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1 | INTRODUCTION

Claudio Oscar Fernandez?® |

Markus Zweckstetter '

Abstract

Parkinson's disease can manifest either as a sporadic form, which is common,
or as an inherited autosomal dominant trait resulting from missense muta-
tions. Recently, the novel a-synuclein variant V15A was identified in two Cau-
casian and two Japanese families with Parkinson's disease. Using a
combination of NMR spectroscopy, membrane binding assays and aggregation
assays we show that the V15A mutation does not strongly perturb the confor-
mational ensemble of monomeric a-synuclein in solution, but weakens its
affinity for membranes. Attenuated membrane binding raises the concentra-
tion of the aggregation-prone disordered a-synuclein in solution, allowing only
the V15A variant but not wild-type a-synuclein to form amyloid fibrils in the
presence of liposomes. These findings, together with earlier research on other
missense mutations of a-synuclein, suggest that maintaining a balance
between membrane-bound and free aggregation-competent a-synuclein is criti-
cal in a-synucleinopathies.
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exact function of aSyn remains unclear, it is widely
acknowledged that it has a presynaptic location where it

Parkinson's disease (PD), the second most prevalent
neurodegenerative disorder, is characterized by the loss
of neurons in the substantia nigra and the accumulation
of intracellular inclusions of a-synuclein («Syn), the pri-
mary component of Lewy bodies (Poewe et al., 2017,
Spillantini et al., 1997). While PD typically occurs spo-
radically, it can also be inherited as an autosomal domi-
nant trait due to missense mutations. Although the

is linked with synaptic vesicles (Burré et al., 2010). Fur-
thermore, aSyn can promote the binding of SNARE
complexes to phospholipids via its N-terminus
(Maroteaux et al., 1988). When aSyn binds to lipid mem-
branes, its structure shifts from a random coil to an
a-helix (Davidson et al., 1998). In contrast, aSyn is
found as p-structure containing amyloid fibrils within
Lewy bodies (Uéda et al., 1993).
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To date, nine potentially pathogenic variants of aSyn
associated with familial PD have been identified. This
includes the well-studied A30P (Kriiger et al.,, 1998),
E46K (Zarranz et al., 2004) and A53T (Polymeropoulos
et al.,, 1997) variants, as well as A30G (Liu et al., 2021),
H50Q (Appel-Cresswell et al., 2013), G51D (Appel-
Cresswell et al., 2013; Lesage et al., 2013), A53E (Pasanen
et al., 2014), and A53V (Chen et al., 2020). In 2020, the
novel aSyn variant V15A was found in two Caucasian
families with PD. (Minafra et al., 2020) Subsequently, the
V15A mutation was identified in three affected individ-
uals from two independent Japanese PD families with
typical parkinsonism (Daida et al., 2022), suggesting a
potential pathogenic role of the V15A oSyn variant. Ini-
tial biochemical and aggregation experiments pointed to
reduced affinity for phospholipids and increased fibril
elongation activity for V15A aSyn when compared with
the wild-type (WT) protein (Daida et al., 2022). However,
single-residue resolution information about the impact of
the V15A mutation on the conformational ensemble of
aSyn, its membrane-binding and fibrillization in the pres-
ence of liposomes is unknown.

2 | RESULTS AND DISCUSSION

The structural features of the monomeric aSyn WT and
V15A protein were investigated by NMR spectroscopy
and circular dichroism (CD). We examined the structural
changes between the two proteins in aqueous solution by
overlaying two-dimensional NMR 'H/'’N-correlation
spectra. Both spectra displayed very similar amide group
chemical shifts (Figure Sla) where most of the peaks
overlapped except for the peaks corresponding to resi-
dues surrounding the mutation site (Figure S1b). This is
consistent with the results from CD, where both spectra
show a minimum at 198 nm, which is characteristic for
random coil structure (Figure S1c). Residue-specific anal-
ysis of the secondary structure propensity of V1I5A aSyn
via C® secondary chemical shifts showed small perturba-
tions close to the mutation site (Figure S1d). The data
show that the VI15A mutation does not strongly perturb
the conformational ensemble of monomeric aSyn in
solution.

