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Abstract—Alpha-synuclein (aS) is an intrinsically disordered protein (IDP) that is abundantly present in the brain
and is associated with Parkinson’s disease (PD). In spite of its abundance and its contribution to PD pathogen-
esis, the exact cellular function of aS remains largely unknown. The ability of aS to remodel phospholipid model
membranes combined with biochemical and cellular studies suggests that aS is involved in endocytosis. To unra-
vel with which route(s) and stage(s) of the endocytic pathway aS is associated, we quantified the colocalization
between aS and endocytic marker proteins in differentiated SH-SY5Y neuronal cells, using an object based colo-
calization analysis. Comparison with randomized data allowed us to discriminate between structural and coinci-
dental colocalizations. A large fraction of the aS positive vesicles colocalizes with caveolin positive vesicles, a
smaller fraction colocalizes with EEA1 and Rab7. We find no structural colocalization between aS and clathrin
and Rab11 positive vesicles. We conclude that in a physiological context, aS is structurally associated with cave-
olin dependent membrane vesiculation and is found further along the endocytic pathway, in decreasing amounts,
on early and late endosomes. Our results not only shed new light on the function of aS, they also provide a pos-
sible link between aS function and vesicle trafficking malfunction in PD. � 2021 The Author(s). Published by Elsevier

Ltd on behalf of IBRO. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Alpha-synuclein (aS) is a 140 amino acid, intracellular,

intrinsically disordered protein (IDP) that is abundantly

present in the brain. Having a disordered nature

probably allows aS to adapt its structure to changing

conditions and to interact with many different cellular

constituents. The exact cellular function of aS remains

largely unknown probably due to its multifunctionality.

The main function of aS has been suggested to involve

membrane remodeling in processes such as the

formation, processing, and coalescence of trafficking

vesicles found in endo and exocytosis, especially at the

synaptic terminals of neurons (Burre, 2015; Xilouri et al.,

2016; Lautenschlager et al., 2017; Logan et al., 2017;

Ramezani et al., 2019). For this function, the ability of

aS to bind vesicles and to induce membrane curvature

is thought to be important. In vitro experiments have

shown that the N-terminal part of aS undergoes a confor-

mational change into an amphipathic helix upon mem-
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brane binding (Davidson et al., 1998). Additionally, it

has been observed that aS binding remodels membranes

by inducing positive mean and/or negative Gaussian cur-

vature in phospholipid bilayers (Braun et al., 2012). Such

combination of a positive mean and negative Gaussian

curvature is necessary in specific stages of cellular vesi-

cle fission and fusion (Siegel, 1999).

Most research on the involvement of aS in endo- and

exocytotic pathways has focused on Parkinson’s disease

where the aggregation of aS is implicated in disturbed

neurotransmission and cell death (Sung et al., 2001;

Cooper et al., 2006; Gitler et al., 2008; Liang et al.,

2008; Liu et al., 2009; Higashi et al., 2011; Yin et al.,

2014; Stefanovic et al., 2015; Dinter et al., 2016;

Hassink et al., 2018; Masaracchia et al., 2018). These

studies indicate that endo and exocytotic pathways get

disturbed by an excess of aS. Moreover, endo and exocy-

tosis play a role in the disease related transmission of aS
species between cells (Park et al., 2009; Gonçalves et al.,

2016; Delenclos et al., 2017).

In a functional context the role of aS in different parts

of vesicle trafficking pathways remains unclear.

Previously we observed colocalization between aS and

wheat germ agglutinin (WGA) in differentiated SH-SY5Y

neuroblastoma cells (Fakhree et al., 2018). WGA binds
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glycoproteins on the plasma membrane and is internal-

ized via endocytosis in time. The colocalization of WGA

with aS thus suggests that aS plays a role in endocytosis.

With which endocytic process aS is associated is under

debate. In the literature conflicting reports on the involve-

ment of aS in either clathrin or caveolin dependent endo-

cytosis can be found (Hashimoto et al., 2003; Jin et al.,

2007; Liang, et al., 2008; Ben Gedalya et al., 2009;

Park, et al., 2009; Cheng et al., 2011; Madeira et al.,

2011; Kisos et al., 2014; Delenclos, et al., 2017;

Medeiros et al., 2017; Soll et al., 2020). To unravel with

which route (s) and stage (s) of the endocytic pathway

aS is associated, we investigated the colocalization

between aS and vesicle bound proteins that mark specific

routes and stages of the endocytic process in differenti-

ated SH-SY5Y cells. Using an object based colocalization

analysis, we quantified aS colocalization with caveolin,

clathrin, EEA1, Rab7, and Rab11 in confocal microscopy

images. Comparison with randomized data allowed us to

discriminate between structural and coincidental colocal-

izations. We show that aS is associated with caveolin

mediated endocytosis and also colocalizes to a lesser

degree further along the endocytosis pathway with

EEA1 positive early endosomes and Rab7 positive late

endosomes. Quantifying the colocalization is a step

towards understanding cellular localization and function

of aS.
EXPERIMENTAL PROCEDURES

Cell Culture and Differentiation: Culturing and

differentiation of SH-SY5Y cells was performed as

described elsewhere (Raiss et al., 2016). In short, SH-

SY5Y cells were obtained from ATCC (US) and grown

in proliferation medium GlutaMAXTM supplemented with

10% heat inactivated FBS, 1% non-essential amino acids,

10 mM HEPES buffer, and 1% Penicillin/Streptomycin.

For the experiments the SH-SY5Y cells were differenti-

ated (Lopes et al., 2010; Raiss, et al., 2016). For differen-

tiation the SH-SY5Y cells were seeded in collagen IV

coated 6 channel l-Slides (ibidi, Germany) to reach

60% confluency. Subsequently the differentiation was

induced by changing the proliferation medium to starva-

tion medium for 3 days. The starvation medium is pre-

pared similar to the proliferation medium, except it

contains only 1% FBS and additionally 10 lM retinoic acid
Table 1. List of antibodies used in this study

Primary antibodies Ho

Alpha synuclein (211) M

Caveolin-1 (D46G3) XP� Ra

Clathrin HC (D3C6) Ra

EEA1 (C45B10) Ra

Rab11 (D4F5) XP� Ra

Rab7 (D95F2) XP� Ra

Secondary antibodies

Goat anti-mouse conjugated with Alexa Fluor 568 (A-11004) Go

Goat anti-rabbit conjugated with Alexa Fluor 488 (A-11008) Go
(Sigma). All materials were obtained from Invitrogen, USA

if not indicated otherwise.

