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Alpha-synuclein (αS) misfolding is associated with Parkinson's disease (PD) but little is known about the
mechanisms underlying αS toxicity. Increasing evidence suggests that defects in membrane transport play an
important role in neuronal dysfunction. Here we demonstrate that the GTPase Rab8a interacts withαS in rodent
brain. NMR spectroscopy reveals that the C-terminus of αS binds to the functionally important switch region as
well as the C-terminal tail of Rab8a. In line with a direct Rab8a/αS interaction, Rab8a enhanced αS aggregation
and reduced αS-induced cellular toxicity. In addition, Rab8 – the Drosophila ortholog of Rab8a – ameliorated
αS-oligomer specific locomotor impairment and neuron loss in fruit flies. In support of the pathogenic relevance
of the αS–Rab8a interaction, phosphorylation of αS at S129 enhanced binding to Rab8a, increased formation of
insoluble αS aggregates and reduced cellular toxicity. Our study provides novel mechanistic insights into the in-
terplay of the GTPase Rab8a and αS cytotoxicity, and underscores the therapeutic potential of targeting this
interaction.

© 2014 Elsevier Inc. All rights reserved.
Introduction

α-Synuclein (αS) is a widely abundant protein in the central ner-
vous system (Jakes et al., 1994; Iwai et al., 1995). Multiplications of
the SNCA gene, which encodes αS (Chartier-Harlin et al., 2004), as
well as point mutations in αS cause autosomal dominant forms of
Parkinson's disease (PD) (Hardy et al., 2009), a disease that affects
several brain areas during its progression (Braak et al., 2003). In
addition, insoluble aggregated αS is the major component of Lewy
bodies (Spillantini et al., 1997). During the last decade a growing body
e (T.F. Outeiro),

t.com).
of evidence suggested that the toxic species of αS are pre-fibrillar
misfolded forms rather than insoluble neuronal deposits as found in
Lewy bodies (Caughey and Lansbury, 2003; Cookson, 2009; Karpinar
et al., 2009; Lashuel et al., 2002;Winner et al., 2011). One prevalent hy-
pothesis attributes the toxicity of αS oligomers to their high membrane
affinity, which might cause membrane distortion and membrane leak-
age (Auluck, 2010; Bodner et al., 2009; Butterfield and Lashuel, 2010;
Karpinar et al., 2009).

Monomeric αS is intrinsically disordered and comprises 140 amino
acids that distribute in three distinct domains: a basic N-terminal region
(residues 1–60), a hydrophobic central domain (residues 61–95) and
the acidic C-terminus (residues 96–140) (Polymeropoulos et al.,
1997). Intra- and intermolecular contacts can be detected in monomer-
ic, unfolded αS and are implicated in modulating the aggregation
propensity (Bertoncini et al., 2005; Dedmon et al., 2005; Outeiro et al.,
2008; Wu and Baum, 2010). The negatively charged C-terminus
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remains disordered in several conformational states such as monomer-
ic, fibrillar andmembrane-boundαS (Del Mar et al., 2005; Eliezer et al.,
2001; Qin et al., 2007; Ulmer et al., 2005; Vilar et al., 2008). In
Lewy õbodies, 90% of αS is estimated to be phosphorylated at S129 in
the C-terminus (Fujiwara et al., 2002). However, the functional role of
this phosphorylation is largely unknown (Oueslati et al., 2010; Sato
et al., 2013). The C-terminus is also important in regulatingαS aggrega-
tion through differentmodifications, such as ligand-binding (Fernandez
et al., 2004; Goers et al., 2003) and truncation (Hoyer et al., 2004; Kim
et al., 2002; Levitan et al., 2011).

The precise function ofαS remains equivocal (Marques and Outeiro,
2012), but several lines of evidence suggest thatαS is involved in vesicle
trafficking (Auluck, 2010; Lashuel et al., 2013; Waxman and Giasson,
2009). αS was reported to assist synaptic vesicle recycling, neurotrans-
mitter release (Ben Gedalya et al., 2009; Liu et al., 2004) and the func-
tion of SNAREs (Chandra et al., 2005). Moreover, αS was suggested to
have a role in the maintenance of synaptic vesicle pools (Murphy
et al., 2000; Cabin et al., 2002), activity-dependent dopamine release
(Abeliovich et al., 2000) and to act as a negative regulator of vesicle
priming (Larsen et al., 2006). In line with a role in vesicle trafficking,
altering the expression levels and biophysical properties of αS and its
familial mutants leads to deficits in vesicle trafficking at multiple stages
in PD model systems (Auluck, 2010).

Rab GTPases are small guanine nucleotide binding proteins that play
a key role in coordinating vesicle trafficking (Stenmark, 2009), and have
been associated with αS-related neuronal dysfunction (Chen et al.,
2013; Chung et al., 2009; Dalfo et al., 2004a,b; Kuwahara et al., 2008;
Liu et al., 2009; Sancenon et al., 2012; Soper et al., 2011). In cellular
and animal models of PD,αS overexpression disrupts vesicle trafficking
between the endoplasmic reticulum (ER) and Golgi and overexpression
of Rab1 attenuated αS toxicity (Cooper et al., 2006). Furthermore, Rab
homeostasis is generally disturbed by αS in yeast with overexpression
of Rab8a, Rab1 and Rab3a being partially protective against αS-
induced toxicity (Gitler et al., 2008). In particular, Rab8a – the Rab
GTPase that is responsible for modulating post-Golgi vesicle trafficking
– increased the number of αS-overexpressing Caenorhabditis elegans
with wild-type neurons from 15% to 40%, the strongest rescue effect
found so far in this PD model (Gitler et al., 2008).