Next, we investigated the effect of the V15A mutation
on aSyn lipid interaction, by preparing liposomes from a
mixture of DOPE:DOPS:DOPC (5:3:2 w/w). Dynamic
light scattering showed that the size of the liposomes
remained largely unaffected in the presence of oaSyn
(Figure S2a). NMR spectroscopy was then used to exam-
ine the effect of the mutation on aSyn's membrane bind-
ing ability in a residue-specific manner. We monitored
the "H/" N signals in the presence of increasing liposome

concentrations (Figure S2b). Both proteins showed a sim-
ilar binding profile (Figure S2c), with the 100 N-terminal
residues experiencing an intensity decrease upon bind-
ing. However, this decrease in intensity was considerably
less for the mutant. We also observed that the most
liposome-perturbed protein region comprises the
N-terminus from residues 1 to 25, which acts as a mem-
brane anchor in aSyn (Bodner et al., 2009; Fusco
etal., 2014).

It is known that aSyn adopts a-helical conformation
upon interaction with membranes. We therefore also
used CD to compare the ability of both proteins to form
a-helical structure in the presence of increasing liposome
amounts. The CD-based binding studies showed that the
V15A aSyn variant displays a lower propensity to fold
into a-helical structure in the presence of the liposomes
(Figure S2d). Together with the observed decrease in
NMR signal broadening, the data show that the V15A
aSyn variant has a lower membrane affinity when com-
pared with the wild-type protein.

A decrease in membrane affinity by the V1I5A muta-
tion is consistent with the location of V15 in the helical
structure of aSyn predicted by AlphaFold2 (Figure S2e,
left). In the AlphaFold2-predicted o-helix, the three
hydrophobic residues F4, V15, and V26 are located on
the same side of the helix with its side chains pointing
into a similar direction. When aSyn is bound to a mem-
brane, these side chains are likely to insert into the
hydrophobic environment of the lipid bilayer and thus
anchor aSyn to the membrane. Consistent with this
hypothesis, the artificial F4A mutation attenuates aSyn
membrane binding (Lokappa et al., 2014), and evidence
by continuous-wave EPR shows all the lipid-facing resi-
dues are generally hydrophobic (Jao et al., 2008). When
V15 is replaced by alanine, one of the three hydrophobic
membrane anchors is lost. In addition, less intramolecu-
lar interactions might be formed (Figure S2e, right),
which could further contribute to the decreased mem-
brane binding of the V15A aSyn variant.

We next asked whether the decreased membrane
affinity of V15A aSyn, triggers aSyn aggregation in the
presence of a membrane, that is, in a situation possibly
mimicking the pre-synaptic localization of aSyn. To this
end, we first characterized aSyn fibrillization kinetics
without liposomes (Figure 1a, left). In agreement with
previous results (Daida et al., 2022), the kinetic parame-
ters of fibrillization were very similar for WT and V15A
aSyn, with potentially a slight delay in aggregation of
V15A aSyn (Figure 1c). Electron microscopy and CD
demonstrated the formation of f-structure containing
amyloid fibrils (Figure 1b,d). However, when we incu-
bated the proteins in the presence of liposomes (protein:
lipid molar ratio 1:200), the situation drastically changed.
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FIGURE 1 VI15A mutation facilitates aSyn aggregation in the presence of liposomes. (a) Fibrillization kinetics of aSyn WT (blue) and
V15A (red) in solution (left), and in the presence of liposomes (right; WT/green and V15A/purple) measured by ThT fluorescence. Each
curve represents the average of the group, error bars indicate std. (b) Electron micrographs of WT and V15A aSyn after aggregation in the
absence (left) or presence of liposomes (right). Scale bar, 200 nm. Insets show zoomed fibril views. (c) Parameters describing the kinetics of
aSyn aggregation in the absence (blue/WT, red/V15A) or presence of liposomes (green/WT, purple/V15A). T, is the half-time of
aggregation, span is the difference in fluorescence intensity at the start (bottom) and end of aggregation (top). Statistical analysis was
conducted using ¢ student test: (p < 0.05) and non-significant (ns), significant (*0.0109), (**0.005), (***0.0009), (****<0.0001). (d) CD spectra
(left) of samples taken from the aggregation assay in (a) at the incubation end (left). (right) CD spectrum of V15A aSyn in the presence of
liposomes (purple) compared with a calculated curve (light blue) as a sum of 30% a-helix and 70% beta-sheet. (e) Cryo-EM structure of
multiple system atrophy Type I aSyn filament (PDB id: 6XYO) (Schweighauser et al., 2020). V15 is highlighted in green.

While the ThT signal of the V15A mutant started to rise
after ~50 h, WT oSyn did not aggregate during the maxi-
mum time of incubation (150 h; Figure 1a, right). Elec-
tron microscopy confirmed the presence of fibril-like
structures, together with liposomes, in the V15A aSyn
sample, but not for WT aSyn (Figure 1b, right). The
impaired ability of WT aSyn to form fibrils in the pres-
ence of liposomes is likely because the concentration of
free aSyn monomer, that is, not bound to liposomes, is
too low to trigger fibrillization during the incubation
period. On the other, the decreased membrane affinity of
the V15A variant of aSyn results in an increase in free
aSyn monomer concentration exceeding the critical con-
centration for fibrillization.

