splitting, AE=ge 5 Bo, where ge is the electron

g-factor, B is the Bohr magneton, and Bo is the external magnetic field magnitude. (3) In

TEMPOL, the unpaired electron spin is coupled to the N nucleus (1=1, mi=0, +1) of the
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nitroxide moiety. The nuclear Zeeman effect leads to the same energy shifts in each electron
spin manifold, and so does not influence observed transition energies. The electron-nuclear, or
hyperfine, interaction between electron and 1N leads to the hyperfine splitting. When the
microwave energy (E=hv; h, Planck’s constant; v, microwave frequency, ~9.5 GHz) matches the
energy level splitting for the electron spin states, electron spin-flip transitions occur, in accord
with the indicated selection rules, with net absorption of energy. At higher temperatures, the
relatively mobile spin probe rotationally averages the electron-nuclear dipolar part of the
hyperfine coupling, and three distinct lines are observed, that are separated by the isotropic
(through-bond) hyperfine coupling. As the temperature is lowered, progressive probe
immobilization leads to the manifestation of the dipolar coupling, and the spectrum broadens,

reaching the rigid-limit line shape when the rotational correlation time is >10" s,
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Figure 3. Representative single-component TEMPOL EPR spectra in the frozen aqueous solution
mesodomain system, showing three general regimes of TEMPOL mobility. Experimental spectra
(black) display the characteristic rigid limit (200 K), intermediate rotational mobility (220 K) and
rapid tumbling (260 K) line shapes. EPR simulations are shown overlaid (red dashed lines). The
correlation times are as follows: 200 K: 7=4.57x108 s; logzn=-7.34; 220 K: 7=3.31x107° s;
log7c=-8.48; 260 K: 7c=1.38x10"1% s; logz=-9.86. The samples included TEMPOL (0.2 mM) in
the frozen solution mesodomain system prepared by using 2% v/v dimethyl sulfoxide, in the
absence of protein. Adapted from (Li et al., 2022, PCCP).
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6. Prologue

Given the incomplete understanding of the physiological function of a-syn, in
conjunction with the significant human cost of its associated pathologies, it is salient to further
clarify the dynamics of a-syn as well as potential avenues for generating therapies for
synucleinopathies. Here, we employ temperature-controlled, ice boundary confinement to
emulate vesicular and protein confinement conditions in vivo, and spin probe electron
paramagnetic resonance (EPR) spectroscopy,*24348 to interrogate the dynamics of a-syn
oligomers in the presence of EGCG. The goal is to characterize the molecular mechanistic
features of the a-syn-EGCG interaction, toward rationalizing the reported therapeutic properties
of EGCG and polyphenolic compound, in general 332 The properties of the a-syn-EGCG
interaction also provide a stringent test of the model for the confinement-resistant dynamics of
a-syn, as previously described.>® The EGCG is varied over the wide EGCG: a-syn molar ratio
range of 1:1 to 100:1. We find that EGCG exerts a selective, concentration-dependent effect on
the slow component of the a-syn dynamics, while the fast component dynamics are not
influenced. Overall, EGCG enhances the confinement of the a-syn oligomers, without

significant effect on the mobility of the dynamically disordered CTD.
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Materials and methods

Preparation of EPR samples

All chemicals were from commercial sources. Oligomeric human a-syn was obtained from
lyophilized powder (rPeptide, Athens, Georgia, US; P/N S-1001-2). The lyophilized powder was
suspended to 1 mg/ml in water (deionized, resistivity 18.2 MW cm), with brief vortex mixing (10-
155). EPR samples contained 0.5 mg/ml of a-syn in 10 mM potassium phosphate buffer (pH 7.4),
with TEMPOL added from freshly prepared stock solution to 0.02 mM. The total sample volume
was 0.3 mL. For samples containing EGCG, EGCG was obtained from amorphous solid powder
(Sigma-Aldrich, St. Louis, MO). The powdered EGCG was dissolved in water to a concentration
of 4 mg/mL. This EGCG stock solution was further diluted for low-[EGCG] samples. EPR samples
contained 0.5 mg/mL ([a-syn] = 34.5 mM), 34.5 mM, 241.5 mM, 517.5 mM, 2.07 M, and 3.45 M
EGCG, respectively (corresponding to molar ratios of 100:1, 60:1, 15:1, 7:1, and 1:1), 0.02 mM
TEMPOL, and 10 mM potassium phosphate buffer (pH 7.4), for a total sample volume of 0.3 mL.
Samples were transferred to EPR tubes (4 mm outer diameter; Wilmad-LabGlass, Buena, NJ, US),
and then frozen by immersion in isopentane at 140 K. EPR samples were stored in liquid nitrogen,

prior to measurements.*°

Continuous-wave (CW) EPR spectroscopy

X-band CW-EPR spectroscopy was performed on a Bruker E500 ElexSys EPR
spectrometer and ER 4123SHQE X-band cavity resonator, with temperature calibration and
control.* The following acquisition parameters were used: microwave frequency, 9.5 GHz;
microwave power, 0.2 m\W; magnetic field modulation, 0.2 mT; modulation frequency, 100 kHz.

