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Electron Paramagnetic Resonance Spectroscopy Measures the Distance
between the External 3-Strands of Folded a-Synuclein in Amyloid Fibrils
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ABSTRACT The misfolding of a-synuclein («S) to a cross-3-sheet amyloid structure is associated with pathological conditions
in Parkinson’s and other neurodegenerative diseases. Using pulse electron paramagnetic resonance spectroscopy combined
with a cross-labeling strategy involving four double mutants, we were able to determine the intramolecular distance between

the extremal §-strands. The distance of 4.5 +

0.5 nm is in good agreement with the dimensions of a protofilament reported

by other low-resolution techniques, such as x-ray scattering and atomic force microscopy.

Received for publication 19 April 2011 and in final form 26 May 2011.

*Correspondence: bennati @ mpibpc.mpg.de

a-Synuclein («S) fibrils are a major component of the intra-
cellular Lewy body inclusions that are present in the brains
of patients with Parkinson’s disease (1). aS is a small 140-
amino-acid protein characterized by three different regions:
an N-terminal domain (residues 1-60) containing seven
KTKEGV repeats, a central hydrophobic NAC domain (resi-
dues 61-95), and a highly negatively charged C-terminal
domain (residues 96-140) (2). The protein monomer is
intrinsically disordered, with some residual structure in
solution. Solution NMR studies have revealed intramolecular
long-range contacts between the NAC and the C-terminal
regions as well as the N- and C-termini. This residual struc-
ture is autoinhibitory for aggregation (3,4). In the aggregated
fibrillar form, the protein arranges in a cross-(-sheet struc-
ture, characterized by x-ray and electron diffraction (5,6),
in which individual §3-strands stack perpendicularly to the
fibril axis. Solid-state (SS)-NMR and continuous wave
(CW) electron paramagnetic resonance (EPR) measurements
have revealed that amino-acid residues 38-96 form the
B-sheet-rich core region of the fibrils (7-11). In particular,
the EPR data (8) suggested that a-synuclein stacks in register
along the fibril axis. However, the detailed folding and
arrangement of «S monomers in the fibrils is still unresolved.
Recently, a folding model consisting of five §-sheets per
monomer in the fibril was proposed based on SS-NMR data
(10), although long-range restraints at the molecular level
in support of this model were lacking.

In the past decade, pulse EPR spectroscopy techniques,
such as PELDOR and DEER, have emerged as powerful
tools for determining distances in the range between 2 and
~8 nm by measuring the dipolar coupling between two para-
magnetic centers in proteins and nucleic acids (12-14).
These methods provide a means of obtaining long-range
distance restraints in structural studies of amyloid fibrils and
their intermediate aggregates if suitable labeling schemes

can be established. In diamagnetic proteins, such as aS,
the technique requires the incorporation of two spin labels,
such as MTSL, which can be covalently attached to a
cysteine in the protein backbone via formation of a disulfide
bond. The labeling procedure was successfully demon-
strated in CW EPR studies of fibrils containing single
cysteine mutations (8), in which the dynamics of the label
and the protein backbone were investigated in detail. EPR
distance measurements were recently employed to investi-
gate the interaction of aS with lipids and micelles (15-17).
However, to our knowledge, no pulse-EPR distance mea-
surements on amyloid fibrils have been reported to date.
Here we present an investigation of «S fibrils by
PELDOR/DEER. The labeling positions for distance
measurements were selected based on the reported observa-
tions of B-strand regions in the fibrils by magnetic resonance
methods. Fig. 1 summarizes the aS amino-acid sequence
and the corresponding reported 3-strands in fibrils. To probe
the distance between the two extremal strands, we chose to
use residues 41/42 and 90/91, respectively. We prepared
a set of four double cysteine mutants (G41C/A90C, G41C/
A91C, S42C/A90C, S42C/A91C) and labeled them with
MTSL (see the Supporting Material for details regarding
the materials and methods used). From the set of four
mutants, we were able to infer the orientation of the specific
residue with respect to the plane of the §-strand, as dis-
cussed further below. The EPR distance measurements
necessitated dilution of the labeled proteins with wild-type
(wt) protein to reduce the likelihood of intermolecular elec-
tron-electron couplings. Several dilution ratios from 1:4 to
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FIGURE 1 Schematic sequence of aS and amino acids
proposed in 3-strand regions. Marked are residues G41, S42,
A90, and A91, which were selected for labeling with MTSL in
this study. Bottom: 3-strand regions as identified by EPR (light
blue: Chen et al. (8)) and SS-NMR (cyan: Heise et al. (7); green:
Vilar et al. (10). Stars denote flexible residues observed by
high-resolution NMR (11).

1:40 (double-labeled protein versus wt ratio) were tested to
optimize the aggregation conditions and to ensure an
adequate intramolecular PELDOR signal and an adequate
ratio of the intra- and intermolecular PELDOR signals
(both increasing with concentration of labeled «S). The
aggregation protocol is described in the Supporting Mate-
rial. In all samples, the aggregation kinetics was followed
by means of a thioflavin-T fluorescence assay and CW
EPR spectroscopy (Fig. S1 and Fig. S2). Samples with dilu-
tion of <1:10 showed aggregation characteristics (lag-
phase ~40 h, t;,, of aggregation 60-80 h) comparable to
those of wt protein, and the EPR spectra of the fibrils dis-
played EPR line shapes close to the rigid limit of immobi-
lized, isolated labels (Fig. S2). Our results are consistent
with the line shape analysis of Heise et al. (7), and with
the residues being buried and in tertiary contact. The overall
morphology of the fibrils was characterized by electron
microscopy (EM) (Fig. S3). Twisted and straight filaments
were observed in all samples. This structural heterogeneity
was previously reported in fibrils prepared from wt S for
SS-NMR measurements (7,10). Based on all characteriza-
tions, the 1:20 dilution was used for EPR at Q-band (34 GHz)
and the 1:10 dilution was employed for X-band (9 GHz)
due to the lower EPR sensitivity at this frequency.

