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A heterologously expressed form of the human Parkinson disease-
associated protein a-synuclein with a 10-residue N-terminal exten-
sion is shown to form a stable tetramer in the absence of lipid
bilayers or micelles. Sequential NMR assignments, intramonomer
nuclear Overhauser effects, and circular dichroism spectra are con-
sistent with transient formation of a-helices in the first 100 N-
terminal residues of the 140-residue a-synuclein sequence. Total
phosphorus analysis indicates that phospholipids are not associ-
ated with the tetramer as isolated, and chemical cross-linking
experiments confirm that the tetramer is the highest-order oligo-
mer present at NMR sample concentrations. Image reconstruction
from electron micrographs indicates that a symmetric oligomer is
present, with three- or fourfold symmetry. Thermal unfolding
experiments indicate that a hydrophobic core is present in the
tetramer. A dynamic model for the tetramer structure is proposed,
based on expected close association of the amphipathic central
helices observed in the previously described micelle-associated
"hairpin” structure of a-synuclein.

dynamic structure | helical | Parkinson's disease | NMR | heteronuclear
single-quantum coherence

he protein a-synuclein (aSyn) is associated with the two most
prevalent neurodegenerative diseases, Parkinson disease
(PD) and Alzheimer’s disease (AD). The presence of aSyn-rich
aggregates (Lewy bodies) in neurons of the substantia nigra is the
defining histopathological hallmark of PD, and is used to dif-
ferentiate PD from other neurological disorders (1). Monogenic
point mutations (A30P, A53T, and E46K) as well as gene du-
plication and triplication of the aSyn locus have been identified
as causal factors of early onset familial PD; E46K has also been
associated with Lewy body dementia, the second most common
form of dementia after AD (2-4).
aSyn is small (140 residues), and though the C-terminal region
(~residues 100-140) is highly acidic and expected to be disor-
dered, the first 100 residues are predicted to be structured and to
have o-helical propensity (SI Appendix, Fig. S1). Stable helical
structures have been detected by circular dichroism (CD) and
NMR when aSyn is incubated with detergent micelles and lipid
vesicles (5, 6). Soluble aSyn is typically referred to as an “in-
trinsically disordered” protein (7, 8). However, we herein report
the biophysical characterization of a purified soluble form of
aSyn that is oligomeric and fractionally occupies helical struc-
tures in the absence of micelles or vesicles. The aSyn construct
used in our work is purified by use of an N-terminal GST affinity
tag under mild conditions to preserve any native structure. After
removal of the GST tag, a 10-residue N-terminal extension
remains on the aSyn. However, the similarity of the 'H,"’N
heteronuclear single-quantum coherence (HSQC) fingerprint of
our aSyn construct (SI Appendix, Figs. S2 and S3) to those
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reported by other groups for aSyn suggests that the N-terminal
extension does not change structural tendencies significantly.
The aSyn construct described here is not toxic to membranes or
cells, does not readily aggregate or form amyloid-like fibrils, and
forms transient ordered structures characteristic of a dynamically
folded molecule whose secondary structural features are stabi-
lized by oligomerization. In independent studies, Bartels et al.
(9) report that a tetrameric form of aSyn with properties similar
to those reported here is the predominant soluble form of the
protein in brain and red blood cells.

Results

The aSyn construct described here was expressed in Escherichia
coli as a GST fusion protein. To preserve any quaternary struc-
ture of aSyn, denaturing conditions were avoided throughout
purification. Unless otherwise noted, protein purification, char-
acterization, and storage all made use of the same buffer [100
mM Hepes (pH 7.4), 150 mM NaCl, 10% glycerol, and 0.1% n-
octyl-B-glucopyranoside (BOG)]. We note that 0.1% BOG (~3
mM) is an order of magnitude below the critical micelle con-
centration of this detergent (~25 mM). After the GST tag is
removed proteolytically, the construct retains a 10-residue N-
terminal fragment (GPLGSPEFPG) that is part of the protease
recognition site. However, for convenience in comparing with
published work, the canonical sequence numbering is used here.
The construct can be purified to homogeneity on a size-exclusion
column, and elutes as a single sharp peak with an apparent
molecular weight (M) of ~56,000, ~3.6-times the expected
molecular weight of the aSyn construct (M, of 15,397; Fig. 14).
Chemical cross-linking of the purified construct shows four
bands on SDS/PAGE gels, suggesting that a tetramer is present
(Fig. 1B). The isolated cross-linked bands were analyzed by
MALDI-TOF mass spectrometry, which confirmed that the two
major bands correspond to a trimer and tetramer of aSyn
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Fig. 1.