Four to eight spectra were averaged at each temperature.
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Transmission electron microscopy

Following EPR measurements, frozen a-syn and a-syn+EGCG samples were thawed and
used for TEM sample preparation. EM grids (thick carbon, 400 mesh, copper grids; Electron
Microscopy Sciences, Hatfield, PA, US) were cleaned by glow discharge. A grid was placed on
top of a 60 pL droplet of each EPR sample for 5 min. The grid was then transferred to the top of a
droplet of 2% uranyl acetate for 1 min. Grids were thoroughly dried before imaging, and images

were obtained using a JEOL JEM-1400 instrument operating at 80 kV.

EPR simulations

Protocols for the simulation of nitroxide EPR spectra in the low-T frozen solution system, using
the program, EasySpin,** and a common set of g and N hyperfine tensor principle values, have
been previously described in detail.*° The correlation times obtained from the simulations are in
excellent agreement with those calculated for known solvent viscosity by using the Debye-Stokes-
Einstein expression (< 2% error for 200 K < T < 260 K).*® The rotational correlation times lie
within the slow (zz —107 s) and rapid (z= —10! s) regimes, that define the bandwidth for CW-

EPR detection of rotational motion at X-band.*®
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Results

1. Temperature dependence of TEMPOL EPR line shape in frozen EGCG solution samples
Figure 4 shows EPR spectra over the full range of 200-265 K of temperatures explored
for aqueous frozen samples of EGCG. The T-varied spectra for EGCG show little dependence on
temperature, with the spectra maintaining the TEMPOL EPR rigid-limit line shape throughout
the temperature range. The spectra were collected first in order of increasing temperature, with
subsequent spectra obtained in the order of decreasing temperature. This rigid-limit line shape is
consistent for both increasing- and decreasing-T measurements (Fig. 4). There is a minute
decrease in derivative amplitude for the decreasing-T measurements, but this decrease is constant

over the temperature range.
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Figure 4. Temperature dependence of TEMPOL EPR line shape in frozen solution containing
only EGCG. Spectra show rigid-limit, immobile TEMPOL EPR line shape for increasing (black)
and decreasing (red) directions of sequential temperature changes over the entire temperature
range. Spectra are normalized to the central peak-to-trough amplitude.
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2. Temperature dependence of TEMPOL EPR line shape in frozen a-Syn solution in the
presence of varying concentrations of EGCG

Figure 5 shows representative EPR spectra from over the range of temperatures, 200-265
K, for samples that include a-Syn only,*® and a-Syn in the presence of five different
concentrations of EGCG. The a-Syn concentration is the same in all samples, and the
concentrations of EGCG correspond to EGCG:a -Syn ratios of 1:1, 7:1, 15:1, 60:1 and 100:1.
The spectra are normalized to the peak-to-trough amplitude of the central feature, and overlaid,
for comparison of the line shapes. The overlaid spectra indicate similar, a relatively immobile
solvent phase, characterized by the TEMPOL rigid-limit line shape, for all EGCG concentrations
at low temperatures, T < 225 K. At 230 K, a second feature emerges at 336 mT for a-Syn only
(Fig. 5, cyan spectra), indicating the emergence of a distinguishable second component. This
feature is also observed for the other samples, with a trend that samples containing increasingly
larger concentrations of EGCG reveal the second component at increasingly higher temperatures.
At higher temperatures, the line shape features of the mobile component are clearly evidenced in
other regions of the spectral window and result in mobile spectra with the characteristic three-
derivative line shape. Notably, Fig. 5 shows that the introduction of a-Syn to the system
produces a distinctly different T-dependence relative to EGCG alone (Fig. 4). At higher
temperatures, none of the a-Syn + EGCG samples maintain the rigid-limit EPR line shape
observed in the EGCG-only spectra (Fig. 4), and they instead progress into a derivative line

shape that narrows at sequentially higher temperatures.
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Figure 5. Temperature dependence of TEMPOL EPR line shape in frozen solution of a-Syn
oligomers with varying concentrations of EGCG. Spectra are given for molar ratios of a-Syn
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only (cyan), 1 EGCG: 1 a-Syn (green), 7 EGCG: 1 a-Syn (magenta), 15 EGCG:1 a-Syn (black),

