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REVIEW Open Access

Post translational changes to α-synuclein
control iron and dopamine trafficking; a
concept for neuron vulnerability in
Parkinson’s disease
James A. Duce1,2* , Bruce X. Wong1,2, Hannah Durham1, Jean-Christophe Devedjian3, David P. Smith4

and David Devos3

Abstract

Parkinson’s disease is a multifactorial neurodegenerative disorder, the aetiology of which remains elusive. The primary

clinical feature of progressively impaired motor control is caused by a loss of midbrain substantia nigra dopamine

neurons that have a high α-synuclein (α-syn) and iron content. α-Syn is a neuronal protein that is highly modified

post-translationally and central to the Lewy body neuropathology of the disease. This review provides an overview of

findings on the role post translational modifications to α-syn have in membrane binding and intracellular vesicle

trafficking. Furthermore, we propose a concept in which acetylation and phosphorylation of α-syn modulate endocytic

import of iron and vesicle transport of dopamine during normal physiology. Disregulated phosphorylation and

oxidation of α-syn mediate iron and dopamine dependent oxidative stress through impaired cellular location and

increase propensity for α-syn aggregation. The proposition highlights a connection between α-syn, iron and dopamine,

three pathological components associated with disease progression in sporadic Parkinson’s disease.

Keywords: α-synuclein, Iron, Dopamine, Endosomal trafficking, Oxidative stress, Post translational modification,

N-terminal acetylation, Phosphorylation, Oxidation

Background
Parkinson’s disease (PD) is the second most common pro-

gressive neurodegenerative disorder and is characterised

by tremor, bradykinesia rigidity and gait disorders [1].

Additive non-motor symptoms include cognitive deficits,

sleep disturbances, anxiety, motivation disorders and

mood disorders [2]. The pathophysiology of PD is charac-

terised by loss of over 60% of neuromelanin-containing

dopaminergic neurons in the substantia nigra pars com-

pacta (SNc), which results in a > 90% reduction in dopa-

mine (DA) in the striatum causing the motor symptoms

observed with the disease. PD is also neuropathologically

characterised by the presence of Lewy bodies (LBs) and

Lewy neurites (LN). These cytoplasmic inclusions contain

α-synuclein (α-syn; PARK1) as the major constituent [3].

As well as in the SNc, LBs are found in brain regions

including the locus coeruleus, raphe nucleus and dorsal

motor nucleus of the vagus [4]. These pathological hall-

marks are also observed in several other synucleinopa-

thies, including multiple system atrophy (MSA) and

dementia with Lewy bodies (DLB), as well as some

forms of neurodegeneration with brain iron accumula-

tion (NBIA) [5].

An understanding of why SNc neurons are vulnerable

in familial forms of PD or with advancing age in specific

environments may yield important insights into the dis-

ease process and avenues into ways in which to thera-

peutically intervene. There have been several theories as

to the susceptibility of dopaminergic neurons in the SNc

in PD, in particular, the Ca2+-dependent pacemaking

capability of these neurons that leads to a maintained el-

evated mitochondrial oxidant stress (OS) [6]. However,
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this review attempts to identify a pathogenic mechanism

of relevance to PD when DA, iron and α-syn are highly

expressed within the same neuron. We propose a possible

association between post-translational modifications to

α-syn, altered neurotransmitter compartmentalisation

at the synapse and enhanced iron-dependent OS.

Before the concept can be presented, an overview of

prior relevant literature must be appraised. The current

comprehension on DA and iron metabolism, as well as

the role α-syn has in synaptic maintenance, are provided

before evaluating the genetic and post-translational modifi-

cations that reportedly alter α-syn structure and function.

Oxidative stress and dopamine metabolism
The majority of midbrain dopaminergic neurons are lo-

cated in the SNc and ventral tegmental area (VTA) and

have widespread projections [7]. DA is a monoaminergic

neurotransmitter produced from tyrosine in the cytosol

as a two-step reaction (for further information refer to

[8]). Iron acts as a co-factor for the tyrosine hydroxylase

(TH) step in the catalysis of DA synthesis [9].

Within certain environments, such as in the presence

of divalent metals, the unstable catechol ring of DA can

be enzymatically deaminated by monoamine oxidase

(MAO). This generates dihydroxyphenylacetic acid

(DOPAC) and hydrogen peroxide (H2O2) as well as

subsequent oxidative species and hydroxyl radicals [10].

Alternatively, DA can be spontaneously oxidised in the

presence of oxygen to yield DA-o-quinone, H2O2 and

superoxide [11]. The end product aminochrome can

also participate in oxidative stress and mitochondrial

dysfunction [12] as well as induce and stabilise neuro-

toxic oligomeric α-syn formation [13].