Oligomeric states of aSyn. (4) Elution profile of purified aSyn construct from Superdex75 column. (Inset) Calibration curve used for size estimates. (B)

S1to S4 are molecular weight standards. NP, native purified aSyn; XP, aSyn cross-linked with glutaraldehyde. P1, P2, and P3 are purified cross-linked tetramer,
trimer, and monomer, respectively. M17, cross-linked lysate of neuroblastoma cell line M17 overexpressing WT human aSyn. NG, Blue Native PAGE of purified
recombinant aSyn (48 refers to the lowest NG band). For analysis of gels, see S/ Appendix, Fig. S1. (C) MALDI-TOF spectra of aSyn (Top, calculated M, = 15,397),
cross-linked monomer and dimer (Middle, 17 kDa and 35 kDa), and cross-linked trimer and tetramer (Bottom, 52 kDa and 68 kDa).

(Fig. 1C). For comparison, we also cross-linked the cell lysate of
neuroblastoma cells (M17) expressing wild-type oSyn and found
a predominant band with an apparent molecular weight ~4x
that of single-chain aSyn. Nondenaturing Blue Native PAGE
(Invitrogen) gels of our construct exhibit one prominent band
with an apparent M, of 48,000 (Fig. 1B), at an apparent mo-
lecular weight ~3.2x the molecular weight of monomeric aSyn.
Though native gels are not reliable for molecular weight esti-
mation (10), the native gel indicates that the purified construct is
largely homogeneous.

aSyn oligomers were characterized using single-particle EM.
EM images of aSyn particles recorded after staining showed
that the majority of particles were of similar size (Fig. 24).
Reference-free alignment and clustering of individual images
indicated that the particles had reasonably well-defined fea-
tures despite their small size, and suggested a repeating feature.
However, glycerol (10% vol/vol) present in the original samples
interfered with staining and complicated further image analysis.
Removal of glycerol causes some increase in heterogeneity,
although well-defined particles were still dominant (Fig. 2B).
Alignment and clustering of ~19,000 glycerol-free aSyn particle
images yielded three groups of slightly different size. Gaussian-
edged circular templates matching the sizes of these initial
averages were used as references for competitive cross- corre-
lation matching to separate particles by size into three groups.
Reference-free alignment and k-means clustering were used to
further classify images within each group. Averages with dis-
tinct features were obtained from all three groups (Fig. 2C).
Small- particle averages showed three V-shaped repeating
features that resemble arrowheads pointing at each other,
arranged in a threefold symmetrical configuration (Fig. 2D).
Medium-particle averages were composed of four of the same
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repeating units, arranged in a fourfold symmetrical configuration
(Fig. 2E). Averages from the large particles are harder to interpret
but appear to correspond to some superposition of the oligomeric
arrangements. We conclude that all averages represent oligomeric
forms of aSyn, with each repeating unit likely corresponding to an
individual aSyn monomer. The small and medium EM averages
are consistent with homotrimeric and homotetrameric species,
respectively. The medium size group (tetramer) was nearly two-
fold more abundant than the small group (trimer). This result,
taken together with all data presented above, leads us to believe

Percentage

10

Particle diameter (nm)
10 1"

Fig. 2. Electron microscopy analysis of purified recombinant aSyn. (4) Image
of particles preserved in stain. (Scale bar, 100 nm.) (B) Distribution of particle
sizes after glycerol removal. (C) Overall class averages obtained from the
small-, medium-, and large-sized particle groups. (Scale bar, 5 nm.) (D and E)
Representative class averages from the small- and medium-sized particle
groups. (Scale bar, 5 nm.) Symmetry units shown as dashed triangles over the
EM class averages.
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that the aSyn purified from the 56-kDa peak in Fig. 14 represents
primarily a homotetramer.