60 EGCG: 1 a-Syn (dark blue), and 100 EGCG: 1 a-Syn (red). Relatively, spectra show a

gradual reduction in mobility as [EGCG] increases relative to [a-Syn]. Spectra are normalized to

the central peak-to-trough amplitude, and [a-Syn] = 34.5 uM for all samples.
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3. Hysteresis in the Temperature dependence of TEMPOL EPR line shape in frozen a-syn

solution in the presence of varying concentrations of EGCG

TEMPOL EPR spectra of frozen solution samples of oligomeric a-syn in the presence of
varied concentrations of EGCG show a shared progression, over the temperature range of 200 —
265 K, from the broad, rigid-limit line shape to a sharp, derivative line shape, with increasing
temperature (Fig. 6 - 10).The EPR spectra at EGCG:a-Syn values of 1:1, 7:1, and 15:1 also
display a thermal hysteresis in the interval, 235-250 K, dependent upon the direction of T change
(Figure 6, 7, 8). Spectra within the hysteresis T range indicate lower mobility for the spin probe
(broader line shape) when measured for increasing T, relative to the spectra at the same T value,
measured in the direction of decreasing T. This thermal hysteresis was previously observed for
oligomers and fibrils of a-Syn in the absence of EGCG.° There does not appear to be a
significant effect of [EGCG] on the degree of hysteresis observed. For the 100:1 and 60:1
conditions, loss of the TEMPOL spectral amplitude prevented observation of thermal hysteresis

at these concentrations.
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Figure 6. Directional T-dependence of TEMPOL EPR line shape for frozen a-syn solution in the presence of molar
ratio of 1:1 EGCG to a-syn. Spectra show thermal hysteresis between increasing temperature (black) and decreasing
temperature (red) spectra. Spectra are normalized to the central peak-to-trough amplitude.
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Figure 7. Directional T-dependence of TEMPOL EPR line shape for frozen a-syn solution in the presence

of molar ratio of 7:1 EGCG to a-syn. Spectra show thermal hysteresis between increasing temperature
(black) and decreasing temperature (red) spectra. Spectra are normalized to the central peak-to-trough

amplitude.
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Figure 8. Directional T-dependence of TEMPOL EPR line shape for frozen a-syn solution in the presence of molar
ratio of 15:1 EGCG to a-syn. Spectra show thermal hysteresis between increasing temperature (black) and
decreasing temperature (red) spectra. Spectra are normalized to the central peak-to-trough amplitude. Appearance of
noise in the spectra suggests possible loss of TEMPOL radical signal.
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4. Redox reaction at elevated EGCG:a-Syn and T values leads to TEMPOL radical
annihilation

The EPR spectra for EGCG:a-Syn values of 60:1 and 100:1 display a prominent loss of the
TEMPOL spectral amplitude during spectrum acquisition in the high T range (Fig. 9, 10).
During the initial spectrum acquisition, which occurs in the direction of increasing T, from the
base value of 220 K, TEMPOL spectra were obtained with the expected amplitudes. However,
upon commencement of the decreasing T acquisition, starting from 265 K and continuing
through 250 K, the spectra displayed a dramatic decrease in amplitude. The residual amplitude
at 250 K is estimated as ~10% and ~1% for the 60:1 and 100:1 EGCG:a-Syn conditions,
respectively, based on comparison of the signal-to-noise ratios in the central peak-to-trough
normalized spectra. There is some apparent loss of signal amplitude for decreasing-T spectra in
the 15:1 condition, though it is much less pronounced than at higher [EGCG] (Fig. 8). The
quenching of the TEMPOL radical signal does not occur in frozen solution that contains EGCG
in the absence of a-Syn (Fig. 4). Quenching of the TEMPOL EPR signal still occurs, to the same
extent, in anaerobic samples (data not shown). TEMPOL quenching has not been previously
observed for a wide range of proteins and peptides in the frozen solution system (Li et al., PCCP
2022). These results suggest that EGCG undergoes a redox reaction with an amino acid side
chain of a-Syn, that produces a free radical species capable of reducing the TEMPOL radical to

a diamagnetic form.
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Figure 9. Directional T-dependence of TEMPOL EPR line shape for frozen a-syn solution in the presence
of molar ratio of 60:1 EGCG to a-syn. Spectra were obtaining first in the order of increasing temperature
(black), with spectra acquired in the order of decreasing temperature (red) obtained subsequently.
Significant loss of TEMPOL spectral signal amplitude at high T, upon commencement of decreasing
temperature, prevented observation of thermal hysteresis and suggests the formation of a free radical
species.
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Figure 10. Directional T-dependence of TEMPOL EPR line shape for frozen a-syn solution in the
presence of molar ratio of 100:1 EGCG to a-syn. Spectra were obtained first in the order of increasing
temperature (black), with spectra acquired in the order of decreasing temperature (red) obtained
subsequently. Significant loss of TEMPOL spectral signal amplitude at high T, upon commencement of
decreasing temperature, prevented observation of thermal hysteresis and suggests the formation of a free
radical species.
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5. Simulation of the Temperature dependence of the TEMPOL EPR spectra in the presence