Immunostaining: Cells were fixed in 3.7%

paraformaldehyde in PBS for 15 min at room

temperature (RT) and permeabilized with 0.3% Triton X-

100 in PBS for 5 min at RT. Autofluorescence of the

samples was quenched with 50 mM ammonium chloride

in PBS for 15 min at RT. Aspecific binding sites were

blocked by incubating the samples with 16% goat

serum, 0.3 M NaCl and 0.1% TX100 in PBS for 30 min

at RT. The samples were incubated over night at 4 �C
with the primary antibodies diluted in blocking solution

(See Table 1 for details). In Fig. 1 we show an overview

of the investigated pathways and chosen endocytic

markers. After the incubation with the primary

antibodies, the samples were washed 3 times 5 min with

wash buffer (0.3% TritonX100 and 0,1% BSA in PBS) at

room temperature. Later, the samples were incubated

for at least 60 min at RT with the secondary antibodies

(See Table 1 for details). A serial dilution of the primary

and secondary antibodies was made in order to find the

optimum concentration for the immunostainings.

Following 3 times 5 min washing with the wash buffer,

nuclear counterstaining was performed by incubating

cells with 300 nM 40,6-diamidino-2-phenylindole (DAPI)

in the wash buffer for 10 min at RT, followed by 3 times

5 min washing with the wash buffer. Finally, samples

were washed 2 times 5 min with PBS, and stored in

mounting medium (ibidi, Germany). All materials were

obtained from Sigma, Germany if not indicated otherwise.

Imaging: Confocal laser scanning microscopy images

were obtained using a commercial Nikon A1 confocal

microscope with a 60� water immersion objective

(NA = 1.2, Nikon, Japan) and laser sources of 405 nm,

488 nm, and 561 nm. Emission was detected using

appropriate dichroic mirrors and filter sets. Images were

recoded using the Nyquist mode of the NIS software

(Nikon, Japan). Using the Nyquist option for the XY

plane, a pixel size of �110 nm was used to record

images. Sections along the z axis were recorded with

�1 mm distance between slices. For image analysis

purposes, the bottom and top slices of the z-stacks

were determined such that they included at least one

clear and sharp aS or endocytic marker punctum.

Images were recorded using an image depth of 12 bit,
st species Dilution Source

ouse 10100 Santa Cruz Biotechnology

bbit 10100 Cell Signaling

bbit 1050 Cell Signaling

bbit 1050 Cell Signaling

bbit 10100 Cell Signaling

bbit 10100 Cell Signaling

at 10200 Life Technologies

at 10200 Life Technologies



Fig. 1. Schematic representation of possible endocytic/exocytic routes and chosen markers. The

selected markers are present in the endocytosis/exocytosis pathways of most of the cells, including

neurons (Yap and Winckler, 2012; Rizzoli, 2014) and can thus be used to follow the process.
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and scanning settings were optimized to avoid intensity

saturation in the images.

Image analyses: The analysis of the images was

performed per slice, unless mentioned otherwise. For

each endocytic marker approximately 200 confocal

slices originating from at least 40 cells were analyzed to

obtain the nearest neighbor distance distributions. To

only include fluorescent signal that originates from the

cell interior, a cell mask was applied to all images.

Fluorescence from the endocytic marker channel was

used to determine the shape of the cell mask using the

ImageJ software (Fiji version). Since we are only

interested in signal coming from the cytoplasm, signal

from the nucleus was removed by applying an additional

nuclei mask. This mask was based on the images of the

counterstained nuclei, a threshold for this mask was

created using the Huang auto-threshold (ImageJ).

Next, the TrackPy (Allan et al., 2019) object finder

function was used to identify the fluorescence puncta

within the cell shape in the images. In the identification,

only fluorescent puncta of a size of >5 pixels and mini-

mum mass equal to Average + 10� SD of the image

intensity were taken into account. For both channels,

the pixel coordinates of all identified fluorescent puncta

(objects) were extracted. Next, the distance from each

aS positive object to the nearest marker protein positive

object was determined. To determine these distances,

the ‘‘knnsearch ()” function of the Matlab 2019b package

was used. The angle between the two nearest neighbor

objects in the two channels was calculated using the arc-

tangent function on the XY coordinates of the two points.

To discriminate between structural colocalization and

coincidental overlap, we randomized the position of the

identified objects within the cell mask. We accounted for
the excluded volume that is not

accessible to the vesicles by

increasing the density of vesicles.

This decrease in the available vol-

ume results in an increase in the

apparent density of vesicles. The

excluded volume is in first approx-

imation randomly distributed in

the cell’s cytoplasm. We therefore

used an increased density of the

objects in the nucleus excluded

cell volume when randomizing the

data to match the experimentally

obtained distance distributions.

Distances between objects in the

randomized data sets were deter-

mined as described above.
RESULTS

As observed before (Fakhree

et al., 2016, 2018), after staining

aS in differentiated SH-SY5Y cells

with fluorescently labeled antibod-

ies, vesicle bound aS is visible as

small puncta with sizes that

approach the diffraction limit

(Fig. 2B, E) and cytoplasmic aS

gives some diffuse signal. Here we investigate the

involvement of aS in endocytosis, we neglect the diffuse

signal and only take into account fluorescence signal orig-

inating from the puncta. Since both clathrin and caveolin

mediated endocytosis proceed via the formation of small

vesicles, we focused on these uptake pathways. Staining

clathrin and caveolin in differentiated SH-SY5Y cells

using fluorescently labeled antibodies results in a distribu-

tion of small fluorescent puncta in the cell, as observed

after staining for aS. Fig. 2C, F show the overlay of signal

from the aS channel and the caveolin and clathrin chan-

nels respectively.

In Fig. 2C, a considerable fraction of the aS positive

puncta colocalizes with the caveolin positive structures.

Many of the aS positive vesicles do however not

colocalize with caveolin positive puncta. For clathrin and

aS hardly any colocalizations are observed (Fig. 2F).