CD spectra of the aSyn construct exhibit negative bands at 222
nm and 208 nm, and a positive band at 193 nm (Fig. 34),
characteristic of a protein containing 65% o-helix, 17% turns,
and 8% unfolded, as calculated with DichroWeb (11) using two
different algorithms, SELCON3 (12) and CONTIN (13). A
ThermoFluor assay (14) was used to monitor thermal unfolding
of aSyn, and to detect whether a hydrophobic core is present in
the oligomer, as determined by an increase in fluorescence
emitted by the dye present. We observed a sigmoidal unfolding
curve for the aSyn construct, indicating a cooperative unfolding
with exposure of hydrophobic residues (SI Appendix, Fig. S4).
Taken together, the CD and fluorescence data indicate that aSyn
oligomer consists of subunits held together by hydrophobic
interactions.

We used solution NMR to localize the transient formation of
a-helices in aSyn. Resonance assignments were made using
standard methods [HNCO, HN(CO)CA, HNCA, HNCACB,
5N-edited NOESY, and TOCSY]. A comparison of our assign-
ments with those made for aSyn upon association with lipid
(which drives helix formation) shows somewhat decreased
chemical shift dispersion in the present case, indicating that helix
formation is dynamic (15, 16). Rather, our 'H,15N HSQC
spectra (SI Appendix, Figs. S2 and S3) resemble those of wild-
type aSyn in living E. coli cells obtained using in vivo NMR
methods by McNulty et al. (17). Chemical shift-based secondary
structural analysis using TALOS+ (18) indicates that with the
exception of short segments near the N terminus of the poly-
peptide, the structure of the peptide is dynamic (SI Appendix,
Fig. S5). Although a high degree of spectral overlap is present
even in 3D data sets, we were able to identify a sufficient number

of sequential (Ha-HN i, i +3) NOEs in '*N-edited NOESY
spectra to confirm the transient existence of a-helical structure
between residues Phe4-Thr43 (al) and His50-Asn103 (a2; SI
Appendix, Fig. S6). In many cases, these NOEs are quite weak,
consistent with fractional occupancy. Analysis of Ca and Ha
shifts in terms of fractional secondary structure population in-
dicate that the ol region contains shorter discrete sections with
helical tendency: residues 4 to 16 yield a 22% helical tendency
based on predicted Co shifts (6.5% from Ha), a 28% tendency
for residues 20 to 23 (17% from Ha), and random coil (-10%
helical tendency from Cu shifts, —0.2% from Ha) for residues 32
to 43 (SI Appendix, Fig. S7) (19-21). The same chemical shift
analysis predicts more uniform helix occupancy in the a2 region
(13% based on Ca and 20% from Ha for residues 48-90). For
the C-terminal of aSyn (residues 104-140), both chemical shift
averages predict random structure (<1% helix). In recent studies
of short aSyn N-terminal peptides fused to maltose binding
protein, Eisenberg and colleagues (22) observed that residues 1
to 13 and 20 to 34 form helices in the absence of any lipids or
other structure-promoting factors, in agreement with our local-
ization of the first helical region. Overall, the different methods
(chemical shift analysis, sequence-based prediction, and se-
quential NOEs) provide a reasonably consistent picture of the
oligomer in solution: that the monomer unit of the aSyn oligo-
mer consists of two regions that fractionally occupy helical
structures (xl-a2) spanning the first 103 residues followed by a
disordered C-terminal region. We note that the micelle-associ-
ated oSyn hairpin structure described by Ulmer et al. (15) con-
tains similar helical regions (Val-3-Val-37 and Lys-45-Thr-92).
To determine the relative arrangement of monomers within the
oligomer, we introduced the spin label 1-oxyl-2,2,5,5-tetramethyl-
pyrroline-3-methyl-methanethiosulfonate (MTSL) at residue 9
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Fig. 3. Secondary structure and aggregation of aSyn. (A) Circular dichroism (CD) spectrum of aSyn before (solid line) and after boiling (dotted line). (B) Congo
red aggregation assay of aSyn (solid line), boiled aSyn (dashed line), and buffer control with no protein (dotted line). (C) CD spectrum of aSyn wild-type (solid
green), mutants A30P (red dashed line), A53T (orange dash), and E46K (blue dash). (D) Congo red aggregation assay of wild-type aSyn (green), A30P (red),

