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a-Synuclein (aS) is a 140 residue protein constituting the
major component of Lewy bodies found in Parkinson’s disease,'~
where it is aggregated into fibrils.> Although the exact function
of oS is yet to be determined, the interaction of aS with synaptic
vesicles has been suggested to be important for its physiological
role.> > While as is natively unfolded in solution,® upon binding
to negatively charged membranes it adopts an amphipathic,
o-helical structure involving residues 1—100.77'> Membrane
binding is also thought to affect fibrillization, although conflicting
evidence exists on whether membrane binding enhances or
reduces the propensity of oS to form fibrils.>'? Simulations and
an experimental observation point to the potential of aS to form
aggregates on membranes.'*~ ' Experimental information on the
structure of such aggregates is lacking, but it has been proposed
that specific membrane-associated aggregates could act as seeds
for oS fibrils.'* Here we present evidence for aS aggregates on
membranes and present a model for the simplest structure of
such an aggregate.

Previously, we have shown that individual aS monomers adopt
a horseshoe-type conformation when interacting with negatively
charged POPG [1-Palmitoyl-2-Oleoyl-sn-Glycero-3-(Phosphorac-
(1-glycerol))] small unilamellar vesicles (SUVs).?° This observa-
tion was made by measuring the distance between two spin labels
attached to oS (intramolecular distance) using a two-frequency,
pulsed EPR method (double electron—electron resonance DEER
or pulsed electron—electron double resonance PELDOR).?! ~2°
Here we present DEER measurements on oS labeled with a
single spin label to determine intermolecular distances. Such
intermolecular interactions had been carefully excluded in the
previous study.?® Here, we show that aS forms aggregates once
in contact with the SUVs. These aggregates have a well-defined
structure, which can be modeled with a dimer as the simplest
unit. Thus, upon contact with these SUVs, oS forms supramo-
lecular, well-ordered arrays with well-defined molecular contacts.

Furthermore, there are indications that aS may influence the
membrane structure or even disrupt membranes causing membrane
leakage, a finding that is of potential relevance to the disease related
effects of a.S.?° We present evidence that the structure of the POPG
SUVs is affected by the presence of oS, consistent with a recent
report.”’

Single-cysteine mutants of aS specifically labeled with MTSL
were investigated: aS with a spin label at position 9 (a.S9), and
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Figure 1. Experimental DEER traces after background correction for singly
labeled oS upon addition of negatively charged SUVs (thin lines). The
corresponding fit (thick lines) is based on distance distributions depicted in
Figure 2 derived by Tikhonov regularization.

aS18, aS69, and o.S90. Evidence for aggregation is threefold.
Correlated distances, i.e. well-defined distances between pairs
of spins giving rise to DEER modulation, are observed for
singly labeled aS, showing that the interactions are intermo-
lecular. The distances depend on the position that is labeled,
indicating a well-defined, specific structure. Changing the
peptide-lipid-ratio from 1/250 to 1/1000 did not affect the
distance distributions.

Distances were measured for aS incubated with SUVs and
compared to the distances obtained in the absence of vesicles,
i.e. for oS free in solution. In the absence of vesicles, the DEER
responses of all four mutants are well described by a homoge-
neous, three-dimensional distribution of spins, as expected for
monomeric o.S. For aS incubated with vesicles, the DEER time
traces of all mutants except o.S9 became significantly nonex-
ponential corresponding to distinct intermolecular distance
distributions (Figure 1).

Model-free analysis of the DEER time traces** yields two clearly
distinguishable peaks for all mutants except aS9 (Figure 2).

The number of spins contributing to each distance distribution
is close to two for a.S18, 0.S69, and aS90 (see Table 1), revealing
that these distances are due to a pair of interacting spins. The
peaks are broad (full width at half-maximum >1 nm), reflecting
the flexibility of the spin-label linker and the heterogeneity of
the arrangement. The observation of two distances suggests two
types of aS-dimers, which we term A and B. Distances are listed
in Table 1.
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Figure 2. Intermolecular distance distributions derived by Tikhonov
regularization from the DEER traces of different singly labeled oS mutants.
Arrows indicate extracted distances as listed in Table 1.

Table 1. Comparison between Experimental Intermolecular
Distances and Values Predicted by the Proposed Dimer Model
(Figure 3) of aS

distance distance

. distance distance
aS mutant sping/  model - pppgy o model o ppeRy
aggregate dimer A/ om dimer B/ om
nm nm
aS9 n.a’ 4.7 - 1.2 -
aS18 1.8 £0.2 4.3 4.2 2.2 24
aS69 20£0.2 3.0 2.9 4.2 4.0
aS90 22+02 3.5 3.5 2.3 2.1
aS9/0.S69 1.9+02 2.3 2.3 43,34 4.1
aS9/aS 90 1.6 £ 0.2 2.7 3.0 35,23 38,23
aS18/aS69 1.7+ 0.2 2.5 2.1 4.5,3.7 4.2
aS69/aS90 22+02 0.9 - 1.2 -

“As derived from the modulation depth of the DEER trace.
Incomplete labeling was taken into account. For error determination see
Supporting Information. ” Not available; see footnote c. “No distinct
distances detected within the experimentally accessible range of
distances (for details see Supporting Information).