Considering the high density of puncta, the apparent

colocalization in the z-projected data could be

coincidental. To discriminate between structural

colocalization and coincidence, we determined the

distance and direction between each aS positive vesicle

and its nearest caveolin or clathrin positive vesicle

based on their position in individual confocal slices.

To judge if colocalization events are coincidental or

not, only short distances between aS and

caveolin/clathrin positive vesicles should be taken into

account. We therefore plotted the angle dependent

nearest neighbor distribution for distances from aS to

caveolin and from aS to clathrin up to 1.5 mm (Fig. 3A,

B). The distributions are markedly different. Whereas

the nearest distances between aS and caveolin cluster

below 0.3 mm, there is no such cluster visible for the



Fig. 2. Colocalization of aS with caveolin and clathrin. Representative images of differentiated SH-

SY5Y cells immunostained against aS and the endocytic markers caveolin (A–C) and clathrin (D–F).
In the merged images (C, F), the following color code was used: aS (green) and endocytic markers

(red), and DAPI counter-staining for nuclei (blue). Images are maximum z-intensity projections which

are brightness/contrast adjusted. Scale bars are 10 mm. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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nearest aS to clathrin distances. For both caveolin and

clathrin, we see no angle dependence in the nearest

neighbor distribution. This signifies that there is no offset

between the imaging channels, the microscope is well

aligned. Hence, false positive and false negative

colocalizations due to misalignment can be excluded.

Due to the diffraction limit nearest neighbor distances

r< 0.3 mm occur within one bin.

In the center of the polar plot (r< 0.3 mm), the

clusters of short distances between aS and caveolin,

and between aS and clathrin represent objects that are

present in the same detection volume. At first glance,

aS and caveolin thus seem to colocalize. However, at

the observed vesicle densities, the presence of aS and

clathrin or caveolin in the same detection volume may

be coincidental and not represent a structural

colocalization on the same vesicle. To quantitatively

assess if the observed short distances between aS and

caveolin or clathrin represent structural colocalization or

are coincidental, we plotted the nearest neighbor

distance distribution up to 10 mm in histograms (Fig. 3C,

D).

In the histogram for caveolin (Fig. 3C), we observe

that 48% of the aS positive vesicles are located within

0.3 mm from caveolin. The nearest neighbor distance of

the remaining 52% is broadly distributed and peaks at

approximately 1.2 mm. The large fraction of aS to

caveolin distances within the diffraction limit of the

microscope, evidences colocalization for a sub-

population of aS with caveolin positive vesicles. For the

remaining population of aS vesicles, the distances to the

nearest caveolin seem to be randomly distributed. To

verify if this distribution is random, we modeled the data
based on the density of non-

colocalizing vesicles (excluding

the first bin in the histogram

Fig. 3C). We calculated the

probability density function for

distances between randomly

distributed aS and caveolin at the

experimentally observed density.

The calculated probability density

function significantly deviates from

the experimentally observed one

(Fig. 3C, inset, dashed line). The

calculated function peaks at

1.8 mm and neither reproduces the

high occurrence of short distances

nor the long tail of longer

distances. However, two

important aspects are ignored in

this calculation. In the calculation

we assume an isotropic

environment whereas the cell has

a shape. Additionally, not the

whole cell volume is accessible to

the vesicles: the cell is a very

crowded environment. Effectively

there is a volume from which the

vesicles are excluded because it

contains i.a. other vesicles,

endoplasmic reticulum or the
Golgi apparatus. In our simulation of randomized

positions we take both the nucleus excluded cell shape

and excluded volume into account (Materials and

Methods). We find very good agreement between the

experiments and the simulations when we assume that

56% of the nucleus excluded volume is not accessible

to the vesicles (Fig. 3C, D). For aS to caveolin

distances, the peak position in the experimentally

determined distance distribution is reproduced in the

simulations with a small overshoot in probability. The

probability of finding long distances is slightly

underestimated in the simulations. Coincidental

colocalizations (distances < 0.3 lm) are rare and

comprise roughly 2% of the total probability distance

distribution. We therefore conclude that, for our

experiments, 46% of the total aS positive vesicle

population structurally or functionally colocalizes with

caveolin positive vesicles.

In the histogram of distances of the aS to the nearest

clathrin positive vesicle, we do not observe a peak at

distances < 0.3 mm (Fig. 3D). The distribution is

unimodal, with a peak at 0.75 mm. As observed for the

aS to caveolin distance distribution, the calculated

probability function for distances between randomly

distributed aS and clathrin at the experimentally

observed densities does not match the experimental

data (Fig. 3D). Simulations within the nucleus excluded

cell shape that assume that 56% of the volume is not

accessible to the vesicles reproduce the measured

distance distribution well. Again, a small overestimation

of the peak height and underestimation of occurrences

of longer distances is found. The experimentally



Fig. 3. Nearest neighbor distance distributions. Polar plots showing the angle and distance of aS to

the nearest caveolin (A) and clathrin (B) localizations. Data is plotted up to 1.5 mm distance. (C, D)
Histogram of the distances from aS to the nearest caveolin and clathrin respectively. Experimental

data is shown in green, simulated data in gray. For the simulated data the localizations were

randomized in the cell shape taking into account the non-accessible volume. The dashed line shows

the calculated probability density function assuming a random distribution at the experimentally

determined vesicle density. For caveolin, localizations in the first bin were excluded in the

randomization. Inset Figure (C): Zoom in, same data as in (C) but excluding the first bin.
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observed close distances, <0.3 mm, between aS and

clathrin are quantitatively reproduced by the simulations

of random vesicle distributions. From this agreement,

we deduce that the observed colocalizations for aS and

clathrin are coincidental and not structural or functional.

From this presented data we conclude that, in

differentiated SH-SY5Y cells, aS is associated with

caveolin dependent endocytosis, not with clathrin

dependent pathways. This association however only

accounts for 46% of the aS positive vesicles. The

remaining aS positive vesicles possibly represent later

stages of caveolin mediated endocytosis. Once

internalized, the caveolin coated vesicles develop into

early endosomes (Christoforidis et al., 1999; He et al.,

2017). EEA1 is an often used marker protein for early

endosomes (Christoforidis, et al., 1999). We therefore

investigated if aS is associated with early endosomes by

staining for EEA1. Fig. 4A shows a typical orthogonal

cross-section of differentiated SH-SY5Y cells stained for

aS, EEA1 and the nucleus. In the image a number of colo-

calization events are observed.

