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a-Synuclein (aS) was originally discovered as a protein highly
enriched in synaptosome preparations from the electric ray 7.
californica’ and was later linked to both familial and sporadic
Parkinson’s disease (PD) through the discovery that oS point
mutations or gene duplication/triplication causes familial PD and
through the identification of oS as the major component of amyloid
fibril aggregates present in the Lewy body deposits that are a
diagnostic hallmark of PD. Both the normal function of oS and
the precise relation between its aggregation and deposition in Lewy
bodies and PD remain unclear. When isolated in solution, the protein
is intrinsically disordered, but in the presence of lipid surfaces oS
adopts a highly helical structure® that is believed to mediate its
normal function(s). NMR-based characterization of this helical
structure using detergent micelles as a membrane mimetic has
shown that the protein adopts two extended surface-bound helices
separated by a nonhelical linker, that the helices are oriented in an
antiparallel fashion, and that no interhelical contacts are formed.>””’
The slow tumbling rate of intact phospholipid vesicles precluded
direct studies of the vesicle-bound conformation of aS using
solution NMR methods, but it was proposed™® that, in the vesicle-
bound state, the two helices may become colinear and fuse into a
single long surface-bound helix. Support for this possibility was
provided by pulsed dipolar ESR (PDS) distance measurements of
oS bound to different sized micelles, which showed that the helices
splay further apart on the surface of larger micelles.’

Here we use PDS,'°~"? namely 17.3 GHz DEER (cf. Supporting
Information, SI), to measure distances in &S bound to lipid vesicles,
rodlike micelles, and isotropic lipid bicelles, all of which present
the protein with a more extensive, less highly curved surface than
spheroidal micelles. Although it is possible to utilize a typical
network of distances in the range 2—4 nm, it is not prudent to draw
conclusions about the global conformation and flexibility of a
potentially ~14 nm long helix given uncertain nitroxide side-chain
geometries. Therefore, our primary objective was to obtain long
distance constraints. Although we obtain interpretable data using
vesicle-bound synuclein, the signal-to-noise ratio is limited by the
low average protein concentration that results from the small lipid
surface area in a liposome sample and the need to use high lipid-
to-protein molar ratios (~10?) to avoid lateral aggregation. Rodlike
detergent micelles provide higher quality data but do not represent
a true lipid-bilayer environment. To circumvent problems associated
with vesicles and micelles, we develop the use of PDS with lipid
bicelles, which provide a true lipid-bilayer structure, yet have a
particle size nearly as small as that of micelles and ensure a high
lipid concentration and bilayer surface area. Bicelles have been
successfully employed in solid state NMR experiments on mem-
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Figure 1. Top: Schematic illustrating the positions, within the lipid-binding
domain of aS, of the spin-labeled sites used for distance measurements.
Intra- (inter-) helix distances are shown in red (black) lines. Bottom: DEER
signals for aS mutant Q24C/E61C in (A) POPC/POPA liposomes, (B)
rodlike SDS micelles and bicelles.

Table 1. Pulse Dipolar ESR Distance Measurements on S Bound
to Liposomes, Bicelles, and Rodlike SDS Micelles?®

o-helix bicelles liposomes rodlike micelles
labeled sites R R AR R AR R AR
24/61 5.6 5.8 1.2 55 2.1 5.5 1.7
5.6¢ 2.3
24/72 7.2 7.5 1.9 6.9 1.0
13/50 5.6 5.3 1.3 5.1 2.7 5.0 1.7
3/50 7.1 6.3 2.5 6.7 1.4
20/42 3.3 33 1.3 3.3 1.3 33 1.3
35/50 2.3 2.0 0.7 20° 0.7
42/61 2.9 3.6 1.0 3.6° 08 36 1.1
50/72 33 3.8 09  3.5° 0.8
helix rise 0.15¢  0.152¢ 0.151¢ 0.148¢

“ All distances (R) and distribution widths (AR) were rounded to 0.1
nm. Site labeling shown in Figure 1 and in ref 9. * DMPC/DMPG (1:1).
¢ POPC/POPA (1:1). “ There is also a weaker narrow peak at 2.9 nm.
(cf. SI). ¢ Average spin-label separation per residue (nm).