E46K (blue), and A53T (orange).
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after mutating it from serine to cysteine. Mixing of spin-labeled
natural abundance S9C aSyn with °N-labeled wild-type aSyn in
ratios of 1:3, 1:2, 1:1, 2:1, and 3:1 resulted in increased para-
magnetic relaxation effects (PRE) for multiple backbone N-"H
correlations assigned to residues in the al, a2, and interhelical
regions, with little or no effects on the C-terminal region. These
intermolecular PREs (ST Appendix, Fig. S8) can be summarized
as follows. Within the ol and o2 regions, the largest effects are
observed in al close to the N terminus, consistent with a parallel
arrangement of monomers within a dynamic oligomer, and vary
sequentially in a manner consistent with at least partial pro-
tection within helical secondary structure. Effects in the o2 re-
gion are smaller in magnitude than those in al, with a broad
effect between residues 70 and 107 with a maximum broadening
(i.e., minimum signal) near Val-82; this is consistent with de-
creased solvent exposure for a2 relative to al as well as an an-
tiparallel arrangement of the ol and o2 regions within
a monomer. *N-edited TOCSY spectra of the same samples
showed extensive broadening of side chain 'H resonances as-
signed to Asp2-Met5 and Gly7-Lys10, also consistent with
a parallel arrangement of monomers. Significant broadening is
observed for side chain resonances for Thr92 and the a-protons
of Gly93. Considerable broadening effects of spin label at S9C
are also observed for the backbone NH correlations of residues
37 to 42 at the end of the al region, as well as the side chain 'H
resonances of Val-48 and His-50 at the N terminus of the a2
region. These residues form part of a loop that has been found to
interact with lipophilic compounds (7, 23), so it is possible that
these effects are due to interoligomer interactions.

The NH correlations of a '*N-labeled sample of aSyn cross-
linked with glutaraldehyde showed significant changes in the
HSQC (fingerprint) profile, mostly in the regions containing
helical structure, with little or no change in the disordered C-
terminal tail (residues 98-140) (SI Appendix, Fig. S9). A non-
reducing SDS/PAGE of the cross-linked NMR sample exhibited
four distinct bands, confirming that a tetrameric species was the
highest-order oligomer present in significant concentration in the
cross-linked sample.

Effects of Detergent, Concentration, and Heat Denaturation. To in-
vestigate whether oligomerization of aSyn is driven by the
presence of BOG, we performed size-exclusion chromatography,
cross-linking, and CD in buffer without BOG or glycerol and
observed no difference compared with samples with BOG (SI
Appendix, Figs. $10 and S11). 'H,'>N HSQC spectra obtained
without BOG also retained the same appearance as with the
surfactant present. We also tested for the presence of bacterial
lipids by analyzing the total phosphorus content in our aSyn
samples and found no difference with negative controls.

