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Abstract

Background: In several neurodegenerative diseases, hyperphosphorylation at position Ser129 is found in fibrillar deposits of
alpha-synuclein (asyn), implying a pathophysiological role of asyn phosphorylation in neurodegeneration. However, recent
animal models applying asyn phosphorylation mimics demonstrated a protective effect of phosphorylation. Since metal-ion
induced asyn oligomers were identified as a potential neurotoxic aggregate species with membrane pore-forming abilities,
the current study was undertaken to determine effects of asyn phosphorylation on oligomer membrane binding.

Methods: We investigated the influence of S129 phosphorylation on interactions of metal-ion induced asyn oligomers with
small unilamellar lipid vesicles (SUV) composed of POPC and DPPC applying the phosphorylation mimic asyn129E. Confocal
single-particle fluorescence techniques were used to monitor membrane binding at the single-particle level.

Results: Binding of asyn129E monomers to gel-state membranes (DPPC-SUV) is slightly reduced compared to wild-type
asyn, while no interactions with membranes in the liquid-crystalline state (POPC-SUV) are seen for both asyn and asyn129E.
Conversely, metal-ion induced oligomer formation is markedly increased in asyn129E. Surprisingly, membrane binding to
POPC-SUV is nearly absent in Fe3+ induced asyn129E oligomers and markedly reduced in Al3+ induced oligomers.

Conclusion: The protective effect of pseudophosphorylation seen in animal models may be due to impeded oligomer
membrane binding. Phosphorylation at Ser129 may thus have a protective effect against neurotoxic asyn oligomers by
preventing oligomer membrane binding and disruption of the cellular electrophysiological equilibrium. Importantly, these
findings put a new complexion on experimental pharmaceutical interventions against POLO-2 kinase.
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Introduction

Fibrillar deposits of alpha-synuclein are the pathological

hallmark of several neurodegenerative diseases such as Parkinson’s

disease (PD) and multiple systems atrophy (MSA). In PD, the

progressive spreading of Lewy bodies to different brain areas

coincides with clinical disease progression [1]. In recent years,

there is increasing evidence that smaller alpha-synuclein (asyn)

oligomers, which are en route to fibril formation, are the key

neurotoxic aggregate species [2–5]. However, the circumstances

leading to the formation of these oligomers as well as their toxic

mode of action remains unclear.

Increasing evidence suggests that interactions between asyn and

lipid membranes may be essential to asyn function and neurotox-

icity [6–8]. However, these interactions appear to be complex.

Concerning physiological protein function, it was shown that asyn

physiologically interacts with vesicles at the presynaptic terminals,

regulating vesicle traffic [9,10]. In asyn monomers, membrane

interactions are mediated through KTKEGV repeats at the N-

terminus [11–13]. Such interactions might be related to the

protein’s native function, stabilizing lipid packing and reducing

membrane fusion [14]. On the other hand, several models have

shown a neurotoxic effect of asyn membrane binding [15,16].

Furthermore, asyn membrane binding has been suggested to favor

oligomer formation and subsequent disruption of membrane

integrity [17,18]. To date, it is not fully understood which forms of

asyn membrane interactions lead to toxicity, and whether

oligomer formation is a result of or a requirement for pathologic

membrane interactions. To address this issue, we previously

performed experiments using single-particle fluorescence tech-

niques, which allow distinguishing between monomer and

oligomer binding to membranes. By this approach, we were able

to demonstrate that asyn binding to lipid vesicles inhibits oligomer

formation, whereas oligomers show enhanced binding to lipid

membranes and may act as membrane pores [6,7]. These data

further substantiate the hypothesis that interactions of asyn
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oligomers with cellular membranes are the key toxic event in

synucleinopathies.

Another ongoing controversy concerns the role of asyn

phosphorylation in neurotoxicity. Phosphorylation at Ser129 is

abundant in Lewy bodies [19,20], while the phosphorylation rate

of asyn at this position appears to be low in the healthy

mammalian brain. To date, both pro- [20–22] and anti-

aggregatory effects [23,24] of asyn phosphorylation and phos-

phorylation-mimicking mutations have been observed in vitro and

in animal models. However, the role of asyn phosphorylation is

not limited to modulating aggregation behavior. Several lines of

evidence point towards an inhibiting effect of asyn phosphoryla-

tion on membrane binding. For example, in both budding yeast

and transgenic C. elegans, binding of asyn to plasma membranes is

enhanced for the phosphorylation-deficient S129A mutation,

while the phosphorylation mimicking S129D mutation results in

decreased membrane binding [16,25]. However, it is currently

unknown how phosphorylation modulates membrane binding, i.e.

whether it affects physiological monomer binding and/or mem-

brane interactions of disease-associated asyn oligomers.

The current study aimed at elucidating the influence of

phosphorylation on interactions of asyn monomers and potentially

toxic oligomers with model lipid membranes. Based on earlier

findings from histopathological, epidemiological and experimental

studies implicating an involvement of ferric iron in the pathogen-

esis of synucleinopathies, we have established a model of asyn

oligomer formation yielding potentially toxic aggregates in

presence of ferric iron [26–28]. We demonstrated that physiolog-

ical concentrations of ferric iron result in the formation of a

specific asyn oligomer species even at nanomolar protein

concentrations [6]. Furthermore, these oligomers have been

shown to interact with lipid membranes and may act as membrane

pores, possibly disrupting the transmembranous electrophysiolog-

ical equilibrium [6–8,29].