brane proteins, as well as to form liquid crystalline media for
aligning proteins in solution.'* We show here that bicelles are also
an attractive potential membrane mimetic for ESR studies of lipid-
associated proteins. Figure 1 and the SI demonstrate the high quality
data that can be obtained using lipid bicelles: comparable to or
exceeding those obtainable using micelles and considerably superior
to those obtained in the presence of vesicles. Distances measured
for aS between labels placed from 15 to 48 residues (Figure 1)
apart are shown in Table 1. Labels at positions 24 and 61, located
37 residues apart and on opposite sides of the previously delineated
linker region, yield distances of ~5.5 nm in the presence of all
three types of particles. (For comparison, distances of ca. 4 nm
were observed using these label positions in the presence of
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Figure 2. Schematic model for the conformation of aS bound to the lipid
bilayer of a bicelle based on ESR distance measurements.

spheroidal micelles.”) This distance is in close agreement with that
expected for a single continuous helix from position 24 to 61 (5.6
nm), but this agreement could be fortuitous, since several geometries
involving two separated helices that are not colinear could result
in such a distance. However, with labels at positions 24 and 72, an
additional 11 residues apart, the distance in the presence of bicelles
or rodlike micelles increases by 1.5 nm to ~7 nm. This increase in
distance closely matches that expected for a continuous helical
conformation (cf. Table 1). In fact, the average distance per residue
(cf. Table 1) is within +1% of that for an o-helix, which argues
strongly for a single, unbroken helix as depicted in Figure 2.

Measurements using spin-labeled E13C/H50C (~5 nm) and V3C/
H50C (~6.5 nm) oS mutants further support the argument above.
These distances are clearly too large for a “hairpin” conformation
but consistent with a highly extended structure. It is also notable
that shorter distances between residues positioned closer to the linker
(E35C/H50C), or having one of the residues within the linker
(E20C/S42C and S42C/E61C), are also close to those expected for
an o-helical structure. A control measurement using positions 50/
72 that do not span the linker region also yields self-consistent
results.

Previous ESR measurements of the environment of single spin
labels attached to oS suggested that the region forming the linker
in the micelle-bound conformation might be helical when the protein
is bound to vesicles, in agreement with our explicit distance
measurements.® In contrast, recent CW-ESR measurements of
shorter distances between residues on opposite sides of the linker
region were interpreted as indicating that the vesicle-bound protein
also forms the broken helix “hairpin”.'® Close inspection of the latter
data, however, suggests that the measured distances may in fact be
more consistent with an extended helical conformation than a broken
helix for both the vesicle and micelle-bound protein. In addition, the
range of distances from 1.4 to 1.8 nm is difficult to access by CW-
ESR,'® whereas multiple studies have shown that long-distance
constraints from PDS faithfully report on structures.'””2°

The natural binding target of oS in vivo is thought to be the
surface of synaptic vesicles,> ® the topology of which is most
closely approximated in vitro by synthetic lipid vesicles. Thus, our
results here suggest that when bound to synaptic vesicles in vivo,
it is the extended helix conformation of aS that predominates.
Nevertheless, several observations suggest that the broken-helix
conformation observed in the presence of spheroidal micelles may
also be relevant. First, the distance distributions we observe are
somewhat broader for interhelix (i.e., between N and C helices; cf.
Figure 2) than for intrahelix measurements, which may result from
occasional bending or breaking of the helix (adding shorter distances
to the distribution) and from conformations where the helix is
partially unraveled (adding longer distances). Furthermore, mea-
surements for a number of samples yielded somewhat bimodal
distance distributions (cf. SI), which could result from distinct
conformations of the protein, although this remains to be confirmed.
These observations are consistent with the idea, also supported by
a recent thermodynamic study of «S,>' that the protein can
interconvert between the broken and extended helical forms.

oS binding to synaptic vesicles is considered to be weak, based
on both in vitro measurements®*** and the fact that oS is observed
to be largely cytoplasmic and mobile at synapses®* and does not
efficiently copurify with synaptic vesicles.' It is likely that the
extended helix conformation exhibits this relatively low lipid
affinity, possibly due in part to the unusual sequence periodicity
of aS.>® In contrast, the broken helix form of oS binds to small
micelles more tightly and has recently been postulated®® to function
in bridging two different membranes such as the synaptic vesicle
and plasma membranes in the context of docked vesicles. Additional
work is needed to further clarify the nature and mode of oS
interactions with synaptic vesicles and other membranes, and PDS
may prove to be helpful in this regard.
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