Heat treatment of our aSyn preparation at 95 °C resulted in
the formation of white precipitate after 10 min. The precipitate
redissolves after mixing. However, boiled samples appear to
be mostly disordered by CD (Fig. 34), and the HSQC NMR
spectrum of boiled aSyn is consistent with that of a disordered
protein (SI Appendix, Fig. S12). NMR-based diffusion meas-
urements performed on boiled and unboiled tetramer samples
are consistent with decreased oligomerization and increased
mobility of the boiled material. The diffusion coefficient was
calculated to be 3.07 + 0.06 x 10> cm®/s for nonboiled and 3.38 +
0.05 x 10™> cm?/s for boiled 0.1 mM aSyn, suggesting a statisti-
cally significant difference in mobility. The diffusion coefficients
of buffer constituents did not change significantly for either
sample (1.60 + 0.01 x 10~ cm?s). We also found that the
oligomeric state of aSyn is sensitive to protein concentration: CD
spectra of recombinant aSyn at concentrations below 0.5 mg/mL
appeared as mostly disordered protein. Similarly, the 'H,"°N
HSQC spectrum of a dilute (50 pM) sample of the aSyn con-
struct yielded a spectrum similar in appearance to that of the
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boiled material, that is, broadening of resonances assigned to the
first 100 residues, whereas the C-terminal residues are largely
unperturbed (SI Appendix, Fig. S13). These data suggest that
low levels of expression in recombinant experiments, or dilution
of the sample on cell lysis, purification, and/or storage, could
shift the equilibrium between monomer and oligomer in favor of
the former.

Amyloidosis and Cytotoxicity. Though aSyn forms fibrils readily,
aSyn as prepared herein is resistant to fibrillation. A Congo red
assay showed that boiled aSyn samples began to aggregate on
day 4 with maximum aggregation on day 5 (Fig. 3B). In contrast,
unboiled samples did not form detectable aggregates, even after
2 wk at ambient temperature. Clearly, heat treatment of oligo-
meric aSyn makes it more aggregation prone. If this in vitro
observation reflects the in vivo situation, then tetrameric aSyn in
the cell must undergo a transformation during the course of
amyloidosis similar to that induced by heating.

aSyn is also known to form pores in membranes, but tetra-
meric aSyn does not perforate membranes. Our aSyn prepara-
tion binds to liposomes, as reported in the literature for
conventionally prepared aSyn (SI Appendix, Fig. S14). However,
the liposome’s permeability for potassium, sodium, and calcium
ions does not change upon binding of the aSyn construct. Fur-
thermore, we found no toxic effects upon addition of tetrameric
aSyn to neuronal tissue culture, even at high concentrations (S
Appendix, Fig. S15), suggesting that this species does not disrupt
organelle membranes and is not toxic to cells (8, 24).

Consequences of Disease-Associated Mutations. All three disease-
associated mutants were purified and analyzed by CD. All three
mutations rendered the protein more disordered under the same
concentration and buffer conditions as wild-type protein (Fig.
3C). Structural perturbation was most pronounced in the A30P
mutant where its CD spectrum was shifted toward extended
structure. In contrast to WT, all three mutants aggregated
readily based on a Thioflavin-T and Congo red aggregation assay
(Fig. 3D), with A30P aggregating most rapidly. This finding is in
contrast with reports in the literature where A30P, presumably in
monomeric form, was shown to aggregate more slowly than wild-
type protein (25).

Discussion

We have identified and characterized a soluble tetramer of aSyn
that fractionally occupies a helical secondary structure as de-
termined by CD and NMR. The formation of a secondary
structure in the absence of lipids or micelles is likely in response
to intersubunit hydrophobic interactions that drive oligomer
formation, as has been observed for other intrinsically disordered
proteins (26). Indeed, 'H,"N-HSQC spectra of dilute (50 uM)
aSyn construct show clear correlations only for the C-terminal
residues, suggesting an increase in dynamic broadening due to an
equilibrium between more compact and extended forms of the
protein at low concentrations. The pattern of intermonomer
paramagnetic broadening effects observed in mixed samples
Prepared from monomer that is spin labeled at residue 9 with
SN-labeled WT monomer indicates that a parallel orientation of
monomers is preferred in the tetramer, with the N-terminal re-
gion forming the exterior of the oligomer. However, the extent of
the broadening, along with the fact that monomer exchange
takes place on the time scale of the NMR experiment, is further
evidence that the tetramer is dynamic.