Here, we applied single-particle fluorescence techniques to

monitor the binding of monomers and metal-ion induced

oligomers of recombinant human asyn and the phosphorylation-

mimicking mutant asyn129E to small unilamellar lipid vesicles

(SUV). SUV were composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) or dipalmitoylphosphatidylcholine

(DPPC), yielding lipid membranes in the liquid-crystalline or gel

state at room temperature, respectively. By using fluorophores

with two different excitation wavelengths, fluorescence correlation

spectroscopy (FCS) and scanning for intensely fluorescent targets

(SIFT) allow for the simultaneous detection of two different

particle types, thus enabling us to monitor particle interactions and

rare oligomers down to attomolar concentrations [30,31].

Materials and Methods

Expression and fluorescence labeling of recombinant
human alpha-synuclein and pseudophosphorylation
mutants S129D/E

Recombinant human alpha-synuclein was expressed in E.coli

and purified as described previously [32]. A stock solution of

1 mg/ml was prepared in tris buffer pH 7.0, 50 mM.

alpha-Synuclein pseudophosphorylation mutants S129E were a

kind gift of Prof. Dr. Philipp Kahle (Hertie Institut für klinische

Hirnforschung, Tübingen, Germany).

Fluorescence labeling
Human recombinant proteins asyn and asyn129E were

fluorescently labeled with Alexa-647-O-succinimidylester as de-

scribed previously [32]. Labeling ratios of dye to protein were 2:1.

Generation of small unilamellar lipid vesicles
Small unilamellar vesicles (SUV) were prepared from 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) or dipal-

mitoylphosphatidylcholine (DPPC) as described previously [7]. In

brief, a fluorescent lipid dye (Bodipy-PE, Invitrogen, Carlsbad,

CA) was mixed with POPC or DPPC in chloroform. Lipids were

dried by nitrogen gas evaporation, followed by hydration in buffer

and sonication. A vesicle diameter of 25–35 nm was confirmed by

dynamic light scattering (High Performance Particles Sizer,

Malvern Instruments, Herrenberg, Germany). SUV stock solu-

tions (lipid concentration: 100 mM) were stored at 4uC and used

within 48 hours.

Aggregation assay
Protein stock solutions were diluted to a final concentration of

10–20 nM (10–20 particles per focus volume) and coincubated

with Fe3+ or Al3+ at a final concentration of 10 mM for one hour in

a total sample volume of 20 ml to induce oligomer formation.

Subsequently, POPC-SUV or DPPC-SUV then added at a final

lipid concentration of 10 mM. SIFT measurements were started

after 30 minutes incubation time. Five measurements were

performed on four independent samples per measurement group.

Measurement time was 10 s. Measurements were carried out on

an Insight Reader (Evotec Technologies, Hamburg, Germany) in

384 well glass-bottom sample plates (Greiner Bioplates, Greiner,

Solingen, Germany) as described previously [7].

Analysis of protein aggregation and membrane binding
Protein aggregation was analyzed as described previously using

the software packages SIFT-2D and FCSPPEval Version 2.0

(Evotec Technologies, Hamburg, Germany) [33]. In brief, photons

per channel were summarized in time intervals (bins) of 40 ms and

plotted in a 2D FIDA (fluorescence intensity distribution analysis)

histogram. Histograms depicted in this paper contain all photons

of all consecutive measurements of one sample. Bin-weighted

SIFT aggregation and coaggregation analysis was performed as

described previously [33]. A threshold (T) was determined by

examining brightness in monomer samples. Oligomer signal was

defined as all photons (N) exceeding the threshold (N.T).

To determine oligomer brightness and size, asyn and asyn129E

monomer brightness (Qmonomer) was determined by a 1D FIDA

one component fit in a sample without aggregation inducers as

described previously [7]. Subsequently, oligomer brightness

(Qoligomer) was determined in a 1D FIDA two component fit

applying the previously determined monomer brightness as fixed

variable. Oligomer size (Xoligomer) was then calculated by

Xoligomer = Qoligomer/Qmonomer. The oligomer fraction of the

protein solution was calculated by FIDA two component fit

applying the formula c2q2/(c1q1/c2q2) (c1/2 = monomer/oligomer

concentration; q1/2 = monomer/oligomer brightness).

To determine the brightness of vesicles with bound monomers,

2D-FIDA analysis was performed. Therefore, monomer and

vesicle brightness were determined as stated above. Subsequently,

the brightness and concentration of bicolored particles was

determined by a three component 2D FIDA fit with a pre-set

particle brightness in both channels for component one (free asyn

monomer) and two (vesicle without bound monomers) and in

channel one for the third component (fixed vesicle brightness, free

fit of brightness for bound asyn). From the resulting brightness and

concentration of the third component, the total fluorescence

derived from bicolored particles in the red channel (i.e. asyn) was

calculated as Xbicolored = Cbicolored*Qbicolored.

