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The proteinR-synuclein (RS) is linked to both sporadic and
familial Parkinson’s disease (PD) through its appearance in Lewy
bodies (intraneuronal deposits that constitute a diagnostic hallmark
of PD) and through several genetic polymorphisms (three point
mutations and gene triplication or duplication) that lead to early
onset disease.1 Within Lewy bodies,RS is found in highly ordered
amyloid fibril aggregates, and PD-linked point mutations accelerate
oligomerization of the protein in vitro,2 suggesting thatRS toxicity
may be linked to its aggregation. The normal function ofRS
revolves around regulation of dopamine homeostasis and synaptic
vesicle formation and fusion.3 Dopamine has also been reported to
directly influenceRS aggregation.4 The functional association of
RS with dopamine combined with the fact that PD is fundamentally
a dopamine deficit disorder suggests that the normal function of
RS may also play an important role in modulating the toxicity of
the protein in disease.

RS undergoes a transition from a highly unstructured free state
to a highly helical conformation upon binding to synthetic or brain-
derived phospholipid vesicles, and the latter conformation is
believed to mediate normalRS functions. Detergent micelles induce
a similar structural transition inRS, and the sodium dodecyl sulfate
(SDS) micelle-bound form of the protein has been used as a
surrogate for the vesicle-bound state in a number of structural
studies employing solution state NMR.5 When bound to SDS
micelles, the membrane-interacting N-terminal domain ofRS adopts
two segments of helical structure separated by an ordered linker.
The two helices are comprised of residues 3-37 and 45-92 and
are oriented antiparallel to one another5e but do not contact each
other.5d,e

Here we use pulsed dipolar ESR spectroscopy6 to measure
directly inter-helix distances in both SDS and lyso-1-palmitoylphos-
photidylglycerol (LPPG) micelles. We show that distances can be
measured with reasonable accuracy, and we establish a matrix of
distances that characterizes the SDS micelle-bound state of the
protein. When SDS is replaced with LPPG, we find that the two
RS helices splay further apart from each other, indicating that the
relative positions of the helices depend on the topology of the
surface they are bound to.

We generated 13 different double mutants of full length or
C-terminally truncatedRS (the acidic C-terminus of the protein is
not involved in lipid binding), each containing two cysteine residues
using site-directed mutagenesis. One pair of cysteines was placed
within a single helix to provide an internal distance control (H50C/
T72C), two pairs were situated between the hinge region and each
of the helices (E20C/S42C and S42C/E61C), and in the remaining
cases, each cysteine was positioned in a different helix to report
on an inter-helix distance (E35C/H50C, Q24C/E61C, E13C/T72C,

V3C/E83C, V3C/E61C, V3C/H50C, E13C/H50C, G31C/H50C,
Q24C/Y72C, and Q24C/E83C). The first three inter-helix cysteine
pairs were designed, based on our previous structural studies, so
as to place the spin labels equidistant from the break between the
two helices and also in the middle of the polar face of each helix,
pointing directly away from the lipid bilayer. In addition to
preventing potential effects on lipid binding, this design was
intended to, as much as possible, keep the same relative orientation
between each spin label and the associated helix axis. The expected
relative positions of the different spin label pairs based on the
previous NMR studies are schematically illustrated in Figure 1c.

The mutant proteins were expressed, purified, and modified
quantitatively with the spin label methanethiosulfonate according
to previously published protocols prior to the addition of SDS or
LPPG.5d,6a Excess spin label was removed using a size exclusion
spin column. The spin-labeled samples were then mixed with an
equal volume of 80 mM SDS or LPPG prepared in the same buffer.
Protein concentrations were in the range of 60( 30 µM. Glycerol
(30 wt %) was added to the samples, which were then loaded into
capillaries and flash frozen in liquid nitrogen. D2O, deuterated
glycerol, and deuterated SDS (but not LPPG) were used in all cases.
To minimize nuclear modulation effects caused by matrix deuterium
nuclei, four-pulse double electron-electron resonance (DEER)6a,d,e,8

was used in most cases at 17.4 GHz and 70 K on a specially
constructed 2D FT-ESR spectrometer.7 The results were consistent
with those measured for several mutants with six-pulse double-
quantum coherence (DQC) ESR.6a-c The protein concentrations
used resulted in a high SNR, and the distance distributions and
their averages were obtained through direct inversion of the time
domain dipolar spectra by Tikhonov regularization.8 The time
domain and distance distribution data for the V3C/E83C mutant in
both SDS and LPPG are shown in Figure 1. Data for the other
double mutants and further experimental details are provided as
Supporting Information.