In the cytoplasm, DA is highly prone to spontaneous

and enzymatic degradation. To minimise the risk in ex-

posing this monoaminergic neurotransmitter to an oxi-

dative environment, the SNc neuron compartmentalises

DA in vesicles. By virtue of their low pH and MAO-free

environment, storage in synaptic vesicles hinders DA

breakdown. Immediately after cytosolic synthesis, DA is

taken up into synaptic vesicles by the vesicular monoamine

transporter 2 (VMAT2). DA released from the synapse that

is reinternalised into the nerve terminal through dopamine

transporter (DAT) is also repackaged in synaptic vesicles

via VMAT2. Several studies have shown that intracellular

accumulation of DA or the modification of these DA

transporters can lead to neurotoxicity [14, 15].

Alteration in iron metabolism
Physiological iron is important for the regulation of cell

development, mitochondrial respiration, production of

myelin [16] as well as neurotransmitter synthesis and

metabolism [17]. Iron is of particular importance and

abundance in the SNc [18], in part due to its requirement

as a cofactor for TH activity which is vital for DA synthe-

sis. It is the ability of iron to transition in valency between

ferrous (Fe2+) and ferric (Fe3+) that makes it an essential

element for cell survival. However when this electron

transfer is not correctly harnessed within an aerobic envir-

onment the resulting Fenton reaction produces hydroxyl

radicals that induce OS toxicity [19, 20]. Iron deficiency

can lead to cognitive impairment [21, 22] but excess iron

is also an underlying factor associated with neuro-

pathology in neurodegenerative disorders such as PD

[17, 19, 23]. As such it is of upmost importance that

iron levels and redox state are carefully regulated in

the brain so as to maintain optimal neuronal function

while avoiding toxicity.

Transferrin is a glycoprotein that binds and transports

iron throughout the extracellular system including in the

brain [24]. When required, cellular uptake of iron within

holo-transferrin (transferrin with iron attached) predom-

inantly occurs via transferrin receptor (TfR) mediated

endocytosis [17]. Despite TfR mediated internalisation

being the predominant pathway for iron import in neu-

rons, other known import mechanisms include divalent

metal transporter 1 (DMT1). Once inside the cell the

cytosolic iron can be utilised for the functional require-

ments of maintaining a healthy cell, safely stored or

exported from the cell. Storage is typically within ferritin

but select cell types, including dopaminergic neurons of

the SNc, alternatively store iron in neuromelanin. These

neuromelanin positive cells tend to express ferritin poorly

[25, 26]. When the cell has sufficient iron to maintain

survival, excess is removed through the only known

membrane pore protein ferroportin (FPN). For iron ef-

flux, FPN must be maintained on the cell surface and

stabilisation is assisted in neurons by the type 1 trans-

membrane protein amyloid-β precursor protein (APP)

[27, 28]. In contrast, FPN stabilisation on astrocytes is

through ceruloplasmin and oligodendrocytes use hephaes-

tin [29, 30]. Expression of iron regulating proteins is con-

trolled through the canonical cis-trans iron regulatory

system involving iron response protein binding to an iron

response element (IRE) (for review see [31]). However an

important aspect also to consider when investigating the

iron regulatory function of these proteins is their location

within the cell, as illustrated with the required membrane

location of FPN.

The susceptibility of SNc neurons in PD is in part con-

sidered to be due to their iron content [32]. A decrease

in ferritin that parallels the reduced iron [33] suggests

intracellular iron may be more available for reactive

oxygen species (ROS) generation by Fenton reactions

[34, 35]. Changes to various other proteins involved in

iron homeostasis have also been observed in PD. Al-

tered DMT1 expression correlates with iron accumula-

tion in the SNc ventral tier of a Parkinsonian toxicity
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mouse model (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine;

MPTP) as well as PD patients [36, 37]. In contrast, FPN is

under-expressed in several models of PD including MPTP

and 6-Hydroxydopamine (6-OHDA) [38, 39]. This decrease

in FPN may be caused by impaired expression or membrane

trafficking of APP and ceruloplasmin in PD and relevant

models [40–43].

More recently, with the advance of magnetic resonance

imaging, a strong correlation between disease severity and

levels of iron in the SNc has been identified [44, 45]. To a

lesser extent, iron overload also seems to precede atrophy

in the striatum [45]. Despite these early stage iron changes

with disease and the potential for its use as a biomarker

for disease progression, it still remains to be determined

whether iron is causal or a downstream effect of PD.

Role of α-synuclein in synaptic maintenance
Aggregated α-syn is a central neuropathological feature

in PD patients and mutations in the SNCA gene encod-

ing α-syn result in familial PD [46, 47]. Neuronal expres-

sion levels of α-syn are heterogenous throughout the

brain. The high expression in SNc, caudate nucleus, pu-

tamen and ventral pallidum closely tracks the dopamin-

ergic regions affected in PD [48]. The physiological role

of α-syn is poorly understood, however it is implicated

in various cellular processes. A location within presynaptic

terminals as well as a neuroprotective capacity on nerve

terminal injury and SNARE (soluble N-ethylmaleimide-

sensitive-factor attachment protein receptor) complex dis-

ruption [49, 50] consolidate a theory that α-syn has a role

in neurotransmitter storage and release within the synapse

[51]. Spatial and working memory deficits upon α-syn de-

letion in a mouse model support the requirement of this

protein to maintain synaptic function [52, 53]. The

function of α-syn within presynaptic vesicles may be as

a molecular chaperone in folding SNARE proteins [49].