Protein binding to lipid vesicles was analyzed applying the

SIFT-2D software package. Again, monomer brightness was
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determined, and an artificial neutral point was defined to exclude

vesicles and unbound oligomers. Membrane bound oligomers

could thus be identified as Vnbound: x.0 > y.0. Since unbound

oligmers are depicted along the ordinate of 2D FIDA histograms,

they can be identified as Vn unbound: x,0 > y.0. The percentage

of bound oligomers is thus identified as Nbound/(Nbound + Nunbound).

Statistical analysis
Normal distribution of data was evaluated by Shapiro-Wilks-

Test. Data are displayed as mean 6 standard deviation, except for

SIFT analyses which are displayed as mean 6 standard error of

the mean. Levels of significance were determined by student’s

t-test with Bonferroni adjustment for multiple testing where

appropriate. Significance was determined at an a-level of p,0.05.

All statistical analyses were performed with the software package

SPSS version 20.

Results

1. Pseudophosphorylation at Ser129 mildly reduces asyn
monomer binding to lipid vesicles

To investigate the influence of pseudophosphorylation at

Ser129 on asyn monomer binding to lipid vesicles, fluorescently

labeled asyn647 and asyn129E647 (‘‘red’’ channel) were coincu-

bated with POPC- and DPPC-SUV488 (‘‘green’’ channel) and

measured by SIFT. Data were depicted as 2D FIDA histograms,

with monomers resulting in data points near the origin of the

histogram, while asyn oligomers and vesicles labeled with multiple

fluorophores result in signal along the ordinate and the abscissa of

the histogram, respectively. Vesicle-bound monomers and oligo-

mers are represented along the bisectrix of the histogram (also see

the schematic in figure 1 A, adapted from [7]).

In the first set of experiments, no interactions of asyn/asyn129E

monomers and POPC-SUV were seen, while both asyn and

asyn129E readily bound to DPPC-SUV (figure 1 B). To

investigate whether binding to DPPC-SUV induces the formation

of asyn oligomers, the ionic detergent sodium-dodecyl-sulfate

(SDS) was added to the assay after the first set of measurements.

After dissolution of lipid vesicles with SDS at a final concentration

of 0.2%, only a low-intensity signal remained in both channels,

indicating that no SDS-resistant oligomers were formed upon asyn

binding to DPPC-SUV. In this experimental setup, asyn129E

exhibited a similar pattern of interaction with POPC- and DPPC-

SUV as asyn, although a mildly reduced DPPC vesicle binding

was seen (see figure 1 C). Fluorescence intensity distribution

analysis (FIDA) showed that particle brightness in the red channel

(asyn647) was unchanged upon coincubation of asyn and POPC-

SUV, while an approximately twofold increase in particle

brightness was seen upon coincubation with DPPC-SUV (figure 1

E). Furthermore, 2D-FIDA analysis demonstrated that the total

brightness of vesicle-bound monomers is mildly higher for asyn as

compared to asyn129E (figure 1 D). In this analysis, monomer and

vesicle brightness are first determined in control samples. In a

second step, these parameters are used to calculate the brightness

and concentration of bicolored particles. The fitted single-particle

brightness was also higher for asyn, demonstrating that bicolored

particles contain on average more asyn monomers as compared to

asyn129E (figure 1 D, single vesicle brightness). Further indicative of

the binding of multiple asyn monomers to one vesicle, particle

brightness was reduced to control levels upon coincubation with

SDS (figure 1 E), which readily dissolves DPPC-SUV, thus

liberating bound monomers. Of note, no asyn oligomers are found

after dissolution of DPPC-SUV. A similar, but less pronounced

effect was seen for asyn129E.

2. Pseudophosphorylation at Ser129 increases metal-ion
induced asyn oligomer formation

It was previously shown that physiological concentrations of

ferric iron induce the formation of a distinct, SDS-resistant asyn

oligomer species [6,7,34]. In our experiments, pseudophosphor-

ylation at position Ser129 markedly increased asyn oligomer

formation in presence of 10 mM Fe3+ and Al3+. As determined by

1D-FIDA two component analysis, the fraction of asyn incorpo-

rated in oligomers was higher for asyn129E (see figure 2 A). Of

note, the presence of ferric iron in concentrations up to 100 mM

did not alter the properties of the fluorescence dyes (see figure S1

A, B). Both FCS and FIDA analyses showed that total brightness

of the dye in solution, single particle brightness and diffusion time

remain unaltered by presence of metal ions (figure S1 A, B, D). In

addition, these parameters remained unchanged upon addition of

ferric iron to a solution containing a fluorescently labeled non-

amyloidogenic protein, in this case the asyn specific antibody

15G7 (figure S1 C). To examine possible effects of random asyn

labeling on oligomer formation, a control experiment applying

modified asyn proteins with point mutations to cysteine at

positions 3, 81 and 140 and subsequent point-specific labeling

with Alexa-647 maleimide dyes was performed. In this experi-

ment, monomers of all asyn mutations showed similar FCS signals

with comparable diffusion times (figure S1 F). Furthermore, 1D-

FIDA analysis of Fe3+ induced asyn oligomers yielded comparable

oligomer sizes for all labeling sites (figure S1 E), which were well in

accordance with oligomer sizes of randomly labeled asyn as

presented earlier [35]. Of note, earlier studies applying atomic

force microscopy also found similar sizes of metal ion induced

oligomers of unlabeled and randomly labeled asyn [6].