Experimental section

Sample expression and purification

Unlabeled and 15N-labeled αS was expressed and purified as de-
scribed previously (Hoyer et al., 2002). Samples used for NMR spectros-
copy contained 15N-labeledαS in 50mMHEPES buffer, 100mMNaCl at
pH 7.4. αS was phosphorylated at S129 by polo-like kinase 3 (PLK3) at
30 °C and reached full phosphorylation after 2 h in agreement with
previous studies (Mbefo et al., 2010). Phosphorylated αS (pS129–αS)
was purified by semipreparative reverse-phase HPLC. Sample purity
was tested by mass spectrometry. The C-terminal peptide of αS
(113–140) with phosphorylation at S129 was synthesized using stan-
dard solid-phase fluorenylmethoxycarbonyl chemistry. The peptide
was purified by semipreparative reverse-phase HPLC, and the purity
(N95%) was analyzed by MS.

The human Rab8a gene was synthesized as codon-optimized DNA
for the expression in Escherichia coli (MR GENE, Regensburg,
Germany). Full length Rab8a was subcloned into a modified pET19 vec-
tor that contained an N-terminal hexa-histidine tag and a Tobacco Etch
Virus (TEV) protease cleavage sequence. To label Rab8with 15N and 13C
isotopes, the Rab8a construct was co-expressed with a plasmid
encoding for GroES/ES chaperones (described previously in Bleimling
et al., 2009) in E. coli BL21 (DE3) in minimal medium containing 1 g/L
15NH4Cl and 1 g/L 13C-D-glucose. The purification of Rab8a was per-
formed as described previously (Bleimling et al., 2009). The preparation
of GppNHp loaded Rab8awas performed as described (Hou et al., 2011).
Co-immunoprecipitation of Rab8 and αS

Immunoprecipitation (IP) experiments were performed using ly-
sates from rat hippocampus and mouse cortical synaptosomes (Choi
et al., 2009). Dissected brain samples were homogenized in IP buffer
(50 mM Tris–HCl pH 7.5; 0.5 mM EDTA; 150 mM NaCl; 0.05% NP40)
freshly supplemented with protease inhibitors (Roche Diagnostics,
Mannheim, Germany). Lysates were pre-cleared by incubation with
20 μL of protein G beads (Invitrogen, Barcelona, Spain) for 30 min at
4 °C. The supernatants were incubated overnight at 4 °C with rotation
eitherwith anti-synuclein (10 μg/mL; Santa Cruz Biotechnology, rabbit)
or with anti-Rab8 antibody (10 μg/mL; BD Bioscience, mouse). The im-
mune complexes were then adsorbed for 3 h to protein G agarose beads
at 4 °C. Next, beads were washed according to the manufacturer's rec-
ommendation, resuspended in Laemmli buffer and heated at 100 °C
for 5 min. The resulted supernatants were resolved on a 12% SDS-
PAGE gel. After transferring proteins in nitrocellulose membranes,
membranes were blocked and incubated overnight with the respective
primary antibody, anti-synuclein (1:1000; Santa Cruz Biotechnology,
rabbit) or anti-Rab8 (1:1000; BD Bioscience, mouse). Membranes
were then incubated with secondary antibody (HRP-conjugated anti-
mouse; GE Healthcare, Bucks, UK, 1:10,000). The immunoreactivity
was visualized by chemiluminescence using an ECL detection system
(Millipore, Billerica, MA, USA).

NMR experiments

NMR spectra were acquired at 15 °C on a Bruker Avance 600 NMR
spectrometer using a triple-resonance cryoprobe equipped with z-axis
self-shielded gradient coils. Low temperature (15 °C) reduces aggrega-
tion ofαS and the impact of amide proton exchange.αS–Rab8a binding
was followed using two-dimensional 1H–15N HSQC experiments with
1024 and 512 complex points in the direct and indirect dimensions, re-
spectively, 32 scans per increment and a recovery delay of 1.2 s. Spectral
widths were 8389 Hz and 1809 Hz. Average 1H/15N chemical shift per-
turbations were calculated according to [(Δσ1H)2 + (Δσ15N)2/25],
where Δσ1H and Δσ15N are the observed changes in 1H and 15N
chemical shifts.

For backbone resonance assignment of Rab8a, relaxation-optimized
versions of 3D NMR experiments HNCA, HNCACB, and CBCA(CO)NH
were recorded on 13C, 15N-labeled Rab8a at a Bruker Avance 800 NMR
spectrometer. In addition, 3D HNCO and HN(CA)CO experiments were
recorded for the C-terminal truncated Rab8a variant, Rab8a-δC. Based
on the 3D spectra, assignment of Cα, Cβ, N, and HN chemical shifts
was obtained by an iterative procedure of automatic assignment using
the program MARS (Jung and Zweckstetter, 2004a,b) and manual
verification and extension of the assignment.

αS fibrillization

Aggregation of αS was carried out in solutions of 60 μM of αS in
50 mM HEPES, 100 mM NaCl, 0.01% NaN3, pH 7.4. Larger species other
than monomeric proteins were removed prior to aggregation using a
0.22 μm membrane filter (Millipore, Billerica, MA, USA) followed by
centrifugation at 60,000 rpm for 2 h at 4 °C using a Beckman 17 ultra-
centrifuge equipped with TLA-100 rotor (Beckman Coulter, South
Kraemer Boulevard Brea, CA, USA). A volume of 300 μL of freshly
prepared protein solution was incubated at 21 °C in glass vials under
constant mixing with micro-stirring bars. Rab proteins were added
prior to the start of aggregation at the specified molar ratio. At different
time points, 5 μL aliquots were taken from the aggregating sample and
added into 2 mL of 5 μM ThT in 50 mMNa-glycine, pH 8.2. ThT fluores-
cence was measured on a Varian Cary Eclipse spectrofluorimeter using
3.5 mL quartz cuvettes (Hellma, Jena, Germany) with an excitation
wavelength of 446 nm and emission at 480 nm. Error bars were
calculated from three independent aggregation assays.