The ThT intensity of VI5A aSyn aggregated in the
presence of liposomes was significantly smaller than in
the absence of liposomes (Figure 1la,c). This might be
for a number of reasons including a lower fibril yield, a

different fibril structure or the partitioning of ThT into
liposomes. Analysis of the CD spectrum of the VI15A
aSyn sample, which was aggregated in the presence of
liposomes, suggested ~70% 8$-structure and ~ 30%
a-helical content, indicating that a large fraction of
V15A aSyn was converted into amyloid fibrils. Regard-
ing the structure of V15A aSyn fibrils in the presence
of liposomes, this is difficult to assess from the electron
micrographs due to the close association of the fibrils
with the liposomes (Figure 1b, right). Notably, the
fibrils of V15A oSyn formed in the absence of lipo-
somes appeared less twisted then those of WT aSyn
(Figure 1b, left). This change in structure might arise
from a loss of a stabilizing interaction of the side chain
of V15, which is present at the N-terminal end of the
resolved cryo-EM structure of multiple system atrophy
Type I oSyn fibrils (Schweighauser et al., 2020)
(Figure 1e).
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3 | DISCUSSION

The fact that all presently identified disease-linked muta-
tions of aSyn appear in its membrane binding domain
supports a critical contribution of aSyn/membrane inter-
actions in a-synucleinopathies. Nevertheless, the degree
to which each disease-associated mutation impacts mem-
brane binding can vary. For example, the A30P aSyn var-
iant shows decreased membrane binding because of
reduced helix propensity (Fusco et al, 2016; Jo
et al., 2002). In contrast, the E46K aSyn variant may have
stronger membrane affinity since the negative glutamate
is replaced with a positive lysine resulting in enhanced
electrostatic interactions with negatively charged
membranes (Choi et al., 2004). In case of the V15A oSyn
variant, which has thus far been identified in four PD-
affected families (Daida et al., 2022; Minafra et al., 2020),
we observed decreased membrane binding affinity,
despite the higher helix propensity of alanine as com-
pared with valine. Structural modeling using AlphaFold2
suggested that the hydrophobic side chain of V15,
together with the hydrophobic side chains of F4 and V26,
is important for anchoring the a-helix of aSyn to mem-
branes (Figure S2). The replacement of V15 with alanine
therefore results in a decrease in membrane binding.

In neurons, a delicate balance likely exists between
membrane-bound and freely diffusible aSyn, with the distri-
bution of protein between the two states being finely tuned
(Runwal & Edwards, 2021). Our analysis reveals that the
V15A mutation of aSyn alters this balance by shifting the
distribution from membrane-bound to free disordered pro-
tein (Figure S2). As demonstrated in our aggregation experi-
ments (Figure 1), this shift can significantly impact aSyn
aggregation, given the strong dependence of aggregation on
protein concentration. This proposed mechanism may also
be relevant for the aggregation of wild-type (WT) aSyn in
sporadic PD. While the concentration of free aSyn may be
too low in young individuals to generate aSyn inclusions,
the gradual increase of free, aggregation-prone aSyn con-
centration at older ages (e.g., due to neuronal aging) could
lead to the development of pathogenic aSyn inclusions.

4 | MATERIALS AND METHODS

41 | Protein preparation

Protein expression and purification of human oSyn was
performed as previously described (Hoyer et al., 2002).
V15A oSyn was generated by site directed mutagenesis
(QuikChange, Agilent). For the production of uniformly
*N-labeled samples, M9 minimal medium was used, sup-
plemented with '"NH,Cl (Sigma Aldrich). Finally,

proteins were dialyzed against the Nuclear Magnetic Res-
onance (NMR) buffer containing 100 mM NaCl, 50 mM
HEPES, 0.02% NaNj3, pH 7.4.

4.2 | Liposome preparation

2.5 mg of 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE): 1.5mg of 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine (DOPS): 1mg of 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) 5:3:2 w/w (Avanti Polar Lipids)
were prepared by drying a mixture of the different lipids
dissolved in chloroform under a stream of N, gas, lyophi-
lized overnight and resuspended in 500 ml of HEPES
buffer (50 mM HEPES, 100 mM NaCl, pH 7.4, 0.02%
NaN3) to reach a final concentration of 15 mM. The result-
ing turbid sample was sonicated in a water bath until
transparent (10 times 1 min with 3 min break). The size of
the resulting liposomes (diameter of ~100 nm) was deter-
mined by dynamic light scattering using a DynaPro
NanoStar instrument (Wyatt Technologies Corporation).