Assembling the nearest neighbor distances between

aS and EEA1 in a histogram shows a considerable

fraction of colocalizations (Fig. 4B). Approximately 22%

of the aS population is localized at distances < 0.3 mm
from EAA1, and hence colocalizes with EEA1. The non-
colocalizing aS population of

nearest neighbor distances could

again be simulated well by a

random distribution in the nucleus

excluded cell shape assuming

that 56% of the cell volume was

not accessible to the vesicles.

Interestingly, the experimental

data shows higher probabilities for

distances < 1 lm than the

simulated randomized data.

Revisiting the images show that in

several cases large EAA1 positive

early endosomes colocalize with

smaller aS positive vesicles

(Fig. 4A). The fact that the EAA1

positive endosomes are much

larger than the aS positive

vesicles implies that the criterion

for colocalization needs to be

adjusted. The criterion that the

distance between the center of

mass of the two structures should

be <0.3 mm (or one diffraction

limit) no longer holds. Merged

early endosomes typically reach

diameters up to 1 mm (Murk et al.,

2003; Ramanathan and Ye, 2012;

Kaur and Lakkaraju, 2018), for

our analysis this means that dis-

tances up to �1 mm (the first 3 bins

of our analysis) may indicate struc-

tural colocalization. Colocalization

of small aS positive vesicles with

large early endosomes therefore

explains the difference between
the experimental and simulated data in the 2nd, and 3rd

bin of the histogram. Summing the difference in the prob-

ability between the experimental and simulated data in the

first 3 bins indicates that 22% of aS vesicles structurally

colocalize with EAA1 positive early endosomes.

Early endosomes can develop into recycling

endosomes or late endosomes. To visualize recycling

endosomes, we stain for the presence of Rab11, an

often used marker protein for this stage of endocytosis

(van Ijzendoorn, 2006). In the images, colocalization

events are rare (Fig. 5A). To discriminate structural colo-

calization from coincidental colocalization we again

assemble the nearest neighbor distances in a histogram

(Fig. 5C) and compare the experimental data to simulated

randomized data in the cell shape. The simulation shows

very good agreement with the experimental data. We see

no signs for structural colocalization between aS and

Rab11, all observed colocalizations can be explained by

random overlap.

Alternatively, early endosomes further develop into

late endosomes. To visualize late endosomes, we stain

for the late endosome marker protein Rab7

(Vanlandingham and Ceresa, 2009). As observed for

the early endosomes, some Rab7 positive structures

are large compared to the aS positive vesicles (Fig. 5B).



Fig. 4. Colocalization between aS and EEA1. (A) Representative orthogonal cross-section of differentiated SH-SY5Y cells immunostained for aS
(green) and EEA1 (red). Cell nuclei are counterstained with DAPI (blue). Examples of colocalizing aS and EEA1 signals are indicated with white

arrows. Scale bar = 10 lm. (B) Histogram of the aS to nearest EEA1 neighbor distances. Experimental data is shown in green, simulated data in

gray. For the simulated data the localizations were randomized in the nucleus excluded cell shape taking into account the non-accessible volume.

Localizations in the first bin were excluded in the randomization. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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In the images, apparent colocalization events between aS
and Rab7 positive structures can be observed as an over-

lap between the aS and Rab7 signal. In some cases,

more than one aS positive vesicle localizes with one large

Rab7 positive structure. The overlay of the measured and

simulated nearest neighbor distance histogram shows

that the randomized data does not represent the experi-

mental distribution well. Especially the probability to find

short nearest neighbor distances, <1 mm, is higher for

the experimental data. Taking into account the relatively

large size of some of the Rab7 positive structures, this

is a signature of structural colocalization. The experimen-

tally observed probability to find nearest neighbor dis-

tances up to 1 mm originates from a combination of

structural colocalization and coincidental colocalization.

To obtain a better agreement between the measured

and simulated data at distances > 1 mm, we simulate ran-

dom distributions in the cell mask without considering the

colocalizing fraction at distances < 1 mm. Good agree-

ment between the simulation and experimental data at lar-

ger distances, where we do not expect structural

colocalization, is reached for 10–15% non-coincidental

colocalization between aS and Rab7 positive structures

within the cell (Fig. 5D).
DISCUSSION

To deduce with which part of the endocytic pathway aS is

associated, we studied the object based colocalization of

aS positive vesicles with proteins that mark different

routes and stages of the uptake process. In order to

quantify the data and to discriminate between structural

and coincidental colocalization, we additionally

compared experimental findings to simulated,
randomized data. The results of this colocalization study

are summarized in Table 2. For objects that do not

structurally or functionally colocalize but overlap

incidentally, we find very good agreement between

randomly distributed objects and the experimental data

when we assume that 56% of the total cell volume is

not accessible to the vesicles. This non-accessible

volume is consistently required to match the different

sets of experiments to the distance distributions based

on simulated, randomized data. The existence of non-

accessible volume can easily be rationalized: vesicles

are only present in the cytoplasm which typically

accounts for �50% of the nucleus excluded cell volume

(Luby-Phelps, 2000).

The colocalization experiments clearly show that in

differentiated SH-SY5Y cells, aS is associated with

caveolin. Immunoprecipitation experiments reported in

the literature even indicate that aS and caveolin directly

interact (Madeira, et al., 2011). The localization of aS on

caveolin positive vesicles accounts for approximately half

of the aS positive vesicle population. The large fraction of

colocalizations and the previously observed high aS copy

number on vesicles (Fakhree et al., 2016) strongly sug-

gests that aS has a membrane remodeling function in

the caveolin dependent pathway. In vitro studies show

that aS induces curvature in model membranes (Varkey

et al., 2010; Braun et al., 2014; Fakhree et al., 2019), it

may play a similar role at the early stages of endocytosis

and suggests that the colocalization may be functional. In

Parkinson’s diseases, aS induced dysregulation of the

extracellular signal-regulated kinases (ERK) that assem-

ble onto caveolin scaffolds has been suggested to play

a role (Hashimoto, et al., 2003). The structural colocaliza-

tion between aS and caveolin observed here indicates



Fig. 5. Colocalization between aS and Rab11 and Rab7. For both Rab 11 (A) and Rab7 (B) endocytic markers representative orthogonal cross-

sections of immunostained differentiated SH-SY5Y cells are shown. In the images aS is visible in green and Rab11 and Rab7 in red. Cell nuclei are

counterstained with DAPI (blue). Examples where aS and Rab7 signal overlaps are indicated with white arrows. Scale bars = 10 lm. (C, D)
Histograms of the aS to nearest Rab11 and Rab7 neighbor distances, respectively. Experimental data is shown in green, simulated data in gray. For

the simulated data the localizations were randomized in the cell shape taking into account the non-accessible volume. For the Rab7 data non

coincidental localizations in the first bins, counting up to 10–15%, were excluded in the randomization. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

Table 2. Percentage of aS positive vesicles that colocalize with

endocytic marker proteins. Coincidental colocalizations are excluded

Endocytic marker % positive colocalizations

Clathrin –

Caveolin 46%

EAA1 22%

Rab7 10–15%

Rab11 –
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that there is a direct link between aS function and vesicle

trafficking malfunction.