This is similar to the homologous 14-3-3 protein [54]

and cysteine-string protein α (CSPα) [55]. Expression of

14-3-3 protein is increased upon α-syn depletion [52],

whilst neurodegenerative depletion of the latter can be

rescued by overexpression of α-syn [49]. It is now

understood that the fusion and clustering of SNARE-

associated vesicles to the synaptic plasma membrane

can be regulated by α-syn association with vesicle-

associated membrane protein 2 (VAMP2/synaptobrevin-

2) [50]. By keeping VAMP2 in close proximity with the t-

SNAREs, α-syn can control stimulated neurotransmitter

release through a role in vesicle clustering.

α-Syn has also been suggested to modulate vesicle size

and the releasing properties of synaptic vesicle recycling

and reserve pooling [51, 56]. An argument for α-syn in-

volvement in overall modulation of DA recruitment

and homeostasis arises from known interactions with

VMAT2 during vesicle filling as well as with DAT re-

quired for DA reuptake [57, 58].

Cellular evidence indicates α-syn is able to alter iron

homeostasis, aligning with an IRE being discovered

within its 5′-promotor region [59]. Endocytic/exocytic

trafficking is a fundamental component of iron homeo-

stasis and as recently reported, both α-syn and TfR colo-

calise on the membrane surface. Depletion of α-syn

results in an accumulation of Tf/TfR complex within the

endosome [60]. Dynamin 1, as an additional target for

CSPα complexes, is another α-syn interactor [61]. This

provides new insights into a more general role for α-syn

in molecular chaperoning of early clathrin-mediated

endocytosis. The ability of α-syn to control clathrin-

mediated endocytosis therefore suggests that this protein

may be another regulator of the intracellular iron pool

and thus requires further investigation.

Of note, α-syn may also play a role in DA synthesis

through binding to inhibit TH; the rate limiting iron-

dependent enzyme for DA biosynthesis [62]. More gen-

erally, α-syn also regulates monoamine transporters [63]

and interacts with the signalling protein ARPP16/19; a

DA- and cAMP-regulated neuronal phosphoprotein

family member involved in regulation of DA signalling

pathways [64]. Since the primary location of α-syn is in

the synapse it is likely that any modification to the protein

will have detrimental effects on synaptic transmission and

pathogenesis in α-synucleinopathies such as PD.

Post-translational modifications to α-synuclein on
the membrane
α-Syn undergoes several post-translational modifications

(PTMs) including acetylation, phosphorylation, oxidation,

nitration, ubiquitination and truncation. These PTMs

regulate α-syn structure and physiological function. They

could also be linked to the aggregation and/or oligomer

formation of α-syn as all have been found extensively in

LBs. This review will focus on N-terminal acetylation; re-

sponsible for the constitutive structure of α-syn found in

vivo, as well as phosphorylation and oxidation; the most

common PTMs found in LBs and associated with OS.

In its physiological state, α-syn is constitutively N-

terminally acetylated [65, 66]. This region is particularly

rich in lysines that are known to be involved in the for-

mation of an α-helical structure upon lipid interaction

[67]. Acetylation of lysines is a reversible reaction that

impacts on multiple cellular pathways. The acetylation

of lysines 6, 34, 45 and 96 on α-syn have all been re-

ported in the brain [68] and these acetylated forms have

been purified from LBs [69]. Modification of these same

residues by aldehydes (e.g. products of DA catabolism or

lipid peroxidation) may affect α-syn’s membrane binding

capability via acetylation [67]. Of relevance to our pro-

posed concept are effects of N-terminal acetylation,
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charge and curvature of vesicles on α-syn binding. The

binding of α-syn to lipid vesicles with high negative charge

content is essentially unaffected by N-terminal acetylation

irrespective of curvature. However, binding to vesicles

containing lower negative charge is increased, with stron-

ger binding observed for vesicles with higher curvature;

properties that relate closely to synaptic vesicles [70, 71].

This is supported by N-terminal acetylation of α-syn being

shown, by nuclear magnetic resonance spectroscopy

(NMR), to produce more pronounced binding to mem-

branes of increased curvature and moderate charge [70].

Of note, a later study summised that N-terminal acetyl-

ation only affected the ‘weak’ binding of α-syn to zwitter-

ionic vesicles with no change in phospholipid membrane

binding affinity [72]. This has led to the speculation that if

N-terminal acetylation is involved in lipid binding it may

be mediated through other binding partners.