Though the aSyn construct we use differs from the native
human aSyn in that it retains an extra 10 residues at the N ter-
minus after removal of the GST tag used in purification, there is
ample evidence that our observations and conclusions can rea-
sonably be applied to wild-type aSyn as it occurs in vivo. For
example, the similarity between the 'H,'>N HSQC fingerprint of
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our construct (SI Appendix, Figs. S2 and S3) with the in vivo
NMR data from McNulty et al. (17) on WT oSyn argues that our
construct provides a reasonable model for the behavior of WT
aSyn. Further, WT aSyn isolated under nondenaturing con-
ditions from neuronal and red blood cells behaves as a stable
tetramer with properties, including helical content as estimated
by CD, virtually identical to those of the recombinant protein
reported here (9). Note that disease-related mutations (A30P,
E46K, and A53T) markedly decrease the stability of the aSyn
tetramer (Fig. 3).

The data presented here suggest that aSyn is like many other
proteins whose structure depends on subunit concentration and
environmental factors (26). In vitro, and probably in vivo, an
equilibrium exists between unfolded monomer, compact oligo-
mer, and (perhaps) amyloid-forming species. The unfolded form
can be induced by heating, chemical treatment, or dilution, and
our preliminary data also suggest that too high a concentration of
aSyn appears to favor species with less helical content that, over
time, aggregate into amyloid fibrils. Consistent with this picture,
overexpression of aSyn in yeast leads to the formation of amyloid-
like aggregates and cytotoxicity in a dose-dependent manner (27),
and duplication and triplication of the WT SNCA locus in humans
causes familial Parkinson disease with an age of onset that
decreases with increasing number of copies of the gene (28).

Based on current evidence, we propose a simple model to fit
the compact fourfold symmetrical structure observed in EM
reconstructions (Fig. 4), with the caveat that the solution situa-
tion is clearly more complex and dynamic. Given that the o2
region would form an amphiphilic helix with the hydrophobic
face consisting exclusively of valine residues, we expect that the
o2 region forms the core of the complex. Antiparallel arrange-
ment of al and o2 places the spin label in a position opposite
from the portion of the a2 helix centered on Val-82 showing the
largest PRE (SI Appendix, Fig. S8). We note that this antiparallel
hairpin arrangement of al and a2 closely resembles the structure
determined by Ulmer et al. (15) for micelle-associated aSyn
determined using residual dipolar couplings. We are currently
using residual dipolar couplings and heteronuclear relaxation
measurements to better characterize the solution structure and
dynamics of the aSyn tetramer.

To date, most aSyn research has focused on characterizing its
aggregation properties and searching for the elusive toxic forms;
less is known about its native structure and function. Here it is
shown that aSyn can exist as a tetramer that is resistant to agg-
regation, and that perturbations caused by heating or disease-
associated point mutations render it more aggregation prone.

Ser9 C

Val 82

Fig. 4. Model for compact aSyn tetramer based on EM reconstruction and
PRE. Helices are represented as cylinders. N indicates the N-terminal of the
protein, with the first helix (a1, represented by green-ended cylinder) end-
ing at ~residue 43. The second helix (x2, blue ended) starts ~residue 50 and
ends at residue 103 (marked C). The remainder of the polypeptide, which is
expected to be disordered, is not represented. The approximate position of
Ser-9 (replaced by Cys for PRE experiments) and Val-82 (maximum PRE on «2)
is shown.
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Taken together, these data suggest that structural perturbation,
due to disease-associated point mutations or posttranslational
modifications (aberrant proteolysis, oxidation, etc.), leading to
destabilization of the tetramer and formation of a species that is
more prone to aggregation, might constitute the mechanism of
aSyn-associated disease pathogenesis. The ability to isolate aSyn
as a stable oligomer that is not toxic to cells opens up the pos-
sibility that pharmacological stabilization of this structure may
represent a unique approach to therapeutics for PD.