In differentiated SHSY-5Y we do not find evidence

that aS plays a role in clathrin dependent endocytosis.

Although we do find apparent colocalization between aS
positive and clathrin positive vesicles, careful analysis
and comparison to randomized data shows that these

colocalizations are coincidental. Additional aS
colocalization experiments with fluorescently labelled

transferrin support this finding. Transferrin is taken up

by cells via clathrin dependent endocytosis and does

not structurally colocalize with aS (see SI Fig. 1).

Currently, there is no consensus in the literature on

the involvement of aS in clathrin dependent endocytosis

under normal physiological conditions. While some

exclude the involvement of aS (Kaur and Lee, 2020),

others deduce that aS has a functional role in clathrin

dependent endocytosis (Ben Gedalya, et al., 2009;

Dijkstra et al., 2015; Chung et al., 2017). The complexity

of the experiments and promiscuity of aS interactions may

provide an explanation for this conflicting data. Most of

the evidence for the involvement of aS in clathrin depen-

dent endocytosis is indirect and relies on e.g. specific
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receptors and cargo uptake, interactions with proteins

that are also involved in clathrin dependent endocytosis,

and downstream effects (Liang, et al., 2008; Dijkstra,

et al., 2015; Baksi et al., 2016; Chung, et al., 2017; Soll,

et al., 2020).

In the context of aS overexpression and disease the

involvement or interference of aS with clathrin

dependent endocytosis appears to be more pronounced

(Jin, et al., 2007; Ben Gedalya, et al., 2009; Cheng,

et al., 2011). IDPs are known to be promiscuous in their

interactions with other proteins, and in overexpression

systems non-functional interactions of moderate to low

affinity may result in colocalizations (Vavouri and

Lehner, 2009; Moriya, 2015; Macossay-Castillo et al.,

2019; Uversky, 2019). Excess aS in disease may thus

disturb endocytosis. Additionally, clatrhin dependent

endocytosis may play an important role in the transmis-

sion and exchange of aS species between cells in Parkin-

son’s disease etiology (Medeiros, et al., 2017; Soll, et al.,

2020; Yang et al., 2020).

Moving further along the endocytic uptake process,

aS colocalizes with EEA1 positive early endosomes.

From the images and our analysis, it becomes apparent

that the early endosomes are often much larger than

the aS positive vesicles. Generally we do not observe

colocalization of large aS and large EEA1 positive

structures, colocalization is found between small aS
structures and large EEA1 structures. This observation

may indicate that we are mainly capturing aS positive

vesicles at docking and fusion events with the early

endosomes. We observe a similar pattern for aS
positive vesicles and large Rab7 positive structures and

therefore hypothesize that aS positive vesicles might

also fuse with Rab7 positive structures. The presence of

aS at these stages of the endocytic pathway may again

be functional. aS has been suggested to play a role in

vesicles fusion, either directly by bridging the

membranes of different compartments (see works by

Dikiy and Eliezer (2012) and Fusco et al. (2016)) or indi-

rectly by chaperoning SNARE mediated fusion (Burre

et al., 2010; Burre, 2015).

In our experiments, we do not see indications for

structural colocalization of aS positive vesicles with

Rab11 positive recycling endosomes. Apparently, in

differentiated SH-SY5Y cells aS does not play a role in

the membrane remodeling processes required for the

transition of early endosomes to recycling endosomes

under physiological conditions. However, colocalization

between aS and Rab11 may play a role under non-

physiological conditions as colocalization has been

observed in the context of aS overexpression and

Parkinson’s disease related uptake and/or clearance of

aS (Liu, et al., 2009; Chutna et al., 2014; Poehler et al.,

2014; Breda et al., 2015; Gonçalves et al., 2016;

Maekawa et al., 2016).

We conclude that in a physiological context, aS is

structurally associated with caveolin dependent

membrane vesiculation and is found further along the

endocytic pathway, in decreasing amounts, on early and

late endosomes. The decrease is possibly linked to the

change in the membrane composition along the
endocytic pathway. Studies on phospholipid vesicles

show that the aS binding affinity strongly depends on

membrane composition (Middleton and Rhoades, 2010;

Shvadchak et al., 2011; Pfefferkorn et al., 2012).

Clearly with the current selection of endocytic markers

we do not account for the whole population of aS positive

vesicles. To establish the lower boundary of the size of

the unaccounted fraction, we assume that the vesicle

populations that are screened with the different markers,

do not overlap. Under this assumption, the structural

colocalizations with caveolin, EEA1 and Rab7 account

for 80–85% of the aS positive vesicle population. At

least 15–20% of the aS positive objects are

unaccounted for in our analysis. This is not surprising

considering that aS has also been suggested to play a

role in SNARE mediated fusion with the plasma

membrane (Burre, et al., 2010; Kaur and Lee, 2020)

and to localize in mitochondria (Faustini et al., 2017; Wu

et al., 2017).

REFERENCES

Allan D, van der Wel C, Keim N, Caswell TA, Wieker D, Verweij R,

Reid C, Thierry, et al., soft-matter/trackpy: Trackpy v0.4.2, 2019.

Baksi S, Tripathi AK, Singh N (2016) Alpha-synuclein modulates

retinal iron homeostasis by facilitating the uptake of transferrin-

bound iron: implications for visual manifestations of Parkinson’s

disease. Free Radic Biol Med 97:292–306.