Several phosphorylation sites have been identified on

α-syn either at tyrosine, threonine or serine (e.g. Y39,

S87, Y125, and S129). However, S129 is the locus most

typically affiliated with PD as this site is phosphorylated

in around 90% of α-syn deposits in PD patients compared

to 4% in controls [73]. Information from site directed mu-

tation studies have mostly concentrated on mechanisms

of toxicity related to aggregation (see below) but its role in

membrane interaction is being elucidated. Collectively,

data on the phosphorylation site at S129, S87 and Y39

support a concept that this PTM results in an inability of

α-syn to bind membranes [74–78]. Of relevance to DA

trafficking, phosphorylation of membrane associated α-

syn at S129 alters neurotransmitter uptake [79]. It is yet to

be confirmed whether a similar effect occurs in synaptic

vesicle formation associated with VAMP2. An attempt to

address how α-syn phosphorylation impacts upon interac-

tions with other proteins has led to the discovery that

phosphorylation of α-syn at S129 promotes Rab8a binding

and mediates toxicity. Rab8a is a small guanine nucleotide

binding protein implicated in coordinating vesicle traffick-

ing [80]. Similar to phosphorylation, the methionine oxi-

dation of α-syn leads to a decreased affinity for biological

membranes [81]. In vitro reports have identified this

modification to alter the α-syn aggregation pathway, but

its effect within the synapse remains to be fully charac-

terised. This is partly due to its transient nature under

physiological conditions. While methionine oxidation of

α-syn impairs degradation through the 20S proteasome

[82], in-cell NMR now indicates that oxidative modifi-

cation to methionine residues at the N-terminal region of

α-syn is reversible as it can be enzymatically repaired [83].

Structure changes to α-synuclein that induce
oligomerisation
Recent studies using more physiological conditions in

the purification of α-syn have suggested an equilibrium

between the tetrameric α-helical and monomeric forms

that coincides with N-terminal acetylation [65, 66]. Dis-

ruption of the α-helical tetramer may trigger the forma-

tion of alternative soluble oligomeric structures as

intermediaries of the insoluble fibrils observed in LBs

[65]. Indeed intracellular cross-linking experiments have

indicated that the presence of this tetramer can be dis-

rupted by familial PD point mutations in α-syn [84].

This theory still remains to be confirmed as other

groups report an intrinsically disordered structure when

the protein is purified under similar conditions [85]. In-

cell NMR has also shown that α-syn retains an intrinsic-

ally disordered state, rather than an assembled tetra-

meric α-helical structure, when the protein is introduced

to the cell by electroporation [86].

As with many other amyloidogenic neurodegenerative

diseases, evidence suggests that it is the soluble oligo-

meric forms of α-syn preceding fibril formation that me-

diate pathogenesis [87]. Disruption of the intracellular

tetramer may be the first step in this pathway [84].

Modification to the conformation of the monomer or its

oligomeric state is likely to be highly susceptible to gen-

etic alteration, PTMs and interaction with ligands such

as transition metals or DA [88–90]. While it is import-

ant to identify how an increase in the propensity for ag-

gregation can occur, it is unlikely that only a single

modification to α-syn is responsible for PD pathology

within the SNc. Indeed, an equilibrium of α-syn species

is likely to exist within the SNc at any one time and the

function of α-syn or its pathological effect will rely on a

shift in this equilibrium.

Point mutations in α-synuclein associated with pathology

Mutations in α-syn including A30P, A53T, E46K and

more recently identified H50Q and G51D, result in early

onset PD. Li et al. [91] show that although the mono-

meric structure of wild-type (WT), A30P and A53T is

similar, mutated forms aggregate in vitro at a faster rate.

H50Q decreases the solubility of α-syn by up to 10-fold

[92] whereas G51D may promote an alternative mechan-

ism of pathogenesis as aggregation properties are re-

duced [93, 94]. Such a mechanism may be associated

with the chaperone like properties of α-syn as G51D re-

duces lipid-binding function [95]. Enhanced vulnerability

to mitochondrial impairment and oxidative stress have

also been suggested as potential modes of action for this

variant [93]. Whilst A53T shows an increased rate of fi-

bril formation [96], A30P is more likely to aggregate into

the protofibril oligomeric species while not progressing

to the full fibril forms. In contrast to the other familial

PD mutations in α-syn, E46K does show structural

changes of the monomeric species that modify the polar-

ity of the amphipathic repeat region [97, 98]. The E46K

aggregates more rapidly into fibrils [99, 100] but these
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fibrils are morphologically similar and protofibrils are

fewer than with WT α-syn [101]. Intriguingly, Mbefo

and colleagues [102] identify that E46K increases phos-

phorylation at S129 and alters the subcellular localisa-

tion of α-syn, suggesting that this may cause enhanced

aggregation.