of varying concentrations of EGCG

Figures 11 - 15 show the experimental spectra, and overlaid simulations of the EPR
spectra, for the EGCG:a-Syn ratios of 1:1, 7:1, 15:1, 60:1 and 100:1, respectively. The
simulations correspond to the direction of increasing T values, starting from 220 K. The
simulations of the a-syn EPR line shapes reveal two mobility components: relatively slow
(mobility, logz,s; normalized weight, Ws) and fast (log zr, Wr). The weight of the fast
component is dominant in high-T range of T > 255 K. The slow component grows in proportion
as the T is lowered, and becomes dominant below 235 K. At sufficiently low temperatures (T <
220 K), the spectra show a broad, rigid-limit, single-component line shape, and simulations were

not carried out for spectra.
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Figure 11. Temperature dependence of the TEMPOL EPR spectrum (black) in frozen solution of a-
Syn oligomers with molar ratio 1:1 EGCG to a-syn. Spectra were obtained in the direction of
increasing temperature and overlaid with simulated two-component EPR spectra (red, dashed line).
Simulations show good agreement with measured spectra. Simulations were not obtained for rigid-
limit single-component spectra.
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Figure 12. Temperature dependence of the TEMPOL EPR spectrum (black) in frozen solution of a-Syn
oligomers with molar ratio 7:1 EGCG to a-syn. Spectra were obtained in the direction of increasing
temperature and overlaid with simulated two-component EPR spectra (red, dashed line). Simulations show
good agreement with measured spectra. Simulations were not obtained for rigid-limit single-component
spectra.
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Figure 13. Temperature dependence of the TEMPOL EPR spectrum (black) in frozen solution of a-Syn
oligomers with molar ratio 15:1 EGCG to a-syn. Spectra were obtained in the direction of increasing
temperature and overlaid with simulated two-component EPR spectra (red, dashed line). Simulations
show good agreement with measured spectra. Simulations were not obtained for rigid-limit single-
component spectra.
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Figure 14. Temperature dependence of the TEMPOL EPR spectrum (black) in frozen solution of a-Syn
oligomers with molar ratio 60:1 EGCG to a-syn. Spectra were obtained in the direction of increasing
temperature and overlaid with simulated two-component EPR spectra (red, dashed line). Simulations show
good agreement with measured spectra. Simulations were not obtained for rigid-limit single-component
spectra.
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Figure 15. Temperature dependence of the TEMPOL EPR spectrum (black) in frozen solution of a-Syn
oligomers with molar ratio 100:1 EGCG to a-syn. Spectra were obtained in the direction of increasing
temperature and overlaid with simulated two-component EPR spectra (red, dashed line). Simulations
show good agreement with measured spectra. Simulations were not obtained for rigid-limit single-
component spectra.
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6. Temperature dependence of TEMPOL rotational correlation times and normalized

component weights under varying EGCG concentrations.

Figure 16 shows the temperature dependence of TEMPOL rotational correlation times
and normalized mobility component weights for a¢-Syn samples containing varying
concentrations of EGCG. Simulations of the a-Syn®® and a-Syn + EGCG line shapes reveal two
mobility components: a relatively fast component (mobility, log 7 ¢, normalized weight, W),
and a slow component (mobility, log 7. 5, normalized weight, W). The T-dependence follows
the same overall trend for each concentration, with the weight of the slow component dominating
over the low temperature range, and the weight of the fast component becoming dominant as T is
raised (Fig. 16B). The crossover temperature is defined as the temperature at which W; and W
are equal. Above the crossover temperature the weight of the fast component becomes
dominant. Over the range of EGCG concentrations, a trend emerges, such that the weight of the
slow component remains dominant through increasingly higher temperatures as [EGCG] is
increased relative to [a-Syn]. In contrast, the crossover temperature approaches that of a-Syn
oligomers as [EGCG] is lowered (Fig. 16B). Additionally, the slow component becomes
relatively less mobile as [EGCG] is increased relative to [a-Syn], as indicated by the increasing
log 7. ¢ (Fig. 16A). In contrast, the fast components over the entire concentration range follow
approximately the same T-dependence as for a-Syn alone, with log 7 ¢ values for all samples
approximately aligned throughout the range of temperatures (Fig. 16A). At low [EGCG] (1:1 and
7:1), the T-dependence of logz, ¢ is comparable to that of a-syn only (Fig. 12A) as well. A
transition seems to occur between the low [EGCG] conditions and high [EGCG] conditions (60:1

and 100:1) such that the slow component becomes immobilized at higher T in high [EGCG]
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samples. There is also a transition in that the T-dependences of the component weights follow
different trajectories in the high [EGCG] treatment, compared to the low [EGCG] conditions
(Fig. 16B). The component weights for the 15:1 condition display an intermediate T-dependence
between the trajectories of low [EGCG] and high [EGCG]. The greatest [EGCG]-dependent
shifts in crossover temperature occur between a-syn only and 1:1 a-syn:EGCG, and 15:1 to 60:1