The average distances measured between the different pairs of
spin labels in the SDS and LPPG micelle-bound states are
summarized in Table 1. The intra-helix distance measured between
labels at positions 50 and 72 is very similar in both micelle types
and only slightly larger than the expected distance of 33 Å,
confirming the accuracy of the measurements.

All inter-helix distances confirm an antiparallel orientation of
the two helices in both micelle types. For the SDS data, the distance
between the two helices just outside the linker region (reflected in
the 35-50 measurement of 24.7 Å) is consistent with approximately
7 residues in a nonhelical, somewhat extended conformation, in
accord with NMR data.5 Moving 11 residues further away from
the linker along each helix leads to a distance of 40.5 Å between
positions 24 and 61, indicating that the trajectory followed by the
two helices places them considerably further apart from each other
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at this point. A further 11 residues along each helix, the distance
between positions 13 and 72 is 37 Å, showing the helices remain
far apart. Only when we get to the N-terminus of the first helix do
the helices come nearer to each other once again, with a 28.1 Å
distance between positions 3 and 83. The remaining inter-helical
distances in SDS are also consistent with two well-separated
antiparallel helices.

In the case of LPPG, the inter-helix distance nearest to the linker
(positions 35-50) is 23.8 Å, essentially the same as that observed
for the SDS case. The distance from positions 24 to 61 is 42.6 Å,
slightly larger than that in the SDS case. Positions 13 and 72 are
44 Å apart, a full 7 Å further than that observed for SDS, and the
distance between positions 3 and 83 is 34.6 Å, which is 6.5 Å larger
than that in SDS. Thus, when bound to LPPG micelles, the two
RS helices are splayed further apart from each other than when
bound to SDS micelles. The remaining inter-helix distances in the
case of LPPG are generally consistent with a larger separation
between the helices. Interestingly, the distance between position
42, within the linker region, and position 61 is shorter in LPPG
than in SDS. This suggests that the relative positions of the linker
and the second helix may also be somewhat different in the two
micelles.

In SDS micelle-boundRS, the two helices assume a well-defined
position with respect to each other, which, in the absence of any
inter-helix tertiary contacts, is presumed to be dictated by the
trajectory of the ordered linker region. Our results, however,
demonstrate that the relative position of the two helices is also
sensitive to the composition of the bound micelle. LPPG differs
from SDS both in its phosphotidylglycerol headgroup and in the
length of its acyl chain, which contains four additional carbons.
The local helical structure of the two micelle-boundRS helices is
unlikely to be sensitive to the nature of the micelle headgroups.
Thus, the structural differences observed in LPPG-boundRS may
be a consequence either of a change in the local conformation of
the linker region, which may be sensitive to the surrounding

headgroups, or of a difference in the size and/or geometry of the
micelle formed by the longer LPPG acyl chains. The latter should
lead to a micelle with a larger radius or major/minor semi-axes.
Thus, an appealing explanation for our data is that the topology of
micelle-boundRS is determined by that of the bound micelle. For
the smaller SDS micelles, the ends of the two helices are constrained
to approach each other by the limited micelle surface area. For
LPPG, the larger micelle allows the helices to splay further apart
on its surface.

Ultimately, the question of most interest is what happens to the
topology ofRS when it is bound to synaptic vesicles. The current
work demonstrates that pulsed ESR distance measurements could
provide such information and establishes a framework for the
comparison of the micelle- and vesicle-bound protein.
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Figure 1. (a) Time domain dipolar signal with the background removed for the V3C/E83C mutant. Red (dashed) in SDS, blue (solid) in LPPG. (b) Distance
distribution generated from (a) by Tikhonov regularization. (c) Cartoon representation of the two helices and linker region ofRS bound to an ellipsoidal
micelle, illustrating the different distances measured using pulsed ESR.

Table 1. ESR Distance Measurements in Micelle-Bound RS

labeled
sites

SDS
distance (Å)

LPPG
distance (Å)

50/72 36 35
35/50 24.7 23.8
24/61 40.5 42.6
13/72 37 44
3/83 28.1 34.6
24/72 42.7 46
24/83 36.1 43.5
3/61 36 44.8
3/50 43 45
13/50 45 42.7
31/50 32.8 30.2
20/42 30 31.6
42/61 34.4 29.8
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