Fig. 2 shows representative dipolar oscillation (PELDOR/
DEER) traces of the fibrils containing the four doubly labeled
mutants. Because the dipolar frequency is not dependent on
the EPR frequency, a comparison of the traces at the two
frequencies distinguishes reproducible distances given by in-
tramolecular spin pairs from other undesirable physical effects
such as electron spin echo envelope modulation, and measure-
ment perturbations such as baseline distortions or processing
artifacts (e.g., from Tikhonov regularization). Two doubly
labeled mutants, G41C/A90C and S42C/A90C, showed time
traces with distinct modulation, yielding distances of 4.5 +
0.5 nm and 4.0 = 0.5 nm, respectively. The experiment on
mutant S42C/A91C did not display a modulation discernable
by eye, but the analysis of both X- and Q-band traces suggested
a distance in the range of ~5 nm. The analysis of both latter
traces also showed some peaks at shorter distances, which
we attribute to artifacts of the Tikhonov regularization due
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FIGURE 2 Normalized four-pulse PELDOR/DEER traces of aS
double mutants diluted in wt protein at 9 GHz (/eff) and 34 GHz
(right) and T = 10 K. Traces were plotted in stack. The typical
acquisition time per trace was 48 h. Data were analyzed with
Deer Analysis (18). See the Supporting Material for more details.

to the weak signal. Finally, mutant G41C/A91C lacked
a detectable PELDOR effect, probably because the distance
was too long to allow for detection of the first oscillation
maximum within 2 us. Indeed, the short T, relaxation time
of the samples limited the time acquisition window to ~2 us,
corresponding to a maximal detectable distance of <5 nm.
All observed distances did not depend on the used dilution
ratio within the error.

The distances shown in Fig. 2 cannot be rationalized inde-
pendently because the N-O group of MTSL, which carries
the electron spin density, is displaced by ~0.5-0.7 nm from
the Ca in the $-strand. Note that the three observed distance
distributions are centered at discrete values, i.e., 4, 4.5, and
5 nm, with a distance increment of ~0.5 nm. The data reflect
the different orientations of the spin label and the displacement
at each residue. In a $-strand, two neighboring residues are
oppositely oriented with respect to the §-strand plane. Conse-
quently, our cross-labeling scheme should lead to four
distances, two of which might be similar, the third shorter
and the fourth longer, if the considered strands are parallel, ac-
cording to the currently most widely accepted model based on
SS-NMR data (10). A schematic view of the orientation of
the spin labels with respect to their §-strand and to each other
is given in Fig. 3. Based on this scheme, we assign the shortest
distance of 4 nm to two spin labels pointing toward each other
with side chains in opposite directions. The intermediate
distances of 4.5-5.0 nm between spin-label pairs are assigned
to side chains pointing in the same direction. Accordingly, the
fourth distance should be considerably larger than 5.0 nm and
would not be detectable under our experimental conditions.

The intermediate distance between spin labels pointing in
the same direction, i.e., 4.5-5 nm, is expected to correspond
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FIGURE 3 Labeling scheme employed to extract the distance
between the two g-strands containing residues 41/42 and 90/91.
Assignment of the spin-label orientation was based on the
observed distances. The circles denote the position of the
spin labels.

to the distance between the two extremal (-strands. The
distance between S—sheets that are stacked perpendicular to
the fibril axis was reported to be 1.1 nm by x-ray diffraction
methods (6). Our distance of 4.5-5 nm (with an error of +
0.5 nm) is a factor of 4 larger, suggesting that three other
B-sheets could lie in a parallel stack between the two extremal
ones, with a total of five sheets per &S monomeric unit. We
point out that this result is consistent with the folding model
proposed by Vilar et al. (10) assuming that the residues are
more or less in the middle of the respective §-strand. However,
we cannot exclude other, more complicated packing models
such as that found in the HET-s prion protein (19). Further-
more, our data are consistent with the size of a protofilament
being ~4 nm as measured by lower-resolution techniques
such as atomic force microscopy (6) and cryo-EM (10).

In conclusion, we have demonstrated that it is possible to
obtain intramolecular EPR distance measurements between
spin labels site-specifically inserted into S (-strands with
dilutions between 10- and 20-fold with wt protein. In combi-
nation with a specific labeling scheme, and assuming some
prior knowledge about the secondary structure, the known
directions of the spin label can provide new information at
the molecular level on the distance between (-strands in
fibrils. The method should be useful in future structural studies
of amyloid-forming proteins by providing long-range distance
constraints, and complements well-established techniques
such as NMR, x-ray diffraction, and atomic force microscopy.

SUPPORTING MATERIAL

Materials and methods, three figures, a table, and references are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(11)00654-0.
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