Materials and Methods

Protein Expression and Purification. Construction of the expression vector used
in this work is described in S/ Appendix. The N-terminally fused GST-tagged
protein was expressed in E. coli Rosetta2 strain (Novagen) during overnight
induction (1 mM isopropyl p-p-thiogalactoside) at 20 °C. The Rosetta2 E. coli
strain (Novagen) was selected as the expression host to facilitate expression,
and induction was carried out at 20 °C to slow protein production and prevent
inclusion body formation. The cells were ruptured mechanically with an
emulsifier (Avestin), and the fusion protein purified by GST affinity chroma-
tography on a glutathione-Sepharose column (Pharmacia). The N-terminal
GST tag was removed by overnight digestion with Prescission protease (GE
Biosciences) at 4 °C. Cleavage with Precission protease left 10 residues
(GPLGSPEFPG) of the protease recognition site on the N-terminal of aSyn. aSyn
was separated from the GST tag and uncleaved fusion on a glutathione-
Sepharose column. The target protein was further purified by size-exclusion
chromatography on a Sephacryl 200 HR column (GE Biosciences). The protein
[100 mM Hepes (pH 7.4), 150 mM NaCl, 10% glycerol, 0.1% BOG] was con-
centrated to ~5 mg/mL (determined using absorbance at 280 nm and extinc-
tion coefficient of 5,960 M~".cm™") and cleared through a 0.2-um pore filter
(Millipore). Protein yield was ~1 mg/L of LB culture. Protein was either used
immediately or flash-frozen in liquid nitrogen and stored at —80 °C.

Size-Exclusion Chromatography. A set of low-molecular-weight protein
standards (GE Biosciences) were run on a Superdex-75 column (GE Bio-
sciences) under the same conditions used for purifying aSyn on an AKTA
FPLC system (GE Biosciences). The molecular weight of aSyn was estimated
using a linear regression analysis of K,,[(Ve — Vo)/(Vc — Vo)] vs. In molecular
weight. Ve is the elution volume of each standard, Vo is the void volume,
and Vc is the column volume. For heat-denatured samples, 200 pL of 1 mg/
mL of aSyn was heated at 95 °C for 10 min and cooled to room temperature
before injection. For chemically denatured aSyn, 200 pL of 1 mg/mL aSyn was
exchanged into 10 mM Tris-HCI and then lyophilized. The lyophilized aSyn
was resuspended in 8 M urea and incubated at room temperature with
agitation for 30 min before loading onto the column.

Chemical Cross-Linking. Cross-linking of purified aSyn and BE(12)M17 cell
lysates were carried out with glutaraldehyde (Electron Microscopy Sciences).
A total of 10 pL of cross-linker at various concentrations were added directly
to 90 pL of protein solution at ~1 mg/mL containing 100 mM Hepes (pH 7.4),
150 mM NaCl, 10% glycerol, and 0.1% BOG, and agitated at 150 rpm
(Eppendorf MixMate) and 37 °C for 30 min. The reaction was quenched with
10 pL 1 M Tris-HCl (pH 8). The apparent molecular weight of purified cross-
linked aSyn on 12% SDS/PAGE (Fisher) and 4% to 16% gradient Blue Native
PAGE (Invitrogen) was estimated using a linear regression analysis of protein
standard retentions (Pierce).

Circular Dichroism. The protein solution was exchanged with 10 mM Tris-HCI
(pH 7.4), 150 mM NaCl, and 10% glycerol, with and without 0.1% BOG, to
a protein concentration ranging from 0.5 to 3 mg/mL as determined by
absorbance at 280 nm. Control samples contained the same buffer without
glycerol or BOG. CD spectra were collected on a Biologic Science Instruments
MOS450 AF/CD spectrometer or a Jasco 810 spectrometer at 25 °C, path
length 0.2 mm or 0.5 mm (depending on protein concentration), slit width
1.0 mm, and acquisition of 2.0 s. Secondary structure content was analyzed
with the online DichroWeb server. The data used for graphical presentation
and analyses were each an average of five different scans.

MALDI-TOF Mass Spectrometry. A total of 1 pL of sample was spotted on
a MALDI target containing 1 pL of 20 mg/mL sinipic acid, and analyzed on
a Bruker Daltonics UltrafleXtreme TOF/TOF. The MALDI was calibrated each
time using a high-molecular-weight protein calibration standard, Protein
Calibration Standard 1 (Bruker Daltonics), using gas phase dimers of stan-
dard proteins to extend the mass range of calibration. The MALDI-TOF was
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operated in linear mode using a laser power of 72% to 90%, using the
manufacturer provided LPHighMass program, with detector gain adjusted
70% above manufacturer’s presets. MALDI-TOF spectra of cross-linked and
non-cross-linked samples were analyzed using FlexAnalysis software (Bruker
Daltonics).