For the case of two different dimers, 1:1 mixtures of different
aS mutants (mutant I, aS(I), and mutant II, oeS(II)) should yield
the sum of the distance distributions of the individual mutants
plus additional distances deriving from pairs of o.S(I) and aeS(II).
Distance distributions observed for those mixtures of different
aS mutants agree with the predictions from the model (Table
1).

Based on the experimental inter- and intramolecular®® dis-
tances, a model for the coexisting dimer types A and B can be
constructed (Figure 3). Models based on the assumption that
aS molecules are in an extended helix conformation, as
suggested for membrane bound monomeric aS in some
studies,'??® do not agree with the experimental data presented
here. In contrast, a dimer model assuming the horseshoe

13.2029:30 and colocalization of the a-helical regions

conformation
of the two aS molecules in a single plane, as depicted in Figure
3, represents a viable interpretation of the distance constraints
derived from the experiments.

In both dimers, A and B, the C-terminal ends of helix 2 of
both monomer partners are close to each other, in an antiparallel
arrangement. While helix 1 is facing outward in dimer A, in

dimer B the two N-termini of the individual monomers face each

Figure 3. Proposed structures of coexisting dimers A and B of lipid
bound aS dimers in agreement with inter- and intramolecular (red and
blue lines, respectively) distances measured by DEER; compare Table
1. Interactions between spin labels which could not be detected by DEER
are shown as orange lines. The unbound tail (residues 92—140) is not
shown.

other. In Table 1, the distances derived from the model are
compared to the experimental distances determined, revealing
the consistency of these arrangements with the data. Distances
below 1.5 and above 4.5 nm will not contribute to the DEER
signal under the conditions of the experiment, explaining, for
example, that we do not observe the distance of 1.2 nm predicted
for dimer B for aS9. Although short distances could, in principle,
be detected by line broadening in continuous wave (cw) EPR,
simulations show that the combination of a broad distance
distribution and the presence of two populations will make
detection difficult. It is therefore not surprising that no such
broadening could be detected experimentally.

The dimer model presented is the most simple and straightfor-
ward interpretation of the data. The dimers could be part of larger
aggregates as suggested by AFM,'” if interactions with additional
partners result in spin—spin distances that are larger than the
measurement range of the DEER experiment as performed here,
ie. 4.5 nm. Models for small aggregates of oS on membrane
surfaces have also been proposed.'®

The remarkable finding is that the molecules form a well-
ordered array upon interacting with the SUVs. Simulation results
and experiments support the formation of aggregates on the
membrane, without, however, yielding unambiguous experimen-
tal evidence for their structure.'®'”-'%3! Qur results suggest close
association of the helix 2 regions of two aS proteins in an
antiparallel arrangement.

At the same time, oS appears to alter the structure of the
SUVs. Upon interaction with aS the size of a significant fraction
of the SUVs decreases and oS appears to be bound also to such
smaller vesicles (see Supporting Information).'”?” The degree
to which the vesicle structure is altered depends on the membrane
charge and the size of the vesicles. The strongest effects are
seen for the smallest vesicles, made up of purely negatively
charged lipids. Increasing the vesicle size or reducing the
negative charge density diminishes the effect considerably. The
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importance of vesicle size may be related to the presence of
membrane curvature stress in the SUVs, which could make it
more susceptible for disruption than the membrane in larger
vesicles. These results suggest that, under the conditions of the
experiment, in the final stage, oS is bound to smaller vesicles
or vesicle fragments, rather than to the surface of intact SUVs,
as previously assumed.?® The length scales of such structures
may be particularly relevant in the context of the reported
interactions of aS with synaptic vesicles.?

The intramolecular distance constraints®® favor the horseshoe
conformation. The intermolecular constraints obtained under the
same conditions in the present study reveal a close interaction
between different oS molecules, which could also explain the
horseshoe conformation itself: In dimers, such as the dimer model
A, the partner fills the space between helix 1 and 2, providing
interactions that may stabilize the horseshoe. This also casts a new

12.20.27.28.30.32736 f whether oS is in a

light on the ongoing debate
horseshoe or extended conformation. Obviously, detailed conditions
play an important role, and the influence of the details of membrane
composition, protein preparation, and vesicle size needs to be

carefully controlled and compared.

The results presented here reveal that aS forms well-defined
aggregates with lipids. In these aggregates, two @S molecules are
in close contact, but they could form part of a larger aggregate in
which the proteins are arranged in an ordered fashion. These
aggregates could provide nucleation sites that facilitate fibrillization
or help sequester oS in a harmless, membrane bound complex.
Structural information about the earliest steps of aggregation, as
presented here, is the first step toward understanding these
mechanisms.
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