a-syn:EGCG (Fig. 16B).
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Figure 16. Temperature dependence of the rotational correlation time of TEMPOL and normalized mobility
component weights of frozen a-Syn solutions containing varying concentrations of EGCG. (A) Log 7.
values for a-Syn only (blue), 1:1 EGCG to a-Syn (green), 7:1 EGCG to a-Syn (cyan), 15:1 EGCG to a-Syn
(black), 60:1 EGCG to a-Syn (magenta), and 100:1 EGCG to a-Syn (red). (B) W (normalized component
weight) values for a-Syn + EGCG samples with same color code as for panel A. In each panel, solid
symbols represent the fast components (Log 7. ¢, Wg), or single components for each concentration, and
open symbols represent the slow components ((Log 7., Ws). The horizontal dashed line in (A) represents
the upper limit for detection of TEMPOL tumbling motion. Error bars represent standard deviations for 3
separate determinations.®® [a-Syn] = 34.5 uM for all samples.
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7. TEM of aqueous a-Syn + EGCG samples.

TEM of oligomeric a-syn EPR samples, which were prepared from a lyophilized powder
and subsequently cryotrapped, reveal a species with an average diameter of 10-20 nm (Fig. 17A).
These smaller structures seem to form aggregates that can reach approximately 100 nm in length.
a-Syn similarly prepared from a lyophilized powder revealed features with comparable sizes

(10-90 nm) and shapes, which were assigned as oligomers.?’

Addition of 100:1 M EGCG shows a species with slightly differing morphology. The
observed species is more circular, with a well-defined boundary (Fig. 17B) compared to
oligomers formed from a-syn only. The species observed in the presence of EGCG is also
slightly smaller, with a mean diameter of 10-15 nm (Fig. 17B). This species also appears to form
aggregates, though these larger features reach only about 50 nm in length, and their components

largely retain the punctate circular structures of their non-aggregated form.
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Figure 17. Transmission electron micrographs of oligomeric a-syn from EPR samples. (A) a-syn
oligomers only; and (B) a-syn oligomers in presence of 100:1 molar ratio of EGCG to a-syn. Scale
bar, 100 nm.
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Discussion
1. Confirmation of oligomeric a-syn by TEM

Our preparatory method of cryotrapping, and our observed TEM features (Fig. 17A) for
a-syn in the absence of EGCG (Whitcomb & Warncke, 2023), are in agreement with those of
lyophilized samples of oligomeric a-syn which have been structurally characterized by cryo-
EM.?" Therefore, the aggregate species observed in our EPR samples are a-syn oligomers.
Preliminary findings from TEM of a-syn in the presence of a 100:1 ratio of EGCG show smaller,
punctate oligomers, that are characteristic of a-syn in the presence of high concentrations of
EGCG.?° Preliminary TEM of a-syn in the presence of varying concentrations of EGCG (not
shown) suggest that the oligomer morphology at low ratios of EGCG to a-syn (0.6:1, 6:1)
closely resembles a-syn oligomers in the absence of EGCG. These results suggest that there is a
transition in global EGCG-oligomer interactions between the low EGCG/a-syn ratios (1:1, 7:1,

15:1) and the high ratios (60:1, 100:1) that are examined here.

2. Analysis of temperature dependence of TEMPOL EPR line shape in frozen EGCG

solution sample

EPR spectra of TEMPOL in frozen solution containing EGCG over the temperature range
200 — 265 K show a persistent, rigid-limit, broad line shape (Fig. 4). There is thus no
distinguishable second mobility component. The EPR spectrum is not broadened or distorted, as
observed when TEMPOL is frozen in aqueous solution in the absence of a glass-forming,

aqueous-cryosolvent.*? These findings suggest EGCG forms a glassy interstitial phase in frozen
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aqueous solution, effectively sequestering and immobilizing TEMPOL. Such a result is
consistent with the reported glass transition temperature (T,) of EGCG, which lies well above the
temperature range of our experiments; for solid amorphous EGCG prepared by lyophilization of
pure agqueous solution, T, was found to be 163°C (436 K).>? It is therefore likely that the freeze-
concentrated EGCG in our system forms an immobile, glass-like phase over the experimental

temperature range.

3. Concentration-dependent effects of EGCG on temperature dependence of TEMPOL

EPR line shape in frozen aqueous a-syn solutions

The temperature dependence of the TEMPOL EPR line shape in frozen aqueous a-syn
solutions is modulated in a concentration dependent manner by EGCG. That is, features of the
TEMPOL line shape vary for a given temperature, depending on the concentration of EGCG
present. The first of these concentration-dependent features is the persistence of the low-
temperature, rigid-limit mobility component as the temperature is raised to higher values.
Compared to the rigid-limit spectra of EGCG-only (Fig. 4), the a-syn-containing samples
consistently show a shift from rigid-limit TEMPOL line shape to a tri-derivative line shape as
temperature is increased (Fig. 5). However, for increasingly higher concentrations of EGCG, the
characteristic low-field peak of the broad, rigid-limit TEMPOL line shape does persist to higher
temperatures. For molar ratios of 1:60 and 1:100 a-syn to EGCG, this low-field peak persists