151G. Yin et al. / Neurobiology of Disease 70 (2014) 149–161
Transmission electron microscopy

For negative staining, a protein-containing solution was applied to
glow-discharged carbon coated grids and stained with 1% uranyl
acetate. Images were taken with a Philips CM120 electron microscope
(Philips Inc.) at a defocus of 2.3 μm using a TemCam 224A slow scan
CCD camera (TVIPS, Gauting, Germany).

Cell culture and transfection

Neuroglioma H4 cells were maintained at 37 °C and 5% CO2 in Opti-
mummedium (Gibco) supplemented with 10% Fetal Calf Serum and 1%
penicillin–streptomycin. Cells were seeded, one day prior to transfec-
tion in either 24-well plate, for western blot and cytotoxicity assay, or
μ-Dish 35 mm Ibidi dishes for immunocytochemistry. Triple transient
transfections of αS, synphilin-1 and either Rab8a or GFP were per-
formed with Fugene 6 (Promega) according to the manufacturer's
instructions.

Site-directed mutagenesis

SynT S129D and SynT S129A were generated by site directed muta-
genesis (QuickChange II Site-DirectedMutagenesis Kit, Agilent Technol-
ogies) using SynT as a template. The selected primers for S129D were:
“GGC TTA TGA AAT GCC TGA TGA GGA AGG GTA TCA AG” and “CTT
GAT ACC CTT CCT CAT CAG GCA TTT CAT AAG CC” while for S129A the
primers were “CTT ATG AAA TGC CTG CTG AGG AAG GGT ATC” and
“CTT ATG AAA TGC CTG CTG AGG AAG GGT ATC” forward and reverse
respectively.

Immunocytochemistry

For immunofluorescence microscopy cells were fixed with 4% para-
formaldehyde (PFA) 48 h after transfection, sequentially treated with
0.5% Triton X-100 and 1.5% normal goat serum in PBS. Cells were
incubated with anti-αS antibody (BD 610787, 1:1000) at 4 °C over-
night, followed by incubation with Alexa Fluor donkey anti-mouse
555 (Invitrogen A31570, 1:1000) secondary antibody. Before visualiza-
tion, cells were stained with Hoechst (Molecular Probes 33258). Images
were captured, in a blind process, using a Leica DMI 6000B microscope
(Leica, Wetzlar, Germany) and analyzed with ImageJ software (NHI,
USA). For counting the number of aggregates per cell, three different
categories were chosen: cells with no aggregates, cells with less than
10 aggregates and cells with 10 or more aggregates.

NIAD-4 staining (Glixx Labs, USA), to identify the presence of
amyloid-like structures, was performed by incubating cells with the
dye at a final concentration of 10 μM for 30 min at room temperature
followed by immunocytochemistry as previously described.

Cytotoxicity assay

Cytotoxicity wasmeasured via release of LDH into the culture medi-
um with the Cytotoxicity Detection Kit (LDH) (Roche, Mannheim,
Germany). Basic LDH release was measured in non-transfected cells,
and the maximal LDH release was measured by cell lysis in 2% Triton
X-100. Absorbance was measured with the Infinite M2000 PRO
(Tecan, Mainz, Germany) plate reader at 490 nm. Experimental values
were calculated in percentages of themaximal LDH release and normal-
ized to empty vector (pSI).

Immunoblotting analysis

Cell lysates were electrophoresed through 15% polyacrylamide gels,
then transferred to nitrocellulose membranes (GE Healthcare) and
blocked with 5% skim milk. Membranes were then incubated with
primary antibodies (anti-αS, BD, 1:4000; anti-Rab8a, BD, 1:4000 or
anti-β-actin, Sigma-Aldrich, A-5441, 1:10,000) overnight at 4 °C. HRP-
conjugated secondary antibodies (GE Healthcare, NXA 931, 1:10,000)
were applied for 1 h at room temperature and visualized on Alpha
Imager (Alpha Innotech).

Fly stocks

Flies were maintained on standard maize food at 25 °C in LD 12:12.
The w;+; ple-GAL4 (8848), w; UASRab8-YFP; +(9782), w;+; UASαSwt

and w; UASeGFP;+(5431) lines were obtained from the Bloomington
Stock Center (Indiana). The c164-GAL4 driver was kindly donated by
Juan Botas (Baylor College of Medicine). The UASlacZ, UASαSwt and
UASαSTPs were a gift from Alf Herzig (Max-Planck-Institut für
Biophysikalische Chemie).

Larval crawling assay

Briefly, crosses were set up in standard maize fly food mixed with
0.05% Bromophenol Blue (FisherBiotech) as described previously
(Steinert et al., 2012). Young deep blue colored third instar wandering
larvae were used for the crawling assay. Each larva was washed in dis-
tilled water and placed in the middle of a 145 mm Petri dish coated
with 0.8% agarose. The distance covered by the larva in 2 min wasman-
ually tracked on a transparent sheet placed on top of the Petri dish lid.
The tracks were scanned and the distance was calculated using ImageJ
software (http://rsbweb.nih.gov/ij/).

Negative geotaxis assay

Negative geotaxis was determined in flies as previously described
(Ali et al., 2011). Ten days old flies were placed in a cylinder consisting
of two empty fly vials taped together at their open ends. An 8 cm line
was drawn from one end defining the threshold that flies must reach
in order to be scored. Prior to initiating trials, flies were acclimatized
to the apparatus for 1 min, and then the tube was tapped gently in
order to gather theflies at the bottomof the tube. The flieswere permit-
ted to fly or scale the sides of the tube for 10 s and the number of flies
passing the threshold recorded. The experiment was repeated 10
times, with a one minute rest in between trials.