Concerning the effect of asyn pseudophosphorylation, FIDA

analysis showed an increase in the oligomer fraction in asyn129E

for both Fe3+ and Al3+, indicating an augmented aggregation

propensity for asyn129E under these conditions (see figure 2 A). In

contrast, oligomer sizes as determined by 1D-FIDA two compo-

nent fit are not significantly altered by pseudophosphorylation,

ranging from 116 to 143 monomers per oligomer for Fe3+ and

from 125 to 158 monomers per oligomer for Al3+ (also see figure 2

B).

3. Binding to lipid membranes composed of POPC is a
common hallmark of asyn oligomers induced by trivalent
metal-ions

We previously reported that Fe3+ induced asyn oligomers show

a gain of function compared to monomers by binding to SUV

composed of POPC. Since Al3+ proved to be a more potent

inducer of asyn oligomer formation, subsequent experiments were

undertaken to compare the binding behavior of asyn oligomers

induced by Fe3+ and Al3+. As is demonstrated in figure 3 A, Al3+

induced asyn oligomers showed an overall higher propensity to

bind to POPC-SUV as compared to oligomers formed in presence

of Fe3+ as determined by FIDA analysis.

4. Inhibition of asyn oligomer membrane binding by
pseudophosphorylation at Ser129

In this set of experiments, we investigated the influence of

pseudophosphorylation at Ser129 on oligomer vesicle interactions.

While metal ion induced asyn oligomers exhibited strong binding

to POPC-SUV, binding of Fe3+ induced oligomers was almost

abolished (,5% bound oligomers) in asyn129E, and binding of

Al3+ induced oligomers was markedly reduced (,20% bound

oligomers, see figure 3 A). In two control experiments, the size of

asyn/asyn129E oligomers formed in presence of POPC-SUV
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(asyn/asyn129E: 116/134 monomers per oligomer) remained

unchanged compared to oligomers generated in absence of SUV

(asyn/asyn129E: 112/147 monomers per oligomer) as determined

by FIDA analysis. SIFT segment analysis further corroborated a

reduced binding capacity of asyn129E oligomers as compared to

asyn (figure 3 B). As indicated in figure 1 A, this analysis allows to

depict the distribution and mixing ratio of bicolored aggregates.

For the phosphorylation mimic asyn129E, the amount of

bicolored particles (found in segments 4–15) is strongly reduced

for both Al3+- and Fe3+-induced oligomers indicating strongly

reduced membrane binding of these oligomers.

Discussion

In the recent decade, the increasing knowledge of asyn

aggregation behavior has shifted the scientific focus from the

histopathologically visible fibrillar aggregates to small oligomer

species. Dissecting the complex pathways of asyn oligomer

formation and interactions of these oligomers with lipid mem-

branes appears to be crucial to the understanding of synucleino-

pathies.

Influence of phosphorylation-mimicking mutations on
asyn oligomer formation

To date, both pro- [20–22] and anti-aggregatory effects [23,24]

of asyn phosphorylation and pseudophosphorylation have been

observed in vitro and in vivo. In the present study, we applied

fluorescently labeled asyn to investigate the influence of pseudo-

phosphorylation at position Ser129 (asyn129E) on oligomer

formation. In the absence of aggregation inducers, both asyn

and asyn129E showed no spontaneous oligomer formation at

nanomolar protein concentrations. The low concentrations

applied in these experiments may account for the fact that this

result is different from previous studies that reported increased

aggregation of phosphorylated asyn, since it is known that high

concentrations of asyn are required to enable spontaneous fibril

formation.

Remarkably, the current study further demonstrates that

asyn129E oligomer formation is largely increased as compared

to wild-type protein upon coincubation with both Fe3+ and Al3+.

The resulting oligomers did not differ in size compared to the

unphosphorylated protein, with each oligomer containing approx-

imately 115 to 160 monomers as determined by fluorescence

intensity distribution analysis, which is in accordance with

previous findings [6]. Interestingly, we recently demonstrated that

phosphorylation of tau by Glycogen Synthase Kinase 3b enhances

both metal-ion induced oligomer formation and coaggregation

with asyn [33,35]. The results presented here substantiate the

hypothesis that phosphorylation facilitates metal-ion induced

oligomer formation in amyloidogenic proteins at protein concen-

trations that likely resemble conditions in early states of disease. It

was speculated that the positively charged metal ions facilitate

protein interactions via the additional negative charges introduced

to the protein structure through phosphorylation [36].