clearly up to 255 K and 260 K, respectively, whereas this feature disappears for T > 230 K for a-
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syn alone and T > 235 K for a 1:1 molar ratio (Fig. 5). Andersen et al. reported binding of EGCG
occurred at a ratio of approximately 54:1 EGCG per a-syn in EGCG-induced oligomers and ~7:1
EGCG per a-syn when added to preformed oligomers.?® Thus, at molar ratios greater than 54:1
EGCG:a-syn, some EGCG should be free in solution. We observed that EPR measurements of
TEMPOL for EGCG-only in the ice-confined mesodomain system produces consistent broad,
rigid-limit spectra. If the free EGCG in solution is unperturbed by or sequestered from a-syn, it
should still produce this EPR line shape. It is unsurprising then that a rigid, immobile component

is more pronounced and persists to higher temperatures for higher [EGCG] samples.

The EPR spectra of TEMPOL in frozen aqueous oligomeric a-syn solution samples in
the presence of varied EGCG concentrations show an [EGCG]-dependent gradient of mobilities.
Temperatures in the middle of our experimental range (235 K < T <240 K) clearly illustrate the
heterogeneity in protein-coupled solvent mobility, depending on [EGCG] (Fig. 5). Beyond the
persistence of an immobile slow component, increasing [EGCG] corresponds to reduced
TEMPOL mobility, which is reflected in the stepwise broadening of the low-field features of the
TEMPOL derivative line shape with increasingly concentrated EGCG (Fig. 5). From inspection,
this trend holds for all concentrations of EGCG tested, and thus, EGCG exhibits an attenuating
effect on a-syn mobility even at a 1:1 ratio. Calcein release assays have demonstrated that
EGCG inhibits the ability of a-syn oligomers to permeabilize membranes in dose-response
fashion, with an observed effect at a 1:1 ratio.®> Additionally, the NTD of a-syn is reportedly
crucial for membrane association and permeabilization,>? a highly dynamic NTD is associated
with increased cytotoxicity and membrane permeabilization,®® and EGCG has been shown to

stabilize and reduce the mobility of the NTD in a-syn oligomers,?° particularly residues 5-17.18
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Our findings are thus consistent with these data, indicating that EGCG attenuates a-syn

dynamics, purportedly by association with and stabilization of the NTD and NAC regions.

4. Redox reaction of EGCG and a-syn leads to TEMPOL radical annihilation

Interestingly, EGCG concentration also appears to affect the EPR spectral amplitude of
TEMPOL. As temperature is increased, the TEMPOL EPR signal begins to degrade, yet this
phenomenon is most pronounced in samples containing high [EGCG], such as the 100:1 and
60:1 samples (Fig. 9, 10) and is not as apparent in low [EGCG] samples, such as the 1:1 sample
(Fig. 6). Thus, an increasing diminishment of TEMPOL EPR signal is correlated with increasing
[EGCG]. EGCG is a known radical scavenger and antioxidant,®* so it is plausible that EGCG
could eradicate the unpaired spin of TEMPOL via a redox mechanism. However, this marked
reduction in TEMPOL EPR signal is not observed for EGCG-only samples, indicating that
EGCG alone is not responsible for the loss of signal amplitude. The same loss of TEMPOL EPR
signal occurs under anaerobic conditions (data not shown), which indicates that dioxygen, and
derived superoxo- or peroxyl radical species, are not involved. Annihilation of the TEMPOL
unpaired electron by a free radical species may provide an explanation for this signal
degradation. Taken together, these findings suggest that a redox reaction takes places between a-
syn and EGCG, producing a free radical species capable of annihilating the nitroxide radical of
TEMPOL. Grgnnemose et al. (2022) reported slight oxidation of a-syn oligomers treated with
EGCG but saw substantial oxidation of oligomers formed in the presence of EGCG.* Thus,
saturating oligomeric a-syn solution samples, which inevitably includes some monomeric
protein, could plausibly produce a redox reaction by which EGCG oxidizes a-syn. Previous

studies employing hydrogen-deuterium exchange mass spectroscopy,*® and water-saturation
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transfer difference heteronuclear single-quantum coherence experiments, reported EGCG
reduces solvent exposure, exerting a protective, stabilizing effect, in oligomeric a-syn and AB40.
Yet this protective effect was abrogated in EGCG-induced a-syn oligomers for which Met
residues within the NTD were oxidized.'® The TEMPOL annihilation may thus arise from EGCG

reaction with one or more of the four Met residues in a-syn, to produce a free radical species.