43 | NMR spectroscopy

NMR experiments were measured on a Bruker 700 MHz
spectrometer equipped with a 5mm triple-resonance,
pulsed-field z-gradient cryoprobe using two-dimensional
'H,°N heteronuclear single quantum coherence (HSQC)
(Bodenhausen & Ruben, 1980) for liposome titration, as
well as 'H,'>C heteronuclear single quantum coherence
(HSQC) pulse sequences for monomer characterization at
15°C. All experiments were performed in HEPES buffer
(50 mM HEPES, 100 mM NacCl, pH 7.4, 0.02% NaN3) with
10% (v/v) D,O. The sample concentration for natural
abundance 'H,">C-HSQC experiments was 100 uM for
both WT and V15A aSyn. For the liposome titration exper-
iments, the protein concentration was decreased to 40 pM
and individual samples prepared using a 15 mM liposome
stock. Spectra were processed with TopSpin 3.6.1 (Bruker)
and analyzed using Sparky 3.13 (T. D. Goddard and D. G.
Kneller, SPARKY 3, University of California, San Fran-
cisco). The combined 'H/"°N chemical shift perturbation
was calculated according to (Br)*+ (5n/10)H)/2)V2.

44 | Aggregation assay

The aggregation assay was performed on a TECAN Spark
20 M reader at 37°C with cycles consisting of 1 min shaking
intervals followed by 10 min rest intervals over approxi-
mately 6.2 days (linear shaking amplitude: 6 mm, shaking
frequency: 54 rpm). The Thioflavin T (ThT) fluorescence was
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measured once every cycle for each well from the top (excita-
tion wavelength: 440 nm, excitation bandwidth: 10 nm,
emission wavelength: 482, emission bandwidth: 10 nm, gain
level: 60, z-Position: 25658). Two beads per well.

Each condition (WT and V15A aSyn) was measured
with six replicates at 25 pM of protein and 25 puM of Thio-
flavin T concentration in HEPES buffer (50 mM HEPES,
100 mM NaCl, pH 7.4, 0.02% NaN3). The aggregation
assay with liposomes was measured with four replicates
at 25 uM of protein, 5 mM of liposomes, and 25 pM of
Thioflavin T concentration in HEPES buffer (50 mM
HEPES, 100 mM NaCl, pH 7.4, 0.02% NaN3).

4.5 | CD spectroscopy

Individual WT and V15A aSyn-to-liposome ratios were
pipetted (ratio: 1:10, 1:20, 1:40, 1:100, and 1:200) at a pro-
tein concentration of 10 pM and the respective liposome
concentrations from a 15 mM liposome stock in water,
total volume: 100 pl. For CD measurement, 50 pl of the
sample was transferred to a 0.2 mm pathlength cuvette.
CD data were collected from 190 to 250 nm by using a
Chirascan-plus qCD spectrometer (Applied Photophysics,
Randalls Rd, Leatherhead, UK) at 20°C, 1 time-per-point
(s) in 1 nm steps. The datasets were averaged from three
repeats. All spectra were baseline corrected against buffer
in deionized water and smoothened (window size: 5).

4.6 | Dynamic light scattering

Dynamic light scattering (DLS) measurements were per-
formed at 25°C using a DynaPro NanoStar instrument
(Wyatt Technologies Corporation). Liposome samples of
400 pM in HEPES buffer (50 mM HEPES, 100 mM NaCl,
pH 7.4, 0.02% NaNs) without and with 10 pM WT and
V15A oSyn were measured in NanoStar disposable Micro-
Cuvettes. They were illuminated with a 120 mW air
launched laser of 662 nm wavelength and the intensity of
90° angle scattered light was detected by an actively
quenched, solid-state Single Photon Counting Module
(SPCM). Data were acquired with an acquisition time of
5s and a total of 30 acquisitions per sample. Average
values and their standard deviations were determined
using the software package Dynamics 7.10.0.23.

4.7 | Transmission electron
microscopy (TEM)

Samples after aggregation were adsorbed onto 400 mesh
carbon-coated copper grids and the buffer was removed

using a filter paper. Subsequently, samples were stained
by the addition of 1% uranyl acetate solution, which was
subsequently dried with a filter paper. The grids were
imaged using a Talos L120C G2 electron microscope.
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