Ben Gedalya T, Loeb V, Israeli E, Altschuler Y, Selkoe DJ, Sharon R

(2009) Alpha-synuclein and polyunsaturated fatty acids promote

clathrin-mediated endocytosis and synaptic vesicle recycling.

Traffic 10:218–234.

Braun AR, Lacy MM, Ducas VC, Rhoades E, Sachs JN (2014) Alpha-

synuclein-induced membrane remodeling is driven by binding

affinity, partition depth, and interleaflet order asymmetry. J Am

Chem Soc 136:9962–9972.

Braun AR, Sevcsik E, Chin P, Rhoades E, Tristram-Nagle S, Sachs

JN (2012) Alpha-synuclein induces both positive mean curvature

and negative Gaussian curvature in membranes. J Am Chem Soc

134:2613–2620.

Breda C, Nugent ML, Estranero JG, Kyriacou CP, Outeiro TF,

Steinert JR, Giorgini F (2015) Rab11 modulates alpha-synuclein-

mediated defects in synaptic transmission and behaviour. Hum

Mol Genet 24:1077–1091.

Burre J (2015) The synaptic function of alpha-synuclein. J Parkinson

Dis 5:699–713.

Burre J, Sharma M, Tsetsenis T, Buchman V, Etherton MR, Sudhof

TC (2010) Alpha-synuclein promotes SNARE-complex assembly

in vivo and in vitro. Science 329:1663–1667.

Cheng F, Li X, Li Y, Wang C, Wang T, Liu G, Baskys A, Ueda K, et al.

(2011) Alpha-synuclein promotes clathrin-mediated NMDA

receptor endocytosis and attenuates NMDA-induced

dopaminergic cell death. J Neurochem 119:815–825.

Christoforidis S, McBride HM, Burgoyne RD, Zerial M (1999) The

Rab5 effector EEA1 is a core component of endosome docking.

Nature 397:621–625.

Chung CY, Khurana V, Yi S, Sahni N, Loh KH, Auluck PK, Baru V,

Udeshi ND, et al. (2017) In situ peroxidase labeling and mass-

spectrometry connects alpha-synuclein directly to endocytic

trafficking and mRNA metabolism in neurons. Cell Syst

4:242–250.

Chutna O, Goncalves S, Villar-Pique A, Guerreiro P, Marijanovic Z,

Mendes T, Ramalho J, Emmanouilidou E, et al. (2014) The small

GTPase Rab11 co-localizes with alpha-synuclein in intracellular

inclusions and modulates its aggregation, secretion and toxicity.

Hum Mol Genet 23:6732–6745.

Cooper AA, Gitler AD, Cashikar A, Haynes CM, Hill KJ, Bhullar B, Liu

K, Xu K, et al. (2006) Alpha-synuclein blocks ER-Golgi traffic and

http://refhub.elsevier.com/S0306-4522(21)00024-5/h0010
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0010
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0010
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0010
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0015
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0015
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0015
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0015
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0020
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0020
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0020
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0020
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0025
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0025
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0025
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0025
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0030
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0030
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0030
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0030
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0035
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0035
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0040
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0040
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0040
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0045
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0045
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0045
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0045
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0050
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0050
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0050
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0055
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0055
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0055
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0055
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0055
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0060
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0060
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0060
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0060
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0060
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0065
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0065


194 M. A. A. Fakhree et al. / Neuroscience 457 (2021) 186–195
Rab1 rescues neuron loss in Parkinson’s models. Science

313:324–328.

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.

Delenclos M, Trendafilova T, Mahesh D, Baine AM, Moussaud S,

Yan IK, Patel T, McLean PJ (2017) Investigation of endocytic

pathways for the internalization of exosome-associated

oligomeric alpha-synuclein. Front Neurosci 11:172.

Dijkstra AA, Ingrassia A, de Menezes RX, van Kesteren RE,

Rozemuller AJ, Heutink P, van de Berg WD (2015) Evidence for

immune response, axonal dysfunction and reduced endocytosis

in the Substantia Nigra in early stage Parkinson’s disease. Plos

One 10 e0128651.

Dikiy I, Eliezer D (2012) Folding and misfolding of alpha-synuclein on

membranes. Biochim Biophys Acta 1818:1013–1018.

Dinter E, Saridaki T, Nippold M, Plum S, Diederichs L, Komnig D,

Fensky L, May C, et al. (2016) Rab7 induces clearance of alpha-

synuclein aggregates. J Neurochem 138:758–774.

Fakhree MAA, Engelbertink SAJ, van Leijenhorst-Groener KA, Blum

C, Claessens M (2019) Cooperation of helix insertion and lateral

pressure to remodel membranes. Biomacromolecules

20:1217–1223.

Fakhree MAA, Segers-Nolten I, Blum C, Claessenes MMAE (2018)

Different conformational subsensembles of the intrinsically

disorderd protein alpha-synuclein in cells. J Phys Chem Lett

9:1249–1253.

Fakhree MAA, Zijlstra N, Raiss CC, Siero CJ, Grabmayr H, Bausch

AR, Blum C, Claessens M (2016) The number of alpha-synuclein

proteins per vesicle gives insights into its physiological function.

Sci Rep 6:30658.

Faustini G, Bono F, Valerio A, Pizzi M, Spano P, Bellucci A (2017)

Mitochondria and alpha-synuclein: friends or foes in the

pathogenesis of Parkinson’s disease? Genes-Basel 8.

Fusco G, Pape T, Stephens AD, Mahou P, Costa AR, Kaminski CF,

Kaminski Schierle GS, Vendruscolo M, et al. (2016) Structural

basis of synaptic vesicle assembly promoted by alpha-synuclein.

Nat Commun 7:12563.

Gitler AD, Bevis BJ, Shorter J, Strathearn KE, Hamamichi S, Su LJ,

Caldwell KA, Caldwell GA, et al. (2008) The Parkinson’s disease

protein alpha-synuclein disrupts cellular Rab homeostasis. P Natl

Acad Sci USA 105:145–150.

Goncalves SA, Macedo D, Raquel H, Simoes PD, Giorgini F,

Ramalho JS, Barral DC, Ferreira Moita L, et al. (2016) shRNA-

based screen identifies endocytic recycling pathway components

that act as genetic modifiers of alpha-synuclein aggregation,

secretion and toxicity. Plos Genet 12 e1005995.