Detection of dopaminergic neurons inDrosophila by immunocytochemistry

Adult flies aged 30 days post-eclosionwere collected and fixed over-
night at 4 °C in 4% formaldehyde-PBS containing 0.5% of Triton X-100.
Brains were dissected in ice-cold PBS and further permeabilised with
3× 20 min washes with PBST (with 1% Triton X-100). Brains were
then blockedwith 10% goat serum in PBST for at least 1 h and incubated
overnight at 4 °C with mouse anti-TH antibody (1:100, ImmunoStar).
Before and after the secondary antibody incubation (anti-mouse Cy5,
1:500, Abcam), brains were washed for 20 min with PBST. A solution
of 3% N-propylgallate and 80% glycerol in PBS was used for mounting
the samples which were then visualized and analyzed on an Olympus
FV1000 confocal microscope and processed with Olympus software,
respectively.

Results

αS interacts with Rab8a in rodent brain

To determine whether αS and Rab8a interact at endogenous levels
in the brain, we performed co-immunoprecipitation assays. Immuno-
precipitation (IP) of αS pulled down Rab8a both in rat hippocampus
and mouse cortical synaptosomes (Fig. 1A) while no signal was ob-
served in the control IPwith rabbit serum, demonstrating the specificity
of the IP (Supplementary Fig. S1). Furthermore, inmouse cortical synap-
tosomepreparations, immunoprecipitation of Rab8a successfully pulled

http://rsbweb.nih.gov/ij/


Fig. 1.αS interacts with endogenous Rab8a in rodent brain.αSwas immunoprecipitated (IP) from rat hippocampus ormouse cortical synaptosomes (A), andαS and Rab8awere detected
(IB). To further prove the interaction between the two proteins, Rab8a was immunoprecipitated frommouse cortical synaptosomes (B), and αS and Rab8a were detected. Complete im-
munoblots are shown to demonstrate the specificity of the interaction.

Fig. 2. Rab8a binds to the C-terminus ofαS. Averaged NMR chemical shift perturbation of
1H/15N resonances of αS in the presence of Rab8a(GDP) (A) and Rab8a(GppNHp) for
molar ratios up to 1:10 and 1:8 respectively of αS/Rab8a (B).
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down αS (Fig. 1B). Thus, we concluded that αS and Rab8a interact
under physiological conditions and the interaction occurs also in the
synaptic compartment.

The C-terminus of αS binds to the switch 1 and 2 regions of Rab8a

To obtain molecular insight into the binding of Rab8a to αS, we
employed nuclear magnetic resonance (NMR) spectroscopy. NMR
resonances are highly sensitive probes of protein–protein and pro-
tein–ligand interactions and therefore allow a detailed description of in-
teraction interfaces and binding affinities (Craik and Wilce, 1997). αS
andRab8awere produced recombinantly and changes in chemical shifts
and signal intensities were followed in two-dimensional 1H–15N
correlation spectra (heteronuclear single quantum coherence, HSQC)
of αS. Significant changes in NMR signals were observed for resi-
dues G111 to A140 of αS (Fig. 2A). In both the GDP- and GppNHp-
(a hydrolysis-resistant structural analog of GTP) bound states, Rab8a
selectively interacted with the acidic C-terminus of αS (Figs. 2A, B).
Dissociation constants, Kd, for the interaction were determined from
the concentration-dependent chemical shift changes of the strongly
affected and well-resolved αS resonances of A124, Y125, E126, M127,
D134 and E137: Kd values for Rab8a(GDP) and Rab8a(GppNHp)binding
toαSwere 0.19±0.01mMand 0.45±0.05mM, respectively. Thus, the
GDP-bound state of Rab8a binds slightly stronger to αS than the
GppNHp-bound form.

To identify the binding site of αS on Rab8a, we determined the
sequence-specific backbone resonance assignment of Rab8a(GDP). In
the 15N–1H HSQC of Rab8a, 175 backbone signals for 207 non-proline
residues were observed (Fig. 3A). The remaining residues are probably
not detectable due to conformational flexibility, in line with the
known dynamic nature of the switch 1 and switch 2 regions of Rab pro-
teins in the GDP-bound state (Itzen and Goody, 2011). 161 out of these
signals could be assigned unambiguously. Based on the resonance
assignment, the titration of Rab8a(GDP) with αS revealed that residues
in the G2 loop, as well as the observable residues of the α2 helix of
Rab8a exhibited strong changes in NMR signal position as a result of
αS binding (Fig. 3B). In addition, these residues showed increased signal
intensities, indicating changes in backbone dynamics in the switch 1/2
region upon αS binding (Figs. 3C, D). Notably, the switch 1 (G2 loop)
of Rab8a has previously been suggested to be highly dynamic and to



Fig. 3.αS binds to the nucleotide-binding region of Rab8a. (A) 1H–15NHSQC spectrum of Rab8a(GDP). Selected sequence-specific resonance assignments are indicated. (B) AveragedNMR
chemical shift perturbation of 1H/15N resonances of Rab8a(GDP) in the presence of αS. The Rab8a(GDP):αS molar ratio was 1:8. Secondary structure elements in the 3D structure of
Rab8a(9–178)(GppNHp) (PDB code: 3QBT) are depicted above with blue and red boxes representing β-strands and α-helices, respectively. (C) Residue-specific NMR signal intensity ra-
tios in 1H–15NHSQC of Rab8a(GDP) in the presence and absence ofαS. (D)αS bindingmapped onto the 3D structure of Rab8a(9–178)(GppNHp) (PDB code: 3QBT). Residues I43G44I45D46

