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a-Synuclein is an abundant presynaptic protein that binds to negatively charged
phospholipids!:2, functions as a SNARE-complex chaperone3, and contributes to
Parkinson’s Disease pathogenesis*°. Recombinant a-synuclein in solution is largely
unfolded and devoid of tertiary structure5-11, but Bartels et al. (2011) suggested that native
a-synuclein purified from human erythrocytes forms a stably folded, soluble tetramer that
resists aggregationl2. In contrast, we here show that native a-synuclein purified from mouse
brain consists of a largely unstructured monomer, exhibits no stable tetramer formation, and
is prone to aggregation. The native state of a-synuclein is important for understanding its
pathological effects since a stably folded protein would be much less prone to aggregation
than a conformationally labile protein.

We examined native a-synuclein from brain, the most relevant organ for understanding
neurodegeneration. Separation of mouse brain homogenates into soluble and membrane
fractions revealed that during ultracentrifuation, most a-synuclein partitioned into cytosol
fractions similar to complexins, but different from membrane proteins such as CSPa and
SNAP-25 (Figs. 1a and 1b). Using gel filtration, we analyzed the size of native a-synuclein
in brain cytosol and of recombinant myc-epitope tagged human a-synuclein, purified
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without boiling or detergents3. Both a-synucleins eluted in a single peak with an apparent
molecular mass of ~63 kDa (Figs. 1c-1f), close to that predicted for a folded tetramer2.

These results seem to confirm that a-synuclein forms a stable tetramer in solution. However,
dynamic or unstructured states of a protein may increase its hydrodynamic radius and
apparent molecular mass during gel filtration. Indeed, circular dichroism (CD) spectroscopy
showed that recombinant a-synuclein lacked detectable secondary structure, but became a-
helical upon membrane binding (Fig. 1g). Consistent with the gel-filtration analysis, both
native and recombinant a-synuclein migrated as a single band of ~65 kDa on blue-native
gels. Strikingly, however, both recombinant and native a-synuclein still migrated at that
apparent size after boiling, which disrupts secondary and tertiary structures, arguing against
a folded multimer (Fig. 1h). Furthermore, size-exclusion chromatography coupled with
multi-angle laser-light scattering (SEC-MALS) revealed that recombinant a-synuclein was
monomeric (Fig. 1i). Since native a-synuclein in brain cytosol and recombinant a-synuclein
behave identically in gel filtration and blue-native gel-electrophoresis experiments, the SEC-
MALS demonstration that recombinant a-synuclein is monomeric suggests that native brain
a-synuclein in cytosol is also monomeric.

We next tested whether native brain a-synuclein is still monomeric even when purified. We
purified a-synuclein from mouse brain without detergents or denaturing conditions (purity
>90%; Fig. 2a). Mass spectrometry showed that native brain a-synuclein was significantly
larger than predicted (measured mass, 16,408+894 Da [n=3]; predicted, 14460 Da). The
increased mass is partly due to N-terminal acetylation of brain a-synuclein (Fig. 2b)12:13,
SEC-MALS revealed that freshly purified native a-synuclein was again predominantly
monomeric (Fig. 2¢). We additionally observed a plateau along the left shoulder of the main
SEC-MALS peak with a mass of ~58 kDa that contained little detectable a-synuclein (<5%
by immunoblotting). CD spectroscopy showed a largely random-coil conformation (34—
59%) with a-helical contributions (21-24%; Fig. 2d). Purified a-synuclein aggregated, in a
time-dependent manner, with a relative increase in overall secondary structure as observed
by CD spectroscopy (Fig. 2d), and the appearance of larger particles as uncovered by
dynamic light scattering (Fig. 2e).