Figure 1. Effect of Ser129 pseudophosphorylation on asyn monomer binding to lipid vesicles. aSyn647 and asyn129E647 were
coincubated with POPC- and DPPC-SUV488. Schematic A. demonstrates the appearance of vesicles, protein monomers and oligomers in 2D FIDA
histograms (adapted from [7]). B. aSyn647 and asyn129E647 monomers show no interactions with POPC-SUV. Conversely, extensive monomer binding
to DPPC-SUV is seen irrespective of pseudophosphorylation status. C. Quantitative FIDA analysis shows a mild tendency towards reduced vesicle
binding of asyn129E647. D. Quantitative 2D-FIDA analysis of monomers bound to DPPC-SUV demonstrates an overall higher amount of bound
monomers (total brightness), determined through brightness and concentration of bicolored particles. Furthermore, the higher fluorescence intensity
of the bicolored particles (single vesicle brightness) indicates that more monomers are bound per vesicle. E. In a control experiment, asyn647 and
asyn129E647 particle brightness (Q) as determined by 1D FIDA analysis (one component fit) is unchanged in presence of POPC-SUV as compared to
control measurements in the absence of vesicles, confirming that no membrane binding takes place. However, Q increases in presence of DPPC-SUV.
Dissolution of DPPC-SUV by SDS yields an asyn647 particle brightness similar to monomeric asyn647, indicating that oligomer formation is not induced
by binding to DPPC-SUV. Levels of significance are depicted as * = p,0.05; n = 3.
doi:10.1371/journal.pone.0098906.g001
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Modeling phosphorylation at Ser129 has a mild influence
on monomer binding to lipid membranes

Membrane binding of asyn is a complex interaction of various

factors including lipid composition, membrane curvature, and

posttranslational modifications of the protein [7,37,38]. It has

previously been shown that while the N-terminus acts as the

primary membrane binding region undergoing conformational

changes, posttranslational modifications at the protein’s C-

terminus can alter membrane interactions [39]. Several lines of

evidence indicate that asyn phosphorylation inhibits membrane

binding. In both budding yeast and C. elegans, binding of asyn to

plasma membranes is enhanced in the phosphorylation-deficient

S129A mutation, while the phosphorylation mimic S129D shows

decreased membrane binding [16,25]. In our experiments, asyn

pseudophosphorylation at Ser129 showed only a mild inhibitory

effect on monomer binding to DPPC-SUV vesicles. Similar to

wild-type asyn, no interactions with uncharged membranes in the

liquid-crystalline state such as POPC-SUV were seen. This is in

accordance with our previous findings that membrane interaction

is dependent on the membrane surface configuration, requiring a

negative surface charge or a stressed gel-phase to enable monomer

binding [7] (figure 4). In small unilamellar vesicles consisting of

DPPC as applied in the current study, the high membrane

curvature leads to local defects in the vesicle membrane. It was

demonstrated previously that monomeric asyn binds to these

defects, thus leading to local reorganization of lipids [37,40].

In summary, our observation of a mild inhibitory influence of

Ser129 pseudophosphorylation on asyn monomer binding to

DPPC-SUV further corroborates previous findings that phosphor-

ylation inhibits membrane binding of asyn monomers, although

the overall effect appears to be mild. Phosphorylation of

monomeric asyn may thus be a physiological regulatory mecha-

nism to adjust asyn membrane affinity.

Figure 2. Differential influence of Ser129 pseudophosphoryla-
tion on metal-ion induced asyn oligomer formation. A. FIDA
analysis demonstrates an increased proportion of asyn129E647 oligo-
mers within total fluorescence intensity for both Fe3+ and Al3+,
indicating an increased aggregation propensity of asyn129E647 in
presence of both aggregation inducers. B. FIDA two component fit
demonstrates that oligomer sizes do not differ significantly between
asyn and asyn129E. Levels of significance are depicted as * = p,0.05;
n = 3.
doi:10.1371/journal.pone.0098906.g002

Figure 3. Influence of metal-ion induced asyn oligomer
formation and pseudophosphorylation on membrane binding.
A. FIDA analysis (upper panel) and 2D FIDA histograms (lower panel)
demonstrate that Fe3+/Al3+ induced asyn647 oligomers show a high
affinity to POPC-SUV488. Conversely, membrane binding of asyn129E647

oligomers is nearly abolished for Fe3+ and markedly reduced for Al3+

induced oligomers. B. SIFT segment analysis also demonstrates an
increased mixed particle signal for asyn647 as compared to asyn129E647

(‘‘bound oligomer’’, corresponding to SIFT segments 4–15; also see
figure 1A.), while levels of free oligomers are higher in asyn129E647

(‘‘oligo’’, corresponding to segments 16–18). Levels of significance are
depicted as * = p,0.05, ** = p,0.01; n = 3.
doi:10.1371/journal.pone.0098906.g003
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Modeling phosphorylation at Ser129 abolishes
membrane binding of Fe3+ induced asyn oligomers