Currently, all the familial PD mutations in α-syn in-

crease the propensity of the protein to aggregate and

therefore suggest this to be a key component of the dis-

ease associated neurotoxicity. However whilst H50Q,

A53T and E46K appear to promote fibril formation,

A30P has a greater prevalence in stabilising the oligomer

species. It remains to be identified whether there is a de-

fined species of aggregated α-syn that is the toxic species

or, as is more likely, a range of forms are responsible for

neuronal death in the SNc.

Modification of α-synuclein by oxidation

Oxidation of the 4 methionine residues located in the

N-terminal (M1 and 5) and the C-terminal (M116 and

127) of α-syn produce methionine sulfoxides that inhibit

fibrillisation. The degree of this inhibition is propor-

tional to the number of oxidised methionine residues

[103]. In addition, oxidative modifications to the tyro-

sines via nitration induce a partial folded conformation

that stabilises soluble oligomers and stops elongation

into fibrils. These oligomeric species are thus formed

along aggregation pathways distinct from ones used in

amyloid fibril formation [104–106]. In the presence of

H2O2 all 4 methionines are converted to sulfoxides [107]

and rotenone (used as a neurotoxic Parkinsonian model)

results in methionine oxidation and subsequent intracel-

lular aggregates [108].

Modification of α-synuclein by phosphorylation

The phosphorylation status of α-syn has a marked influ-

ence on aggregation and toxicity. However, it remains to

be confirmed whether phosphorylation promotes or pre-

vents aggregation and toxicity (e.g. [109]). Disparities

may arise from there being no established aggregated

form of α-syn that is predominantly toxic [110–114] and

the different kinase efficiencies for phosphorylating α-

syn. In vitro biochemical studies with phosphorylation of

α-syn at S129 by casein kinase (CK) 2 results in greater

fibril formation than with unphosphorylated α-syn [73],

conversely polo-like kinase (PLK) 2 phosphorylation has

comparable fibrillisation kinetics to the WT protein

[115]. The subcellular location of α-syn also plays a role

in which kinase phosphorylates the protein. CK2 and G

protein-coupled receptor kinase (GRK) 3, 5 & 6 contribute

to S129 phosphorylation of membrane-associated α-syn,

whereas cytosolic α-syn is phosphorylated exclusively by

CK2 [79]. Most cell culture studies associate S129 phos-

phorylation with increased formation of soluble oligomers

[116, 117], cytoplasmic and nuclei aggregates [116, 118],

and cytoplasmic inclusions [119, 120]. In contrast the

results from multicellular animal models are less clear

with phosphorylated S129 promoting [73, 116–121],

preventing or having no effect on inclusion formation

[75, 109, 122–128]. Discrepancies in these studies ori-

ginate from a reliance on α-syn phosphomimetic muta-

tions that do not fully recapitulate the real phosphorylation

states of α-syn [115, 123].

The presence or absence of additional factors are likely

to be a feature of the variances in phosphorylated S129

α-syn aggregation. These may largely derive from the

buffer conditions in which the samples are prepared. In

addition, C-terminal methionine sulfoxides impair Y125

phosphorylation by the major tyrosine kinase Fyn [83].

As phosphorylated Y125 primes the efficient modifica-

tion of S129 by CK [129], reduction in Y125 phosphoryl-

ation is likely to also diminish modifications of S129.

This would support the presence of an age- and disease-

dependent decline in α-syn phosphorylation in models

and patients of PD [127].

Modification of α-synuclein by iron

Despite Fe2+ being the predominant form within the cell,

Fe3+ has the greater affinity for α-syn (Fe2+; 5.8 × 103 M−1,

Fe3+; 1.2 × 1013 M−1) at D121, N122, and E123 [88, 130].

This suggests that within an aerobic environment the

intracellular Fe2+ could have a greater affinity upon oxida-

tion to Fe3+. The resulting H2O2 and hydroxyl radicals

byproducts could augment OS [131] and in turn lead to

the oxidation of α-syn at methionines, as observed with

other reduced metals and oxidised lipids [81, 132].

The affinity between α-syn and divalent metals such as

Fe2+ is also altered by PTMs such as phosphorylation.

Peptide studies show that phosphorylation at S129 or

Y125 increase the binding affinity for Fe2+ but not Fe3+

at residues 107–140, thereby altering the residues in-

volved in the binding site [133]. Despite confirmation

being required in the full-length protein, this suggests

that phosphorylation may increase the available pool of

iron that promotes intracellular α-syn aggregation.

Binding of Fe3+ directly, or as a result or Fe2+ oxidation,

alters the morphology of α-syn fibrils and accelerates ag-

gregation in both WT and mutant variants including

E46K [134]. In the presence of unilamellar vesicles, the

addition of Fe3+ to α-syn results in the formation of stable

oligomers that impair membrane conductance and lead to

neurotoxicity [135].