5. Analysis of temperature dependence of TEMPOL rotational correlation times and

normalized component weights under varying EGCG concentrations

Temperature dependence of the simulation parameters, 7. and W, in the presence of
varied [EGCG] reflects the concentration-dependent effects on TEMPOL line shape (Fig. 16).
The use of simulation parameters allows for these effects to be quantified, relative to the analysis
of the EPR line shapes (Fig. 5, 11-15). Notably, 7. ¢ is comparable across the entire range of
[EGCG] studied, which indicates that a fraction of the mesophase retains the native dynamical
character and fluidity of a-syn in the mesodomain system, independent of [EGCG]. It is
therefore most likely that, on the time scales of our experiment, EGCG associates most with the
less mobile, NTD/NAC “core” of the oligomers, and the highly mobile IDRs retain their
dynamics. Our findings are consistent with this scenario and are similarly corroborated by
reports that EGCG immobilizes the NTD on a time scale of ~2 hrs. and immobilizes the CTD on

a time scale of several days.?®

Comparatively, the [EGCG] dependence is observed only in the slow component

rotational mobilities, 7. (Fig. 16A). The slow components corroborate the gradient of mobilities
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and dose-response relationship between [EGCG] and rotational mobility observed directly from
the overlaid spectra in Fig. 5 such that the T-dependence curves for the slow component at each
concentration approach that of a-syn-only as [EGCG] goes to 0. At low [EGCG] (1:1 and 7:1),
the T-dependence of logz, s is comparable to that of a-syn-only (Fig. 16A). The t. ¢ values for
varied EGCG concentrations also support the notion of a persistent, immobile component as they
reach the rigid limit for detection (7, > 10" s) at increasingly higher temperatures as [EGCG] is
increased. These slow components become mobile at sufficiently high temperatures, which
suggests that the PAD-like component is not sequestered from a-syn, as this would produce the

characteristic rigid-limit EPR spectra of EGCG-only.

Fig. 16B reveals [EGCG] dependent effects on the T-dependence of the normalized
mobility component weights. In general, increasing [EGCG] leads to a relative increase in the
proportion of the slow component at a given temperature. The less mobile, PAD-like slow
component is associated with increased confinement compared to the fast component mesophase.
Thus, addition of EGCG does increase confinement within the system in a concentration

dependent manner.
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6. Analysis of directional temperature dependence and thermal hysteresis of the TEMPOL
EPR spectrum for frozen a-syn solution in the presence of varying concentrations of

EGCG

Thermal hysteresis was observed between EPR spectra of TEMPOL in frozen oligomeric
a-syn solution samples in the presence of varied [EGCG], obtained for increasing T and
decreasing T, respectively. For these samples, the EPR spectra at each T value, and therefore the
hysteresis, are independent of sample holding time.>® This thermal hysteresis has not been
observed in previous spin probe studies of soluble globular, IDR-containing, and IDP classes of
proteins in the frozen aqueous solution system.*® Our results show that EGCG preserves this

hallmark feature of the T-dependent dynamics of a-syn.

The dynamics and, by extension, the thermal hysteresis of oligomeric a-syn in the frozen
spin probe mesodomain system have been previously explained with a model put forth by
Whitcomb and Warncke.*® Consideration of the structures of aggregated a-syn species is crucial
for the application of this model. Specifically, oligomers of different size and conformation have
a common NTD/NAC core with the disordered CTD (and some NTD) surrounding and
extending outward from this core.?® In the model, the disordered CTD is principally responsible
for the enhanced, cryosolvent-like, solvent dynamics surrounding a-syn compared to folded
globular proteins, as it disrupts protein and aqueous solvent structure in the neighborhood of the

CTD. At high T, Wt is dominant for a-syn alone, suggesting the majority of TEMPOL is
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localized within a fluid mesophase created by the disordered solvent region created by the CTD.
Decreasing temperature results in the encroachment of the polycrystalline ice boundary, which
exerts confinement on the IDRs surrounding the oligomer core. As this ice boundary closes in,
the CTD is packed tightly against other CTDs and the NTD/NAC core domain, excluding
TEMPOL and water that had previously inhabited the disordered, fluid, solvent region around
the CTD. The excluded water crystalizes along the existing ice boundary, contributing to the
growing dominance of the slow mobility component as T decreases. At sufficiently low
temperatures, the CTD becomes ordered and relatively immobile as a result of ice confinement.
As T is increased, the tightly packed CTD is less able to disrupt the structure of the surrounding
solvent, so the previously excluded water resists melting, which in turn produces more
confinement and less mobility at higher temperatures. Thus, thermal hysteresis is observed for

aggregated species of a-syn.
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Figure 18. Model for EGCG enhancement of confinement susceptibility in oligomeric a-syn.
(A) Schematic representations of EPR system components including TEMPOL in slow and fast
rotational mobility conditions, EGCG, and a-syn monomers and dimers. Mobility of the IDR
regions is depicted in grey-scale; low to high mobility corresponds to dark to light. (B)
Schematic representation of T-dependent confinement of oligomeric a-syn in the presence of 1:1
EGCG. Dimers are depicted from above, as in a cross-section of a fibril-like oligomer. Water ice
surrounds and confines each dimer structure, transverse (approximately, in plane of the page) to
the oligomer NTD/NAC axis (perpendicular to page). In the absence of EGCG, at T>250 K,
the IDRs of the oligomer create a fluid mesophase; addition of EGCG and subsequent
association with the NTD/NAC core of the oligomer contributes to the confinement
(compression) of this IDR-mesophase and increases the relative volume of the PAD-like slow
mobility phase; decreasing temperature leads to greater confinement by the ice boundary, further
packing together the IDRs and diminishing the mesophase volume. Overall, EGCG increases the
confinement experienced by oligomeric a-syn at all temperatures without significant effect on

the dynamics of the IDR-mesophase.