Aggregation Assays. For Congo red assays, 1 mg of aSyn was added to 200 pL
of 100 mM Hepes (pH 7.4), 150 mM Nacl, 10% glycerol, 0.1% BOG, and 1.5
pM Congo red and incubated at 37 °C with constant agitation. Absorbance
at 540 nm was measured every 15 min for 7 d. For thioflavin T (ThT) assays,
0.6 mg of aSyn was added to 200 pL of 100 mM Hepes (pH 7.4), 150 mM
NaCl, 10% glycerol, 0.1% BOG, and 5 uM ThT and incubated at 37 °C with
frequent agitation. The fluorescence of ThT was measured with a Flex-
Station (Molecular Devices) at an excitation wavelength of 440 nm, an
emission wavelength of 490 nm, and a cutoff wavelength of 475 nm.

Electron Microscopy and Image Analysis. EM specimens were prepared on
carbon-coated 400-mesh copper-rhodium EM grids (Ted Pella) rendered
hydrophilic by glow discharge in the presence of amylamine. Aliquots of aSyn
(3 pL at ~35 ng/pL) were adsorbed onto the grid during a 1-min incubation.
The grids were then washed with water 3x and stained with 1% wt/vol
uranyl acetate for 2 min. Imaging was performed on a Tecnai F-20 micro-
scope at an acceleration of 120 kV, 80,000x magnification, and ~800-nm
underfocus. Images were recorded on a 4,096 x 4,096 pixel CCD camera
(TVPIS GmbH) with twofold pixel binning. Individual CCD frames were nor-
malized and Weiner filtered with the Appion processing package (29), and
18,761 individual particle images were automatically selected (30). Individual
particle images were analyzed using the SPIDER and SPARX EM image
processing packages (31, 32).

NMR Experiments. Samples of '>N- and '>C-labeled aSyn for NMR spectros-
copy were prepared as described above except that the bacteria were cul-
tured using uniformly '3C- and '""N-labeled media (Spectra 9; Cambridge
Isotope Laboratories). NMR samples were typically prepared to a final con-
centration of ~0.5 mM in 100 mM Tris-HCl (pH 7.4), 100 mM NacCl, 0.1%
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p-octyl-glucoside, 10% glycerol, and 10% D,O. All NMR spectroscopy was
performed on a Bruker Avance 800 NMR spectrometer operating at 800.13
MHz ('H), 81.08 MHz (*°N), and 201.19 MHz (*3C) and equipped with a TXI
cryoprobe and pulsed-field gradients. Experiments used for sequential res-
onance assignments include 3D experiments HNCA, HNCACB, '*N-HSQC
TOCSY, and ">N-HSQC NOESY. Quadrature detection was obtained in the >N
dimension of 3D experiments using sensitivity-enhanced gradient coherence
selection (33), and in the '3C dimension using States-TPPI, with coherence
selection obtained by phase cycling. In all cases, spectral widths of 8,802.82
Hz ("H) and 2,920.56 Hz ("°N) were used. For '3C, spectral widths of 6,451.61
Hz (HNCA) and 15,105.74 Hz (HNCACB) were used. All experiments were
performed at 298 K unless otherwise noted. NMR data were processed using
TOPSPIN (Bruker Biospin Inc.), and data analyzed using either TOPSPIN or
SPARKY (34). Random coil chemical shift predictions were made using
CamCoil (http://www-vendruscolo.ch.cam.ac.uk/camcoil.php) (19). Fractional
helix occupancies were calculated by the method of Yao et al. (21).

Experimental conditions for pulsed field gradient diffusion measurement,
spin-labeling experiments, liposome assays, and cytotoxicity assays can be
found in S/ Appendix.
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