and T76Y79, for which the chemical shift perturbation shown in (B) exceeds 0.01 ppm and peak intensity ratios shown in (C) exceed 1.1, and were colored pink. The NMR-invisible part of
the switch II region is shown inblue,while the beginning of the C-terminal tail is colored red.β-Strandβ3 that is part of the inter-switch region ismarked. (E) TheC-terminus ofαS binds to
the positively charged surface of Rab8a. A dockingmodel of the complex of theαS C-terminal peptide Y125–E137 (shown in pink) with Rab8awas obtained using the Rosetta FlexPepDock
web server (London et al., 2011; Raveh et al., 2010). S129 in the peptide was replaced by aspartic acid (D129 shown in yellow) to mimic the effect of phosphorylation. The electrostatic
potential was calculated using the program APBS (Baker et al., 2001) on the basis of the 3D structure of Rab8a(9–178)(GppNHp) (PDB code: 3QBT).
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experience large conformational changes between different nucleotide
states (Itzen and Goody, 2011). Inspection of the 3D structure of
Rab8a showed that the G2 loop is part of a positively charged surface
patch (Fig. 3E). Besides changes in the switch 1/2 region, NMR reso-
nances of residues A173-G181 and I193-T194 at the positively charged
C-terminus of Rab8a were perturbed upon the addition of αS (Figs. 3B,
C). Thus, the C-terminus of Rab8a might provide a second independent
binding site, as very similar chemical shift changeswere observed in the
switch 1/2 region when using a Rab8a variant, Rab8a-δC, truncated at
position 178 (Supplementary Fig. S2).
Phosphorylation at S129 tightens the αS–Rab8a interaction

Phosphorylation at S129 (pS129) (Fig. 4A) is the most abundant
post-translational modification of αS in PD (Anderson et al., 2006;
Fujiwara et al., 2002). Titration of pS129–αS to Rab8a(GDP) revealed
that, at the same molar ratio, Rab8a caused stronger NMR signal atten-
uation in pS129–αS than in wild-typeαS (Figs. 4B, C). In particular, the
resonance of phosphorylated S129 completely disappeared (Fig. 4B), in-
dicating that it is strongly involved in the interaction. In line with a
phosphorylation-dependent regulation of the αS–Rab8a interaction,
the S129D variant ofαS,which iswidely used tomimic phosphorylation
in vivo (Sato et al., 2013), results in signal attenuation stronger than the
wild-type protein (Fig. 4C). Taken together, the NMR data demonstrate
that phosphorylation of αS at S129 promotes binding of αS to Rab8a.
Rab8a enhances αS fibrillization

Aggregation of αS has been tightly linked to neurotoxicity in PD
(Lashuel et al., 2013). Following identification of the Rab8a/αS



Fig. 4. Phosphorylation at S129 tightens the αS–Rab8a interaction. (A) Primary sequence of the C-terminus of αS. Residues of pS129 αS for which NMR signals were strongly
broadened (I / I0 b 0.4 in C) are shown in purple. (B) Superposition of 1H–15N HSQC spectra of pS129 αS in the absence (green color) and presence (red color) of Rab8a(GDP)
(1:5 molar ratio of αS to Rab8a(GDP)). (C) Residue-specific NMR signal intensity ratios in 1H–15N HSQC spectra of different αS variants in the presence and absence of Rab8a(GDP)
(αS:Rab8a(GDP) molar ratio of 1:5). Data for wild-type, S129D and pS129 αS are shown in blue, green and red, respectively.
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interaction, we investigated the role of Rab8a in modulating αS aggre-
gation in vitro and in cells. First, αS was incubated in vitro with full-
length Rab8a(GDP) under aggregation-promoting conditions and
fibrillization kinetics were monitored using the amyloid-specific dye
Thioflavin T (ThT). Rab8a(GDP) enhanced fibrillization ofαS at different
Rab8a(GDP):αS molar ratios (Fig. 5A). Already at a Rab8a(GDP):αS
Fig. 5. Rab8a enhances αS fibrillization. (A) ThT fluorescence aggregation assay of αS at differ
ments. (B–D) Electron micrographs of samples taken after 90 h of aggregation as shown in (A)
molar ratio of 0.5:1 the lag phase of fibrillization was reduced from 24 h
to 15 h. Even more dramatic, however, was the increase in the rate
of αS fibril elongation at equimolar ratio (Fig. 5A). Incubation of
Rab8a alone did not result in enhanced ThT activity (Supplementary
Fig. S3), excluding a significant contribution of Rab8a aggregation to
the ThT signal.
ent molar ratios of αS:Rab8a(GDP). Error bars were estimated based on triplicate experi-
. Images for the αS control (B), and at molar ratios of 1:0.5 (C) and 1:1 (D).
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Electronmicroscopy (EM)was used tomorphologically assess thefi-
brillar species formed byαS in the absence and presence of Rab8 (GDP)
(Figs. 5B–D). Compared to fibrils of αS alone, αS fibrils in the presence
of Rab8awere shorter and had a tendency to stick together. In addition,
with increasing amounts of Rab8a roundish clumps were visible on the
fibrillar surface, suggesting that Rab8amight bind toαS fibrils. An inter-
action of Rab8awith the C-terminus of fibrillarαS appears possible, as a
variety of investigations have shown that the C-terminus of αS remains
disordered and accessible in αS fibrils (Del Mar et al., 2005; Vilar et al.,
2008).

Rab8a enhances cellular αS aggregation and reduces αS-induced toxicity

To obtain further insight into the effect of Rab8a on αS aggregation
and αS-induced toxicity, we used a previously described cell model
(Fig. 6A) (McLean et al., 2001) that accumulates amyloid-like αS struc-
tures, as demonstrated by staining with NIAD-4, an amyloid-binding
dye (Fig. 6D) (Olzscha et al., 2011). We observed that endogenous and
overexpressed Rab8a co-localized with αS-positive inclusions (Supple-
mentary Fig. S4). In addition, overexpression of Rab8a resulted in a 30%
increase in the number of cells with inclusions (Fig. 6B), in line with
Rab8a-promoted fibrillization of αS in vitro (Fig. 5). Strikingly, the
S129D mutant of αS, which carries a negative charge in position 129
to mimic phosphorylation and which binds more strongly to Rab8a
(Fig. 4), further increased the number of inclusions per cell in the pres-
ence of Rab8a (Fig. 6C). On the other hand, the S129A mutant that
blocks phosphorylation, showed an increase in the percentage of cells
with no aggregates (Fig. 6C). Taken together the data suggest both a
role for Rab8a and αS phosphorylation in the process ofαS aggregation
in a cellular context.