Modification of α-synuclein by dopamine

Several in vitro studies illustrate that DA can modulate

the aggregation of α-syn to form oligomers not consid-

ered direct intermediates on a pathway to amyloid fibril

formation [89, 90]. DA modification of α-syn is through
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the oxidation of all 4 methionines. Substitution of these

residues significantly reduces the propensity of α-syn to

form kinetically stable oligomers [136]. Despite fibrils

being formed after extended incubation in the presence

of DA, these are less stable and susceptible to fragmen-

tation [137]. The oxidative intermediates of DA also

have the ability to bind and induce α-syn aggregation.

Aminochrome promotes the formation and stabilisation

of neurotoxic protofibrils of α-syn [90, 111] and leads to

the formation of adducts (e.g. 5,6-indolequinone) that

subsequently also bind α-syn [138, 139].

Despite an ability of Fe2+ to auto-oxidise in an aerobic

environment, this Fenton reaction is greatly assisted in

the presence of DA, to produce hydroxyl radicals. In the

presence of DA, the ability of Fe3+ to promote α-syn fi-

bril formation is completely inhibited [89, 140] and

identifies DA as a key modulator of α-syn oligomer for-

mation. The relationship between α-syn and iron has

also been studied in vivo. Overexpression of various α-syn

mutants in the presence of iron and DA or H2O2 induce

the formation of aggregated α-syn [141].

Posttranslational modifications to α-synuclein
regulate dopamine and iron transport
It is possible that preferential vulnerability to PD-related

neurotoxicity in a subgroup of SNc dopaminergic neu-

rons arises from the convergence of different cellular

risk factors. It is becoming increasingly evident that α-syn

has physiological roles in both iron and DA homeostasis.

More established in the literature is the hypothesis that

α-syn can regulate DA through synaptic vesicle docking

and fusion, recycling of vesicles and import through the

DAT/VMAT2 receptors [57, 58]. However, α-syn can

also mediate the production of cellular DA through the

regulation of iron that is required for TH activity [118].

This regulatory function may also be through a role α-syn

has in receptor mediated endocytic trafficking. Through

an interaction with dynamin [61], α-syn is proposed to

modulate clathrin-coated endocytosis, of which the best

characterised model is TfR mediated iron import. In sup-

port of this being a pathway in which α-syn may regulate

cellular iron levels, it has recently been identified that

α-syn ablation alters the level of TfR and iron within

neurons [60].

Despite an increased comprehension of α-syn func-

tion, there are still conflicting reports on whether α-syn

promotes or inhibits vesicle trafficking (e.g. [51, 56]).

We propose that this confusion is largely caused by the

perception that the regulation of functional α-syn is only

at a translational level. Similar to other cell modulatory

pathways (e.g. the cell signalling transduction network),

it is feasible that PTMs to α-syn control vesicle traffick-

ing. Indeed, phosphorylation and oxidation of α-syn are

detrimental to α-syn binding to lipids [74–77, 81]

whereas acetylation of α-syn induces a greater affinity

[70]. This suggests that phosphorylated or oxidised forms

of α-syn have an increased propensity to be retained

within the cytoplasm whereas native N-terminal acetyl-

ation of α-syn permits attachment to vesicles membranes

either in its own right or through interaction with partner

proteins. The pool of cytoplasmic iron within neurons is

tightly monitored and if levels become too low as to im-

pair the activity of enzymes such as TH, then overriding

regulatory pathways are implemented. In the current

working hypothesis on α-syn function in iron and DA traf-

ficking (Fig. 1a) we reinforce a theory that α-syn binding

to lipid membranes requires N-terminal acetylation. Paral-

lel with promoted translation of α-syn when iron is re-

quired by the cell (due to the IRE within the 5′ promoter

region), lipid binding of the N-terminal acetylated form fa-

cilitates the dynamin-mediated endosomal trafficking of

TfR and controls iron internalisation. In parallel, cellular

DA production through TH activity requires the storage

of this oxidant in synaptic vesicles to minimise cytosolic

degradation and free radical production. The incorpor-

ation of DA into synaptic storage vesicles is facilitated

through α-syn binding to VMAT2. Upon stimuli, VAMP2

then binds to its corresponding t-SNARE protein to allow

fusion with the synaptic membrane and release of DA into

the cleft. Recycled DA, not required by the post-synaptic

neuron, is then imported back into the pre-synaptic

neuron through the DAT receptors that also bind α-syn

on the membrane. DA is internalised into synaptic vesicles

through the α-syn/VMAT2 complex.