Hashimoto M, Takenouchi T, Rockenstein E, Masliah E (2003) Alpha-

synuclein up-regulates expression of caveolin-1 and down-

regulates extracellular signal-regulated kinase activity in B103

neuroblastoma cells: role in the pathogenesis of Parkinson’s

disease. J Neurochem 85:1468–1479.

Hassink GC, Raiss CC, Segers-Nolten IMJ, van Wezel RJA,

Subramaniam V, le Feber J, Claessens M (2018) Exogenous

alpha-synuclein hinders synaptic communication in cultured

cortical primary rat neurons. Plos One 13 e0193763.

He K, Marsland III R, Upadhyayula S, Song E, Dang S, Capraro BR,

Wang W, Skillern W, et al. (2017) Dynamics of phosphoinositide

conversion in clathrin-mediated endocytic traffic. Nature

552:410–414.

Higashi S, Moore DJ, Minegishi M, Kasanuki K, Fujishiro H, Kabuta T,

Togo T, Katsuse O, et al. (2011) Localization of MAP1-LC3 in

vulnerable neurons and Lewy bodies in brains of patients with

dementia with Lewy bodies. J Neuropath Exp Neur 70:264–280.

Jin JH, Li GJ, Davis J, Zhu D, Wang Y, Pan C, Zhang J (2007)

Identification of novel proteins associated with both alpha-

synuclein and DJ-1. Mol Cell Proteomics 6:845–859.

Kaur G, Lakkaraju A (2018) Early endosome morphology in health

and disease. Adv Exp Med Biol 1074:335–343.
Kaur U, Lee JC (2020) Unroofing site-specific alpha-synuclein-lipid

interactions at the plasma membrane. P Natl Acad Sci USA

117:18977–18983.

Kisos H, Ben-Gedalya T, Sharon R (2014) The clathrin-dependent

localization of dopamine transporter to surface membranes is

affected by alpha-synuclein. J Mol Neurosci 52:167–176.

Lautenschlager J, Kaminski CF, Kaminski Schierle GS (2017) Alpha-

synuclein - regulator of exocytosis, endocytosis, or both? Trends

Cell Biol 27:468–479.

Liang J, Clark-Dixon C, Wang S, Flower TR, Williams-Hart T, Zweig

R, Robinson LC, Tatchell K, et al. (2008) Novel suppressors of

alpha-synuclein toxicity identified using yeast. Hum Mol Genet

17:3784–3795.

Liu J, Zhang JP, Shi M, Quinn T, Bradner J, Beyer R, Chen S, Zhang

J (2009) Rab11a and HSP90 regulate recycling of extracellular

alpha-synuclein. J Neurosci 29:1480–1485.

Logan T, Bendor J, Toupin C, Thorn K, Edwards RH (2017) Alpha-

synuclein promotes dilation of the exocytotic fusion pore. Nat

Neurosci 20:681–689.

Lopes FM, Schroder R, da Frota MLC, Zanotto A, Muller CB, Pires

AS, Meurer RT, Colpo GD, et al. (2010) Comparison between

proliferative and neuron-like SH-SY5Y cells as an in vitro model

for Parkinson disease studies. Brain Res 1337:85–94.

Luby-Phelps K (2000) Cytoarchitecture and physical properties of

cytoplasm: volume, viscosity, diffusion, intracellular surface area.

Int Rev Cytol 192:189–221.

Macossay-Castillo M, Marvelli G, Guharoy M, Jain A, Kihara D,

Tompa P, Wodak SJ (2019) The balancing act of intrinsically

disordered proteins: enabling functional diversity while minimizing

promiscuity. J Mol Biol 431:1650–1670.

Madeira A, Yang J, Zhang X, Vikeved E, Nilsson A, Andren PE,

Svenningsson P (2011) Caveolin-1 interacts with alpha-synuclein

and mediates toxic actions of cellular alpha-synuclein

overexpression. Neurochem Int 59:280–289.

Maekawa T, Sasaoka T, Azuma S, Ichikawa T, Melrose HL, Farrer

MJ, Obata F (2016) Leucine-rich repeat kinase 2 (LRRK2)

regulates alpha-synuclein clearance in microglia. BMC Neurosci

17:77.

Masaracchia C, Hnida M, Gerhardt E, Lopes da Fonseca T, Villar-

Pique A, Branco T, Stahlberg MA, Dean C, et al. (2018)

Membrane binding, internalization, and sorting of alpha-

synuclein in the cell. Acta Neuropathol Commun 6:79.

Medeiros AT, Soll LG, Tessari I, Bubacco L, Morgan JR (2017)

Alpha-synuclein dimers impair vesicle fission during clathrin-

mediated synaptic vesicle recycling. Front Cell Neurosci 11:388.

Middleton ER, Rhoades E (2010) Effects of curvature and

composition on alpha-synuclein binding to lipid vesicles.

Biophys J 99:2279–2288.

Moriya H (2015) Quantitative nature of overexpression experiments.

Mol Biol Cell 26:3932–3939.

Murk JL, Humbel BM, Ziese U, Griffith JM, Posthuma G, Slot JW,

Koster AJ, Verkleij AJ, et al. (2003) Endosomal

compartmentalization in three dimensions: implications for

membrane fusion. P Natl Acad Sci USA 100:13332–13337.

Park JY, Kim KS, Lee SB, Ryu JS, Chung KC, Choo YK, Jou I, Kim J,

et al. (2009) On the mechanism of internalization of alpha-

synuclein into microglia: roles of ganglioside GM1 and lipid raft. J

Neurochem 110:400–411.

Pfefferkorn CM, Jiang Z, Lee JC (2012) Biophysics of alpha-synuclein

membrane interactions. Biochim Biophys Acta 1818:162–171.

Poehler AM, Xiang W, Spitzer P, May VE, Meixner H, Rockenstein E,

Chutna O, Outeiro TF, et al. (2014) Autophagy modulates SNCA/

alpha-synuclein release, thereby generating a hostile

microenvironment. Autophagy 10:2171–2192.

Raiss CC, Braun TS, Konings IBM, Grabmayr H, Hassink GC, Sidhu

A, le Feber J, Bausch AR, et al. (2016) Functionally different

alpha-synuclein inclusions yield insight into Parkinson’s disease

pathology. Sci Rep 6:23116.