We have previously demonstrated that Fe3+ induced asyn

oligomers exhibit a potentially pathological gain of function, acting

as membrane pores on lipid surfaces [7,8]. In a model system

applying evaporation to generate asyn oligomers, a similar extent

of membrane permeabilization was found, requiring a high

proportion of negatively charged lipids to facilitate permeabiliza-

tion [41]. In this model, an oligomer structure with a hydrophobic

core composed of the N-terminus including the NAC domain was

proposed, with the C-termini forming an outer shell with

conformational heterogeneity [42,43]. Our current findings

indicate that phosphorylation at Ser129, while enhancing Fe3+

induced oligomer formation, may rescue membrane permeabiliza-

tion by inhibiting oligomer binding to lipid surfaces. In our

experiments, the high affinity of Fe3+ induced asyn oligomers was

almost completely abolished by pseudophosphorylation. These

results are surprising given that earlier studies demonstrated that

interactions between asyn and lipid bilayers mainly occur through

the N-terminal domain. Thus, our findings may point towards a

potential role of the C-terminal domain in membrane interactions,

as was demonstrated for other post-translational modifications

[39]. Conversely, the effects observed could be due to structural

differences between the ferric iron induced oligomers observed

here and asyn oligomers generated by other means.

Of note, binding to POPC membranes was not limited to Fe3+

induced asyn oligomers, but appears to be a common hallmark of

oligomers formed in presence of trivalent metal-ions. A similar,

though less pronounced effect of asyn pseudophosphorylation was

seen in Al3+ induced asyn oligomers, where vesicle binding of

oligomers was reduced to ,20%. While no significant difference

in oligomer size was seen between asyn and asy129E, it is currently

unknown whether mimicking phosphorylation alters the internal

oligomer structure. The sequestration of potentially toxic oligo-

mers from cellular membranes may act as a protective mechanism,

possibly resulting in the formation of larger fibrillar asyn

aggregates without toxic effects (also see figure 4).

In summary, our findings implicate a differential influence of

asyn phosphorylation on aggregation behavior and membrane

binding, as is illustrated in figure 4. Phosphorylation at Ser129

yields a mild inhibitory effect on monomer membrane binding.

While it facilitates oligomer formation in presence of trivalent

metal-ions, membrane binding of the resulting oligomers is

strongly reduced. Thus, the current model suggests that the

protective effect of asyn pseudophosphorylation recently seen in

animal models is due to decreased membrane binding of asyn

oligomers. Moreover, these results indicate that membrane

binding is an essential mediator of neurotoxicity. The increased

aggregation propensity of the phosphorylated protein may, in turn,

lead to sequestration into large inert aggregates such as fibrillar

deposits in form of Lewy bodies.

Importantly, these findings put a new complexion on experi-

mental pharmaceutical interventions directed against POLO-2

kinase, which mediates asyn phosphorylation at Ser129 [44].

Given the potential neuroprotective effect of Ser129 phosphory-

lation, such interventions may not achieve relevant therapeutic

effects.

Supporting Information

Figure S1 Addition of ferric iron does not result in
quenching of Alexa/Bodipy fluorescent dyes. Concentra-

tion series of ferric iron were added to different fluorescent dyes to

investigate potential quenching effects. A/B. In a broad range of

concentrations tested, Fe3+ does not alter particle brightness,

diffusion time or fitted particle number of the fluorescent dye

Alexa-647 as determined by FCS (A) and 1D-FIDA (B) analyses.

C. Upon ligation to the non-amylodiogenic, asyn-specific antibody

15G7, no effect on Alexa-647 readout parameters is detectable in

presence of 10 uM Fe3+. As demonstrated earlier, the aggregation-

inducing effect of the metal ion appears to be specific to

amyloidogenic proteins [35]. D. As observed for Alexa-647, no

effect on readout parameters is detectable upon coincubation of

Bodipy-PE and ferric iron in FIDA analysis. E. / F. Control

experiment using asyn with point mutations to cysteine in positions

3, 81 and 140 and point-specific labeling with Alexa647 maleimide

dyes. E. Oligomer sizes of Fe3+ induced asyn oligomers are

comparable for all three point mutations and in accordance with

randomly labeled wt asyn oligomers as demonstrated earlier [35].

F. No difference is seen in diffusion time of the different asyn

mutants.

(TIF)
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pseudophosphorylation inhibits membrane binding and may thus
allow oligomer sequestration into larger aggregates such as fibrils.
doi:10.1371/journal.pone.0098906.g004

Phosphorylation Inhibits Membrane Binding of Alpha-Synuclein Oligomers

PLOS ONE | www.plosone.org 6 June 2014 | Volume 9 | Issue 6 | e98906



Author Contributions

Conceived and designed the experiments: GSN JL BB SL AH TH FK AG.

Performed the experiments: GSN JL AH FK. Analyzed the data: GSN JL

BB SL AH TH FK AG. Contributed reagents/materials/analysis tools: BB

SL FK AG. Wrote the paper: GSN JL FK AG. Critical revision of the

manuscript: JL BB SL TH AH FK AG.

References

1. Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN, et al. (2003)

Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol
Aging 24: 197–211.

2. Outeiro TF, Putcha P, Tetzlaff JE, Spoelgen R, Koker M, et al. (2008)
Formation of toxic oligomeric alpha-synuclein species in living cells. PLoS One

3: e1867.

3. Walsh DM, Selkoe DJ (2004) Oligomers on the brain: the emerging role of
soluble protein aggregates in neurodegeneration. Protein Pept Lett 11: 213–228.