Next, we investigated whether Rab8a also influenced toxicity in the
same cell model that was used for analysis of αS aggregation. Toxicity
was determined 48 h after transfection by release of lactate dehydroge-
nase (LDH) into themedium.Our experiments showed that overexpres-
sion of Rab8a increased toxicity only moderately relative to control
transfections, while αS overexpression resulted in a more than two-
fold increase in toxicity (Fig. 7A). However, when Rab8a and αS were
coexpressed, cellular toxicity decreased significantly when compared
to αS alone (Fig. 7A). Notably, overall protein levels were not affected
by coexpression of the proteins, ruling out the possibility that the ob-
served protection was due to a reduction in the levels of αS (Fig. 7B).
In case of the S129Dmutant of αS, cellular toxicity was further reduced
when coexpressed with Rab8a (Fig. 7A). We also observed a reduction
in toxicity with the S129A mutant, but this effect might also be related
with the effect of themutant on aggregation, since it leads to a reduction
in the percentage of cells displaying inclusions (Fig. 7A and Fig. 6).

Rab8 ameliorates αS-dependent behavioral defects in fruit flies

We next investigated overexpression of Rab8 – the Drosophila
melanogaster ortholog of Rab8a – in two robust fruit fly models of αS
toxicity. The first is a widely used model in which the transgene
encoding αS was inserted randomly into the genome using P-element
based transgenesis (Feany and Bender, 2000), and the second is a
more recent model we generated in which individual transgenes
encoding wild-type or mutant versions of αS were targeted into a spe-
cific genomic location using the φC31-based site specific recombination
system, reducing positional effects and eliminating insertional muta-
genesis concerns (Karpinar et al., 2009). αS expression has been exten-
sively studied in flies as a model of PD, and yields several disease-
relevant phenotypes, including formation of Lewy bodies, dopaminergic
neuron loss, locomotor impairments, and abnormal circadian rhythmic-
ity (Feany and Bender, 2000; Gajula Balija et al., 2011; Karpinar et al.,
2009; Pienaar et al., 2010). Here, we took advantage of the GAL4/UAS
bitransgenic system to drive the expression ofαS inmoto- and dopami-
nergic neurons using c164 and ple drivers, respectively, and to study
locomotor behavior of third instar larvae. The expression of αS in
these tissues caused a significant reduction in the distance crawled by
the larvae compared to controls (Fig. 8). Coexpression of Rab8 with
αS in either motoneurons or dopaminergic neurons dramatically res-
cued this phenotype (p b 0.01 and p b 0.001, respectively, Figs. 8A and
B). In order to exclude that the observed rescue was due to titration ef-
fects caused by the presence of multiple UAS transgenes, we also ana-
lyzed the crawling behavior in larvae co-expressing both eGFP and αS,
and found no difference with the larvae expressing αS alone, further
supporting a protective role of Rab8.

We then validated Rab8 protection using our recently-developed
φC31 αS lines. The lines tested carry a transgene expressing either
wild-type αS or a pre-fibrillar mutant in which three alanines are
substituted with proline residues (TP) (Gajula Balija et al., 2011). A sig-
nificant decrease in larval crawlingwas observed when eitherWT or TP
αS was expressed in the motoneurons (p b 0.001, Fig. 8C) or dopami-
nergic neurons (p b 0.001, Fig. 8D). Overexpression of Rab8was protec-
tive in flies expressing both αS forms in either neuronal population
tested (Figs. 8C, D).

To further explore locomotor activity we performed climbing assays
in adult flies, which measure negative geotaxis (Ali et al., 2011). We
found that ten day old flies pan-neuronally expressing αS via the
elavGAL4 driver exhibit a significant ~55% reduction in climbing com-
pared to controls (p b 0.001, Fig. 9). Strikingly, coexpression of Rab8
with αS strongly rescued this locomotor impairment (p b 0.001),
supporting our observations in larvae, and indicating that Rab8 is able
to reverse αS-dependent behavioral phenotypes in an animal model
(Fig. 9).

Finally we investigated whether Rab8A could reverse the loss of do-
paminergic neurons caused by the expression ofαS. The adultDrosophila
brain possesses several dopaminergic neuron clusters which are
classified depending on their brain region localization (Nowicki
and Oxenford, 1989). We focused our analyses on three clusters of
neurons located on the posterior inferiormedial protocerebrum,
the PPL1, PPM2 and PPM3 neurons. We found that the expression of
αS with either the elav or ple driver caused a significant reduction
of neurons in the PPL1 cluster (Fig. 10, p b 0.01). We also observed
a significant reduction of the PPM3 neurons (p b 0.05), whereas the
PPM2 group appeared to be only marginally affected by the expression
of αS (right and middle panels in Fig. 10, respectively). Strikingly, the
co-expression of Rab8 with αS fully rescued the loss of dopaminergic
PPL1 neurons with either driver (p b 0.05). In addition, the loss of
PPM3 neurons was partially rescued by Rab8 co-expression with the
elav driver (p b 0.01).