7. Summary and Conclusions

This study aimed to characterize the dynamics of oligomeric a-syn in the presence of
EGCG by utilizing spin probe EPR. The rigid-limit spectra of TEMPOL show that EGCG alone
in frozen solution remains solid and immobile throughout the temperature range 200 K < T <265

K. However, the frozen solution samples show TEMPOL mobility, and therefore a fluid phase,
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upon inclusion of a-syn. Consistent with mass spectroscopy,® and confocal fluorescence
microscopy measurements,*? our findings indicate that EGCG exerts a concentration dependent
effect, further attenuating the mobility of a-syn in solution at increasingly higher concentrations.
These effects were observed even at equimolar EGCG and a-syn (1:1) conditions. Notably, the
reduction in a-syn dynamics is reflected only in the rotational mobility of the slow, PAD-like,
motional component. EPR spectra of frozen solutions of a-syn and EGCG reveal that the
interactions of a-syn with EGCG produce a reactive species capable of eradicating TEMPOL
radical signal at elevated temperature, elevated [EGCG], conditions, though these effects were
not pronounced at near equimolar conditions or for EGCG alone. EPR spectra of TEMPOL in
aqueous a-syn+EGCG solution samples display a thermal hysteresis between spectra acquired

for increasing T and spectra obtained for decreasing T.

The interactions of EGCG and a-syn can be understood in the context of the model for
confinement-resistant dynamics of a-syn proposed by Whitcomb and Warncke.>® Examining the
equimolar EGCG/a-syn condition, EGCG has a substantial effect on the temperature dependence
of the component weights (Fig. 16, Wy, W,). EGCG addition shifts the temperature at
"crossover"” of the W, W; curves by approximately +10 K. EGCG at 7:1 and 15:1 ratio causes
further, small increments in the crossover temperature. Over this low range of EGCG: a-syn,
there is trend of increasing, s, but no change in z+. Thus, EGCG appears to affect system
dynamics predominantly through modulation of the slow mobility solvent phase volume. That is,
EGCG produces an increase in W, and compensating decrease in W, at each T value, with subtle
effect on 7. ; and no effect on 7. ;. Inclusion of EGCG in the frozen mesodomain system thus
makes the a-syn oligomers more susceptible to the ice boundary confinement, by binding in the

NTD/NAC region, and creating an augmenting, local confinement. These results suggest that
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EGCG acts through enhancing confinement, and the overall dynamics of the oligomer. This
effect is global, because the increased confinement is coupled to the degree of packing of the
CTD. The cumulative effect of this increased confinement is a reduction of W; for each
temperature, and EPR spectra become rigid at higher T values with increasing [EGCG]. Thermal
hysteresis is observed in a-syn oligomers in the presence of EGCG, and this is explained by the
interaction of EGCG in the NTD/NAC domain. These effects of EGCG on a-syn in the 1:1 to
15:1 stoichiometry range suggest that confinement of oligomers in appressed membrane regions
in vivo reduces the protein dynamics, that are the basis for the destructive dysfunction of
membrane disruption and penetration. The TEM and EPR spin probe results indicate that the
higher EGCG/a-syn ratios of 60:1 and 100:1 represent a different regime, where excess EGCG
may form the glassy phase (observed in the EGCG-only sample) that surrounds and compactifies

oligomers.

The intrinsically disordered protein, a-syn, is thought to play a role in neurotransmitter
release and its dysfunction is associated with multiple debilitating neurodegenerative disorders.
a-Syn exists in monomeric and several aggregate forms; oligomers of a-syn have been shown to
have particularly high cytotoxicity whilst simultaneously retaining highly dynamic IDRs, making
further study of their dynamical properties paramount. Our findings implicate EGCG and other
polyphenolic small molecules as avenues for synthesizing therapies for synucleinopathies, as
stabilization and immobilization of a-syn is associated with reduced cytotoxicity and ability to
permeabilize membranes.?®3? Additionally, these findings offer clarity as to how EGCG interacts
with a-syn in a concentration-dependent fashion and makes the confinement-resistant CTD more
prone to confinement. Further, these findings are aligned with the proposed model®*® for

characterizing the dynamical properties of oligomeric a-syn.
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