4. Ekstrand MI, Terzioglu M, Galter D, Zhu S, Hofstetter C, et al. (2007)
Progressive parkinsonism in mice with respiratory-chain-deficient dopamine

neurons. Proc Natl Acad Sci U S A 104: 1325–1330.

5. Kayed R, Head E, Thompson JL, McIntire TM, Milton SC, et al. (2003)
Common structure of soluble amyloid oligomers implies common mechanism of

pathogenesis. Science 300: 486–489.
6. Kostka M, Hogen T, Danzer KM, Levin J, Habeck M, et al. (2008) Single

particle characterization of iron-induced pore-forming alpha-synuclein oligo-
mers. J Biol Chem 283: 10992–11003.

7. Hogen T, Levin J, Schmidt F, Caruana M, Vassallo N, et al. (2012) Two

different binding modes of alpha-synuclein to lipid vesicles depending on its
aggregation state. Biophys J 102: 1646–1655.

8. Schmidt F, Levin J, Kamp F, Kretzschmar H, Giese A, et al. (2012) Single-
channel electrophysiology reveals a distinct and uniform pore complex formed

by alpha-synuclein oligomers in lipid membranes. PLoS One 7: e42545.

9. Cabin DE, Shimazu K, Murphy D, Cole NB, Gottschalk W, et al. (2002)
Synaptic vesicle depletion correlates with attenuated synaptic responses to

prolonged repetitive stimulation in mice lacking alpha-synuclein. J Neurosci 22:
8797–8807.

10. Murphy DD, Rueter SM, Trojanowski JQ, Lee VM (2000) Synucleins are

developmentally expressed, and alpha-synuclein regulates the size of the
presynaptic vesicular pool in primary hippocampal neurons. J Neurosci 20:

3214–3220.
11. Davidson WS, Jonas A, Clayton DF, George JM (1998) Stabilization of alpha-

synuclein secondary structure upon binding to synthetic membranes. J Biol
Chem 273: 9443–9449.

12. Jensen PH, Nielsen MS, Jakes R, Dotti CG, Goedert M (1998) Binding of alpha-

synuclein to brain vesicles is abolished by familial Parkinson’s disease mutation.
J Biol Chem 273: 26292–26294.

13. McLean PJ, Kawamata H, Ribich S, Hyman BT (2000) Membrane association
and protein conformation of alpha-synuclein in intact neurons. Effect of

Parkinson’s disease-linked mutations. J Biol Chem 275: 8812–8816.

14. Kamp F, Exner N, Lutz AK, Wender N, Hegermann J, et al. (2010) Inhibition of
mitochondrial fusion by alpha-synuclein is rescued by PINK1, Parkin and DJ-1.

EMBO J 29: 3571–3589.
15. Kuwahara T, Koyama A, Koyama S, Yoshina S, Ren CH, et al. (2008) A

systematic RNAi screen reveals involvement of endocytic pathway in neuronal
dysfunction in alpha-synuclein transgenic C. elegans. Hum Mol Genet 17: 2997–

3009.

16. Kuwahara T, Tonegawa R, Ito G, Mitani S, Iwatsubo T (2012) Phosphorylation
of alpha-synuclein protein at Ser-129 reduces neuronal dysfunction by lowering

its membrane binding property in Caenorhabditis elegans. J Biol Chem 287:
7098–7109.

17. Bennett MC (2005) The role of alpha-synuclein in neurodegenerative diseases.

Pharmacol Ther 105: 311–331.
18. Reynolds NP, Soragni A, Rabe M, Verdes D, Liverani E, et al. (2011)

Mechanism of membrane interaction and disruption by alpha-synuclein. J Am
Chem Soc 133: 19366–19375.

19. Okochi M, Walter J, Koyama A, Nakajo S, Baba M, et al. (2000) Constitutive
phosphorylation of the Parkinson’s disease associated alpha-synuclein. J Biol

Chem 275: 390–397.

20. Fujiwara H, Hasegawa M, Dohmae N, Kawashima A, Masliah E, et al. (2002)
alpha-Synuclein is phosphorylated in synucleinopathy lesions. Nat Cell Biol 4:

160–164.
21. Smith WW, Margolis RL, Li X, Troncoso JC, Lee MK, et al. (2005) Alpha-

synuclein phosphorylation enhances eosinophilic cytoplasmic inclusion forma-

tion in SH-SY5Y cells. J Neurosci 25: 5544–5552.
22. Gorbatyuk OS, Li S, Sullivan LF, Chen W, Kondrikova G, et al. (2008) The

phosphorylation state of Ser-129 in human alpha-synuclein determines
neurodegeneration in a rat model of Parkinson disease. Proc Natl Acad

Sci U S A 105: 763–768.

23. Chen L, Feany MB (2005) Alpha-synuclein phosphorylation controls neurotox-

icity and inclusion formation in a Drosophila model of Parkinson disease. Nat

Neurosci 8: 657–663.

24. Paleologou KE, Oueslati A, Shakked G, Rospigliosi CC, Kim HY, et al. (2010)

Phosphorylation at S87 is enhanced in synucleinopathies, inhibits alpha-

synuclein oligomerization, and influences synuclein-membrane interactions.