Discussion

Increasing evidence suggests that defects in vesicular trafficking are
important for the pathogenic events leading to PD (Auluck, 2010;
Lashuel et al., 2013; Waxman and Giasson, 2009). Several Rab GTPases
were suggested to interact aberrantly with αS in Dementia with Lewy
bodies (Soper et al., 2008, 2011; Sung et al., 2001). In addition, Rab pro-
teins colocalize with glial inclusions containing αS in multiple system
atrophy (Dalfo and Ferrer, 2005; Nakamura et al., 2000), Rab GTPases
were found in vesicle clusters induced by αS overexpression in yeast
(Gitler et al., 2008), and overexpression of the Rab GTPases Rab1,
Rab3a and Rab8a decreased αS-induced neurotoxicity (Cooper et al.,
2006; Gitler et al., 2008). The Rab GTPase Rab8a, which showed the
strongest rescue of αS-toxicity in the nematode PD model (Gitler
et al., 2008), is associated with recycling endosomes and basolateral
trafficking events from the trans-Golgi network to the plasma mem-
brane (Henry and Sheff, 2008). Also, Golgi fragmentation was recently
shown to be Rab and SNARE dependent in cellularmodels of PD, further
linking Rab8withαS (Rendon et al., 2013). Although the genetic variant
A30P αS has been observed to co-precipitate with Rab8 in transgenic
mice (Dalfo et al., 2004b), no direct interaction between Rab8a, or any
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Fig. 7. Rab8a rescues αS-induced cellular toxicity. (A) Expression of αS increases toxicity more than two-fold and is rescued by coexpression of Rab8a. All data are relative to total cell
death and were normalized to empty vector control and are represented asmean ± S.D. two-tailed paired t-test. (B) Protein expression levels remain unchanged in experimental condi-
tions. β-Actin served as a loading control (immunoblots representative from 3 independent experiments are shown).
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other Rab GTPase, withαS has been reported thus far. Here we demon-
strated that αS is associated with Rab8a in the rat hippocampus as well
as mouse cortical synaptosomes (Fig. 1). NMR spectroscopy revealed
the molecular details of the interaction and linked key sites of the two
proteins — that is the C-terminus of αS and the switch 1/2 region of
Rab8a (Figs. 2, 3). The pathological relevance of the interaction is sup-
ported by the observation that phosphorylation of S129 in αS enhances
the binding (Fig. 4) and modulates the influence of Rab8a on αS aggre-
gation and cellular toxicity (Figs. 6, 7). It remains to be seen if other Rab
proteins can directly bind toαS in vitro and in vivo andwhether their ef-
fect on αS-related neurotoxicity is mediated by a direct interaction.

The switch between the GDP- and GTP-bound states of Rab proteins
is a fundamental process influencing a wide range of protein functions
(Stenmark, 2009). Our NMR data revealed that Rab8a binds to αS in
both states, but with a slightly stronger affinity towards Rab8a(GDP)
(Fig. 2). The interaction occurs between the C-terminus of αS and the
switch 1/2 region of Rab8al (Fig. 3). The importance of the interaction
with the switch 1/2 region was supported by interaction studies
employing a Rab8a variant lacking the C-terminal tail (Supplementary
Fig. 6. Rab8a modulates αS aggregation in cells. (A) Representative images of different categor
creases the total number of cellswith aggregateswhen compared to the control. (C) The presenc
not the total percentage of cellswith aggregateswhereas the S129AαSmutant showed a reduct
dye that recognizes beta-amyloid structure. Scale bar: 5 μm.
Fig. S2). The switch 1/2 region of Rab8a is predominantly positive and
provides a favorable binding surface for the negatively charged
C-terminal domain ofαS (Fig. 3E). Notably, themajor structural change
between the two nucleotide-bound states of Rab proteins occurs in this
region with the GTP-bound state being more rigid (Itzen and Goody,
2011; Lee et al., 2009). Thus, different conformations of the switch re-
gion and in particular the G2 loop of Rab8a might contribute to the
higher affinity of αS towards Rab8a(GDP) (Fig. 2). The difference in
affinity suggests that the GTP-bound state of Rab8a is less affected by
overexpression of αS. On the other hand, GTP-bound Rab proteins
interact with many effector proteins, while inactive Rab proteins are
complexed with guanine nucleotide dissociation inhibitor proteins
(Itzen and Goody, 2011). Thus, αS needs to compete with a variety of
Rab8a binding partners. In addition, GTP-bound Rab proteins are an-
chored to membranes via a C-terminal lipid anchor (Hutagalung et al.,
2009), and only leave the membrane upon hydrolysis to GDP. Thus,
new interactions with the α-helix of membrane-bound αS might arise
in the GTP-bound membrane-anchored state of Rab8a. In line with its
cytosolic state, however, we found a preferential interaction with GDP-
ies: “No aggregates”, “less than 10 aggregates” and “10 or more aggregates”. (B) Rab8a in-
e of the phosphomimetic variant S129DαS increases thenumber of aggregates per cell but
ion in the percentage of cellswith inclusions. (D)αSwere positively-stainedwithNIAD-4, a



Fig. 8. Rab8 rescues αS-dependent crawling defects in Drosophila larvae. αS expression in motoneurons (A, C) and dopaminergic neurons (B, D) decreases the distance covered by third
instar larvae over a two minute interval. The overexpression of Rab8 in either tissue rescues the crawling phenotype due to the expression of theαS variants (wild-type and TPmutant).
N = 40 for each genotype analyzed. Data are mean ± S.E.M. ANOVA with post hoc tests. *p b 0.05, **p b 0.01, ***p b 0.001.
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bound Rab8a in our in vitro measurements, which employed soluble
Rab8a andαS. In addition, it is important to keep inmind thatαS is high-
ly abundant in neuronal systems (Jakes et al., 1994; Iwai et al., 1995) and
a large excess of αS could favor binding to Rab8a. Indeed, triplication of
the αS locus was shown to cause PD and αS progressively accumulates
in cytosolic vesicles and the ER during disease (Cooper et al., 2006;
Colla et al., 2012). Moreover, the C-terminal tail of Rab8a is less affected
by nucleotide and membrane binding and can therefore – independent
of other Rab8a interactions – contribute to the interaction with the
C-terminal domain of αS, which remains accessible in both the
soluble and membrane-bound states and even in αS fibrils (Del
Mar et al., 2005; Eliezer et al., 2001; Ulmer et al., 2005; Vilar et al.,
2008).