In physiological conditions when either iron and/or

DA transport requires to be altered, we propose that this

can be mediated through post translational modification

of α-syn. Phosphorylation, or conditions that give rise to

the oxidation of α-syn, reduce the α-syn binding capacity

to lipid membranes, thereby no longer promoting endo-

cytosis or vesicle trafficking (Fig. 1b). TfR controlled iron

import into the cell will be decreased, in turn decreasing

TH activity and lowering DA production [118]. Phos-

phorylation will similarly reduce the ability for α-syn to

bind membrane DAT/VMAT2 or VAMP2 and thus re-

duce DA incorporation into synaptic vesicles or recyc-

ling within the presynaptic neuron. This concept on the

physiological function of α-syn in iron and DA homeo-

stasis describes how modifications to the protein indi-

vidually affect iron and DA homeostasis. However, it is

highly probable that other PTMs are involved and that

the total α-syn population present in a cell is made up of

multiple PTMs dependent on the cell’s specific require-

ment in a certain location. Therefore, it is feasible that

phosphorylated α-syn may be implemented in one area

of the neuron to reduce iron import, while in the syn-

apse it may be alternatively modified (i.e. N-terminally

acetylated) to increase DA recycling and trafficking.
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Posttranslational modifications to α-synuclein
increase vulnerability to neurotoxicity when
dysregulated
The pathological relevance of α-syn in these pathways is

when PTMs become dysregulated and accumulate to

detrimental levels. Upon hyper-phosphorylation or ex-

cessive oxidation of α-syn, TfR endocytosis is likely to be

impaired (Fig. 2). The subsequent reduction in intracel-

lular iron could lead to alternative compensatory import

mechanisms being initiated in order to maintain cellular

function (e.g. DMT1 [36, 37]). An attempt by SNc neu-

rons to rescue metabolic function by increasing DMT1

expression, as observed in PD [37], may have further

detrimental consequences in iron-mediated OS suscepti-

bility. Furthermore, DA produced through restored TH

activity will not be correctly incorporated into synaptic

vesicles via VMAT2 due to the absence of membrane

bound α-syn. Elevated cytoplasmic DA within a high labile

iron environment is likely to consequentially generate

toxic DA reactive quinones along with reactive species

that promote oxidative stress and mitochondria dysfunc-

tion. Along with impaired neurotransmitter uptake, condi-

tions of high phosphorylation or oxidation would deplete

synaptic DA stores and compound neuron dysfunction

during synaptic transmission. In addition PTM induced

changes to the aggregation of α-syn may compound tox-

icity through consequential modifications to DA, iron and

related auto-oxidation species [89, 90, 103, 134]. As con-

firmed by the prevalence of phosphorylated α-syn in LBs,

this PTM accelerates aggregation [73]. Whilst this can be

further exacerbated by the presence of iron, the addition

of an oxidant such as DA, steers a profile more towards

maintenance of oligomeric species and protofibrils [89,

140]. Oxidation alone also has this affect on α-syn and

these soluble oligomeric and protofibrils species may be

more detrimental to the cell through an increased capacity

to generate reactive oxygen and nitrogen species. The

presence of soluble oligomeric species of oxidised α-syn

within close proximity to synaptic vesicle membrane may

also lead to ROS-induced lipid peroxidation and subse-

quent release of DA incorporated through the already im-

paired VMAT2 mechanism. An iron and lipid dependent

form of cell death called ferroptosis has recently been

identified as a major feature in models of PD [142]. The

oxidation of α-syn may be a key component of this path-

way that requires further investigation.

Fig. 1 A working model that illustrates the functional role of post translationally modified α-synuclein in normal physiology. a N-terminal acetylation

of α-syn facilitates dynamin-mediated endocytosis of TfR and internalisation of iron (1). An appropriate intracellular iron level is tightly controlled to

maintain neuronal function including DA production by the iron-dependent enzyme TH (2). DA is incorporated into synaptic storage vesicles through

α-syn binding to VMAT2 (3). Upon stimuli, VAMP2 then binds to the t-SNARE protein to allow fusion with the synaptic membrane and release of DA

into the cleft (4). Recycling of DA back into the pre-synaptic neuron through the DAT receptors also requires binding to α-syn on the membrane and

subsequent reinternalisation into synaptic vesicles through the α-syn/VMAT2 complex (5). b When iron or DA transport is required to be reduced in

physiological conditions, α-syn is phosphorylated or oxidised (not shown) to decrease lipid affinity. A lack of membrane bound α-syn reduces neuronal

iron import through TfR endocytosis (1), production of DA by TH(2), DA incorporation into synaptic vesicles (3), reduced DA release into the synaptic

cleft (4) and/or DA recycling within the presynaptic neuron (5)
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Concluding remarks
Experimental elucidation of DA and iron metabolism in

neurons have slowly pointed to α-syn as a key regulator

in synaptic and endosomal vesicle trafficking with links

to PD pathology. Understanding the complexities of

PTMs to α-syn has also increased during the same

period. However relevance of these changes to iron and

DA dyshomeostasis in sporadic PD have yet to be deter-

mined. The relationships these have to genetic polymor-

phisms at the SNCA locus associated with PD also

remain elusive. Overall, reviewed information concurs

with our proposed hypothesis that α-syn is intimately

linked with iron and DA physiology. The invoked dys-

regulation to either pathway present in PD and a range

of other synucleinopathies (e.g. DLB and MSA), is there-

fore suggested to be directly linked to neuropathology in

cell populations that are vulnerable in these diseases.