J Neurosci 30: 3184–3198.

25. Fiske M, Valtierra S, Solvang K, Zorniak M, White M, et al. (2011)

Contribution of Alanine-76 and Serine Phosphorylation in alpha-Synuclein

Membrane Association and Aggregation in Yeasts. Parkinsons Dis 2011:

392180.

26. Sofic E, Riederer P, Heinsen H, Beckmann H, Reynolds GP, et al. (1988)

Increased iron (III) and total iron content in post mortem substantia nigra of

parkinsonian brain. J Neural Transm 74: 199–205.

27. Logroscino G, Gao X, Chen H, Wing A, Ascherio A (2008) Dietary iron intake

and risk of Parkinson’s disease. Am J Epidemiol 168: 1381–1388.

28. Castellani RJ, Siedlak SL, Perry G, Smith MA (2000) Sequestration of iron by

Lewy bodies in Parkinson’s disease. Acta Neuropathol 100: 111–114.

29. Huls S, Hogen T, Vassallo N, Danzer KM, Hengerer B, et al. (2011) AMPA-

receptor-mediated excitatory synaptic transmission is enhanced by iron-induced

alpha-synuclein oligomers. J Neurochem 117: 868–878.

30. Bieschke J, Giese A, Schulz-Schaeffer W, Zerr I, Poser S, et al. (2000)

Ultrasensitive detection of pathological prion protein aggregates by dual-color

scanning for intensely fluorescent targets. Proc Natl Acad Sci U S A 97: 5468–

5473.

31. Giese A, Bieschke J, Eigen M, Kretzschmar HA (2000) Putting prions into focus:

application of single molecule detection to the diagnosis of prion diseases. Arch

Virol Suppl: 161–171.

32. Giese A, Bader B, Bieschke J, Schaffar G, Odoy S, et al. (2005) Single particle

detection and characterization of synuclein co-aggregation. Biochem Biophys

Res Commun 333: 1202–1210.

33. Bader B, Nubling G, Mehle A, Nobile S, Kretzschmar H, et al. (2011) Single

particle analysis of tau oligomer formation induced by metal ions and organic

solvents. Biochem Biophys Res Commun 411: 190–196.

34. Levin J, Hogen T, Hillmer AS, Bader B, Schmidt F, et al. (2011) Generation of

Ferric Iron Links Oxidative Stress to alpha-Synuclein Oligomer Formation.

J Parkinsons Dis 1: 205–216.

35. Nubling G, Bader B, Levin J, Hildebrandt J, Kretzschmar H, et al. (2012)

Synergistic influence of phosphorylation and metal ions on tau oligomer

formation and coaggregation with alpha-synuclein at the single molecule level.

Mol Neurodegener 7: 35.

36. Li W, Ma KK, Sun W, Paudel HK (1998) Phosphorylation sensitizes

microtubule-associated protein tau to Al(3+)-induced aggregation. Neurochem

Res 23: 1467–1476.

37. Nuscher B, Kamp F, Mehnert T, Odoy S, Haass C, et al. (2004) Alpha-synuclein

has a high affinity for packing defects in a bilayer membrane: a thermodynamics

study. J Biol Chem 279: 21966–21975.

38. Bartels T, Ahlstrom LS, Leftin A, Kamp F, Haass C, et al. (2010) The N-

terminus of the intrinsically disordered protein alpha-synuclein triggers

membrane binding and helix folding. Biophys J 99: 2116–2124.

39. Sevcsik E, Trexler AJ, Dunn JM, Rhoades E (2011) Allostery in a disordered

protein: oxidative modifications to alpha-synuclein act distally to regulate

membrane binding. J Am Chem Soc 133: 7152–7158.

40. Kamp F, Beyer K (2006) Binding of alpha-synuclein affects the lipid packing in

bilayers of small vesicles. J Biol Chem 281: 9251–9259.

41. Stockl M, Claessens MM, Subramaniam V (2012) Kinetic measurements give

new insights into lipid membrane permeabilization by alpha-synuclein

oligomers. Mol Biosyst 8: 338–345.

42. van Rooijen BD, van Leijenhorst-Groener KA, Claessens MM, Subramaniam V

(2009) Tryptophan fluorescence reveals structural features of alpha-synuclein

oligomers. J Mol Biol 394: 826–833.

43. Stockl MT, Zijlstra N, Subramaniam V (2013) Alpha-synuclein oligomers: an

amyloid pore? Insights into mechanisms of alpha-synuclein oligomer-lipid

interactions. Mol Neurobiol 47: 613–621.

44. Aubele DL, Hom RK, Adler M, Galemmo RA Jr, Bowers S, et al. (2013)

Selective and brain-permeable polo-like kinase-2 (Plk-2) inhibitors that reduce

alpha-synuclein phosphorylation in rat brain. ChemMedChem 8: 1295–1313.

Phosphorylation Inhibits Membrane Binding of Alpha-Synuclein Oligomers

PLOS ONE | www.plosone.org 7 June 2014 | Volume 9 | Issue 6 | e98906