Aggregation of αS into insoluble deposits is a hallmark of PD and is
observed in cellular and animal models based on αS overexpression
(Chesselet, 2008). Understanding the underlying toxicity of different
αS species in the aggregation pathway has been a major goal in the
field. Although current theories suggest that oligomeric species might
constitute the most toxic species (Karpinar et al., 2009; Outeiro et al.,
2008; Winner et al., 2011), consensus is still lacking (El-Agnaf et al.,
1998; Tanik et al., 2013). An undisputable fact, obtained from the clini-
cal research, is that intracellular aggregates are found in the surviving
neurons of PD patients indicating that their presence can, perhaps,
have a beneficial effect in cell survival (Forno, 1996). Our experiments
show that overexpression of Rab8a in a cellular model increased the
number of cells with αS inclusions (Fig. 6), in line with enhanced
in vitro aggregation of αS into amyloid fibrils in the presence of Rab8a
(Fig. 5). In addition, we found that mimicking αS phosphorylation in-
creased the number of inclusions per cell. NMR spectroscopy suggests
that the enhanced aggregation is due to a direct binding of Rab8a to
the C-terminus ofαS that has been implicated in interactionswith a va-
riety of protein partners (Burre et al., 2010; De Genst et al., 2010; Jensen
et al., 1999, 2000; Kawamata et al., 2001; Kim et al., 2002; Yap et al.,
2011). Thus, our study provides a link between physiological αS inter-
actions and pathogenic aggregation. Moreover, Rab8a decreased αS
toxicity in our cell model while αS levels remained unchanged
(Fig. 7), consistent with previous studies in which Rab8a was able to
decrease αS associated neuronal loss in a C. elegans model and in rat
primary neuronal cultures (Gitler et al., 2008). Our finding that Rab8
dramatically improved αS-dependent behavioral deficits in several
Drosophila models (Figs. 8 and 9) further supports these observations.
Thus, a Rab8a-mediated increase in formation of insoluble αS
aggregates could constitute a mechanism underlying Rab8a-mediated
cellular protection.

Phosphorylation of αS at S129 is the most abundant post-
translational modification in Lewy bodies (Anderson et al., 2006;



Fig. 9. Pan-neuronal expression of Rab8 rescuesαS locomotor impairments. Expression of
αS via elavGAL4 significantly reduces climbing activity of adult fruit flies at day 10 post-
eclosion, which is rescued by overexpression of Rab8. GFP + αS flies served as controls
for possible titration effects. N = 60 for each genotype analyzed. Data are mean ±
S.E.M. ANOVA with post hoc tests. n.s. = not significant, ***p b 0.001.
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Fujiwara et al., 2002). S129 can be phosphorylated by a variety of
kinases in vitro and in vivo (Waxman and Giasson, 2010). In particular,
polo-like kinases quantitatively and selectively phosphorylate αS at
S129 and levels of polo-like kinase 2 are increased in the brains of pa-
tients with Lewy body disease (Inglis et al., 2009; Mbefo et al., 2010).
However, the relevance ofαS phosphorylation at S129 for neurotoxicity
and disease remains controversial (Basso et al., 2013). While some re-
ports report a beneficial effect (Kuwahara et al., 2012; Oueslati et al.,
2013), others identified deleterious consequences (Chen and Feany,
2005; Sato et al., 2011). A separate study found no effects of this post-
translational modification (McFarland et al., 2009). Our study reveals
that phosphorylation of αS at S129 enhances the binding of αS to
Rab8a (Fig. 4). This finding is in line with a previous observation that
αS phosphorylated at S129 is found specifically in pull downs with ve-
sicular trafficking proteins (McFarland et al., 2008). Notably, the
S129D variant of αS also showed enhanced Rab8a binding (Fig. 4),
Fig. 10. Rab8 rescues the loss of dopaminergic neurons in Drosophila. αS expression in the CNS
nificantly reduces the number of neurons in different dopaminergic clusters in day 30 adult fr
hemispheres per genotype. Data are mean ± S.E.M. ANOVA with post hoc tests. n.s. = not sign
supporting its use for mimicking S129 phosphorylation in vivo. In addi-
tion, coexpression of S129DαS with Rab8a enhanced aggregation ofαS
in H4 cells to a larger degree than coexpression of wt αS with Rab8a
(Fig. 6C) and reduced cellular toxicity (Fig. 7A). In line with these find-
ings, phosphorylation of αS at S129 can – dependent on the genetic
background – reduce αS-induced defects in vesicle trafficking
(Sancenon et al., 2012). Thus, our study provides molecular insights
into the functional consequences of phosphorylation of αS at S129
and supports the role of changes in protein–protein interactions for
αS pathogenicity (McFarland et al., 2008).

In summary, we have established a direct interaction between αS
and Rab8a and provided unique insights into the molecular mecha-
nisms of αS toxicity. Binding of αS to the switch 1/2 region of Rab8a
suggests that αS can interfere with the physiological function of Rab
GTPases, in particular when αS levels are increased, and thus lead to
deficits in vesicle trafficking. Phosphorylation at S129 enhances binding
of αS to Rab8a, increases aggregation of αS into insoluble aggregates
and reduces αS-induced cellular toxicity. S129 phosphorylation can
therefore critically influence the toxic interplay of Rab8a andαS, further
supporting the possibility of targeting phosphorylation as a therapeutic
strategy in PD and other synucleinopathies.

Abbreviations

αS alpha-synuclein
EM electron microscopy
ER endoplasmic reticulum
GDP guanosine diphosphate
GTP guanosine triphosphate
GppNHp on-hydrolysable analog of GTP
HSQC heteronuclear single-quantum coherence
LDH lactate dehydrogenase
NMR nuclear magnetic resonance
PD Parkinson's disease
Rab Ras related in brain
Rab8a-C Rab8a (9–178)
SNARE soluble NSF attachment protein receptor
ThT Thioflavin T
(elavGAL4, upper panels) and in the dopaminergic neurons (pleGAL4, lower panels) sig-
uit flies. The co-expression of Rab8 ameliorates this neurodegeneration. N = 16–34 brain
ificant, *p b 0.05, **p b 0.01 and ***p b 0.001.
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Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2014.06.018.
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