Ramanathan HN, Ye Y (2012) The p97 ATPase associates with

EEA1 to regulate the size of early endosomes. Cell Res

22:346–359.

http://refhub.elsevier.com/S0306-4522(21)00024-5/h0065
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0065
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0070
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0070
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0070
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0075
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0075
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0075
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0075
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0080
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0080
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0080
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0080
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0080
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0085
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0085
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0090
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0090
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0090
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0095
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0095
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0095
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0095
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0100
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0100
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0100
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0100
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0105
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0105
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0105
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0105
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0110
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0110
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0110
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0115
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0115
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0115
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0115
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0120
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0120
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0120
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0120
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0125
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0125
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0125
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0125
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0125
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0130
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0130
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0130
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0130
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0130
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0135
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0135
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0135
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0135
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0140
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0140
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0140
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0140
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0145
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0145
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0145
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0145
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0150
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0150
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0150
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0155
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0155
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0160
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0160
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0160
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0165
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0165
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0165
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0170
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0170
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0170
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0175
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0175
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0175
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0175
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0180
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0180
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0180
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0185
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0185
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0185
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0190
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0190
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0190
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0190
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0195
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0195
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0195
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0200
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0200
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0200
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0200
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0205
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0205
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0205
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0205
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0210
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0210
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0210
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0210
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0215
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0215
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0215
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0215
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0220
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0220
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0220
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0225
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0225
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0225
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0230
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0230
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0235
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0235
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0235
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0235
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0240
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0240
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0240
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0240
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0245
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0245
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0250
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0250
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0250
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0250
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0255
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0255
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0255
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0255
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0260
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0260
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0260


M. A. A. Fakhree et al. / Neuroscience 457 (2021) 186–195 195
Ramezani M, Wilkes MM, Das T, Holowka D, Eliezer D, Baird B

(2019) Regulation of exocytosis and mitochondrial relocalization

by Alpha-synuclein in a mammalian cell model. NPJ Parkinsons

Dis 5:12.

Rizzoli SO (2014) Synaptic vesicle recycling: steps and principles.

EMBO J 33:788–822.

Shvadchak VV, Falomir-Lockhart LJ, Yushchenko DA, Jovin TM

(2011) Specificity and kinetics of alpha-synuclein binding to model

membranes determined with fluorescent excited state

intramolecular proton transfer (ESIPT) probe. J Biol Chem

286:13023–13032.

Siegel DP (1999) The modified stalk mechanism of lamellar/inverted

phase transitions and its implications for membrane fusion.

Biophys J 76:291–313.

Soll LG, Eisen JN, Vargas KJ, Medeiros AT, Hammar KM, Morgan JR

(2020) Alpha-synuclein-112 impairs synaptic vesicle recycling

consistent with its enhanced membrane binding properties. Front

Cell Dev Biol 8:405.

Stefanovic AND, Claessens MMAE, Blum C, Subramaniam V (2015)

Alpha-synuclein amyloid oligomers act as multivalent

nanoparticles to cause hemifusion in negatively charged

vesicles. Small 11:2257–2262.

Sung JY, Kim J, Paik SR, Park JH, Ahn YS, Chung KC (2001)

Induction of neuronal cell death by Rab5A-dependent endocytosis

of alpha-synuclein. J Biol Chem 276:27441–27448.

Uversky VN (2019) Intrinsically disordered proteins and their

‘‘mysterious” (meta)physics. Front Phys 7:00010.

van IJzendoorn SCD (2006) Recycling endosomes. J Cell Sci

119:1679–1681.
Vanlandingham PA, Ceresa BP (2009) Rab7 regulates late endocytic

trafficking downstream of multivesicular body biogenesis and

cargo sequestration. J Biol Chem 284:12110–12124.

Varkey J, Isas JM, Mizuno N, Jensen MB, Bhatia VK, Jao CC,

Petrlova J, Voss JC, et al. (2010) Membrane curvature induction

and tubulation are common features of synucleins and

apolipoproteins. J Biol Chem 285:32486–32493.

Vavouri T, Lehner B (2009) Conserved noncoding elements and the

evolution of animal body plans. Bioessays 31:727–735.

Wu YM, Whiteus C, Xu CS, Hayworth KJ, Weinberg RJ, Hess HF, De

Camilli P (2017) Contacts between the endoplasmic reticulum and

other membranes in neurons. P Natl Acad Sci USA 114:

E4859–E4867.

Xilouri M, Brekk OR, Stefanis L (2016) Autophagy and alpha-

synuclein: relevance to Parkinson’s disease and related

synucleopathies. Movement Disord 31:178–192.

Yang W, Yu W, Li X, Li X, Yu S (2020) Alpha-synuclein differentially

reduces surface expression of N-methyl-d-aspartate receptors in

the aging human brain. Neurobiol Aging 90:24–32.

Yap CC, Winckler B (2012) Harnessing the power of the endosome to

regulate neural development. Neuron 74:440–451.

Yin G, Lopes da Fonseca T, Eisbach SE, Anduaga AM, Breda C,

Orcellet ML, Szego EM, Guerreiro P, et al. (2014) Alpha-synuclein

interacts with the switch region of Rab8a in a Ser129

phosphorylation-dependent manner. Neurobiol Dis 70:149–161.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.neuroscience.2021.01.017.
(Received 7 October 2020, Accepted 11 January 2021)
(Available online 20 January 2021)

http://refhub.elsevier.com/S0306-4522(21)00024-5/h0265
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0265
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0265
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0265
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0270
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0270
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0275
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0275
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0275
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0275
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0275
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0280
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0280
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0280
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0285
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0285
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0285
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0285
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0290
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0290
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0290
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0290
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0295
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0295
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0295
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0300
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0300
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0300
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0305
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0305
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0310
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0310
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0310
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0315
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0315
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0315
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0315
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0320
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0320
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0325
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0325
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0325
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0325
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0330
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0330
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0330
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0335
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0335
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0335
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0340
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0340
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0345
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0345
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0345
http://refhub.elsevier.com/S0306-4522(21)00024-5/h0345
https://doi.org/10.1016/j.neuroscience.2021.01.017

	The Localization of Alpha-synuclein in the Endocytic Pathway
	Introduction
	Experimental procedures
	Results
	Discussion
	References
	Appendix A Supplementary data