Our data show that native brain a-synuclein primarily consists of an unstructured monomer,
but readily aggregates in a time-dependent manner. This conclusion was demonstrated both
for unpurified a-synuclein as a component of brain cytosol (Fig. 1), and for purified a-
synuclein in solution (Fig. 2c). Purified brain a-synuclein — analyzed here for the first time —
carries significant posttranslational modifications (Fig. 2b), which however do not appear to
significantly alter its folding since the biophysical properties of recombinant unmodified a-
synuclein and native modified a-synuclein were similar (Figs. 1 and 2). The differences
between our results with brain a-synuclein and those obtained with erythrocyte a-
synucleinl2 may be due to erythrocyte-specific posttranslational modifications, or to time-
dependent multimerization/aggregation of erythrocyte a-synuclein that may have been
overlooked. Indeed, the CD spectrum of erythrocyte a-synuclein!? is similar to that of
purified brain a-synuclein after 75 hour incubation (Fig. 2d). Independent of which
explanation will explain our differences in results, the conformationally labile state of native
brain a-synuclein documented here provides a potential explanation for why a-synuclein is
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susceptible to pathological aggregation as observed in multiple neurodegenerative
disorders®>.

METHODS

a-Synuclein was purified from mouse brain cytosol (obtained from brain homogenates by
ultracentrifugation at 280,000g,,) by sequential chromatography on Q-Sepharose (elution at
0.3-0.5 M NaCl, 20 mM Tris-HCI pH7.4), phenyl-Sepharose (flow-through in 1 M
(NH4)2S04), and Superdex-200 10/300GL. SEC-MALS was performed on a WTC-030S5
column (Heleos OptiLab instruments, Wyatt Technology). Circular dichroism spectra were
measured in 25% PBS on an Aviv CD Spectrometer (Model 202-01) and deconvolved
(http://dichroweb.cryst.bbk.ac.uk/ntml/home.shtml) with Contin-4 and -7 reference sets.
Mass spectrometry was performed on purified a-synuclein or a-synuclein-containing gel
pieces digested with Glu-C and Protease Max (Promega using standard procedures!4. All
other methods were described previously3.
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Figure 1.
a & b, Immunoblotting analysis of mouse brain homogenate (input), cytosol, and

membranes (), and quantification of protein levels (b; means + SEMs; n=3)3.

¢, Native mouse brain a-synuclein (375 pg) elutes as an apparent tetramer during gel
filtration on a Superdex 200 column (top), as analyzed by a-synuclein immunoblotting
(bottom).

d, Analysis of purified recombinant myc-epitope-tagged a-synuclein by SDS-PAGE and
immunoblotting.

e, Molecular mass calibration curve for gel filtration (R¢ = migration distance of proteins
versus total running distance).

f, Recombinant myc-tagged human a-synuclein (16 pg) also elutes as an apparent tetramer
during gel filtration.

g, Circular dichroism spectroscopy shows that recombinant a-synuclein (10 pg) is
unstructured in solution and becomes a-helical upon liposome binding (PS =
phosphatidylserine; PC = phosphatidylcholine; molar protein-to-lipid ratio = 1:530).

h, Recombinant (0.5 pg) and a-synuclein in brain cytosol (12 pg total protein) run as
apparent tetramers on blue-native gels without boiling or after boiling for 5 min.
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i, Size-exclusion chromatography coupled with multi-angle light scattering (SEC-MALS)
reveals that recombinant a-synuclein (0.5 mg) is monomeric.
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Figure2.
a, SDS-PAGE analysis of five stages of a-synuclein purification from mouse brain (IEX,

anion exchange chromatography, HIC, hydrophobic interaction chromatography). Purified
a-synuclein was also analyzed by immunoblotting and mass spectrometry as shown.

b, Mass spectrometry analysis reveals N-terminal acetylation of native a-synuclein. Shown
is an extracted ion chromatogram of the N-terminally acetylated a-synuclein peptide (inset:
MSMS spectrum containing the sequence of the N-terminal peptide and identified b and y
ions).

¢, SEC-MALS shows that purified brain a-synuclein (150 pg) is largely monomeric (main
peak with a mass of 17+1 kDa), but includes a minor component (plateau along the left
shoulder with a mass of 58+5 kDa) that contains little detectable a-synuclein (see
immunoblot in insert). Calculated masses were extracted from marked areas.

d, CD spectroscopy of freshly purified brain a-synuclein (7.5 uM) shows mainly disordered
conformations that progressively acquire structured conformations as a result of time- and
temperature-dependent aggregation.

e, Purified brain a-synuclein (0.12 mg/ml) rapidly aggregates as measured by dynamic light
scattering immediately (0 h) or 152 h after purification.
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