There is therefore a fundamental necessity for continued

research into understanding how the modifications to α-

syn described here and by others, adapt the protein’s

normal role within the neuron and in synucleinopathies.

It is the hope that risk genes identified in genome-wide

association studies will assist in the identification of not

only pathological pathways in PD but also provide the

necessary assistance in solving the physiological path-

ways related to α-syn.

While this review has provided a proof of concept to

only part of the complexity in the disease, it highlights

that the pathology does not originate from a single

process. A complex combination of genetic and environ-

mental factors will lead to pathology in most PD forms

and it is conceivable that the pathways involved in alter-

ations to iron and DA transport may vary from one indi-

vidual to another. Consequently, therapeutic strategies

for preventing or slowing down disease progression are

likely to require personalisation for each PD case. As

such, greater characterisation and validation of biomarkers

used in disease diagnosis will substantially assist in

identifying the disease subpopulation in which a patient

falls into. It will also enable them to be treated at an

earlier disease time point with a drug that they will

have greater response to.

Abbreviations

α-syn: α-synuclein; 6-OHDA: 6-hydroxydopamine; APP: Amyloid-β precursor

protein; CK: Casein kinase; CSPα: Cysteine-string protein α; DA: Dopamine;

DAT: Dopamine transporter; DMT1: Divalent metal transporter 1;

Fig. 2 A schematic on how unregulated phosphorylation or oxidation of α-synuclein can disrupt iron and dopamine trafficking to lead to increased

oxidative stress. Increased oxidation (a) or hyper-phosphorylation (b) of α-syn strongly reduces iron import through endocytosis of TfR (1). This leads to

an initiation of alternative compensatory import mechanisms such as DMT1 expression to maintain cellular function (2). Elevation of iron by DMT1 re-

stores DA production (3) but a lack of membrane bound α-syn causes impaired VMAT2-assisted transfer of DA into synaptic vesicles (4). The

cytoplasmic location of oxidised (a) or phosphorylated (b) α-syn will also alter the location of DAT receptors on the cell surface and reduce

recycling of extracellular DA (5). Elevation in cytoplasmic DA within a high labile iron environment generates toxic DA reactive quinones and

promotes oxidative stress (6). Increased cytoplasmic DA may also lead to further post-translational modifications of α-syn, specifically the oxidation of

methionines, thus increasing a propensity for α-syn to form aggregated species (7) and disrupt lipid membranes via lipid peroxidation (8). Once the

oxidative damage produced from the interplay between modified α-syn, iron and DA outweighs protective antioxidant mechanisms, neuronal damage

will be cyclically accelerated

Duce et al. Molecular Neurodegeneration  (2017) 12:45 Page 8 of 12



DOPAC: Dihydroxyphenylacetic acid; Fe2+: Ferrous iron; Fe3+: Ferric iron;

FPN: Ferroportin; H2O2: Hydrogen peroxide; IRE: Iron response element;

LBs: Lewy bodies; LN: Lewy neurites; MAO: Monoamine oxidase; MPTP: 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine; NAC: Non-amyloid component region;

OS: Oxidative stress; PD: Parkinson’s disease; PLK: Polo-like kinase; PTM: Post-

translational modification; ROS: Reactive oxygen species; SNARE: Soluble N-

ethylmaleimide-sensitive-factor attachment protein receptor; SNc: Substantia

nigra pars compacta; SNr: Substantia nigra pars reticulata; TfR: Transferrin

receptor; TH: Tyrosine hydroxylase; VAMP2/synaptobrevin-2: Vesicle-associated

membrane protein 2; VMAT2: Vesicular monoamine transporter 2; VTA: Ventral

tegmental area; WT: Wild-type

Acknowledgements

Funding

This work was supported by funding from the National Health & Medical

Research Council (NHMRC), European Research Council, the French Ministry

of Health, the Association of patients ARSLA, the French Parkinson’s Disease

Association and DN2M.

Authors’ contributions

JAD conceived the concept of the hypothesis and predominantly contributed to

the writing of the article. HD assisted with the drafting of the prelavant litereature.

DPS provided scientific advise on the biophysical literature and critically reviewed

the manuscript. J-CD and DD both assisted in the critical editing of the

manuscript. All authors read and approved the final manuscript.

Competing interests

JAD serves on the Scientific Advisory Board for Apopharma. DD served on

the Scientific Advisory Board for Novartis, Aguettant, Orkyn, Alzprotect &

Apopharma. DD has received various honoraria from pharmaceutical companies

for consultancy and lectures on Parkinson’s disease at symposia. All other authors

have no conflict of interest.

Consent for publication

Not applicable.

Ethics approval and consent to participate

Not applicable.

Author details
1School of Biomedical Sciences, Faculty of Biological Sciences, University of

Leeds, Leeds, West Yorkshire, UK. 2Oxidation Biology Unit, the Florey Institute

of Neuroscience and Mental Health, the University of Melbourne, Parkville,

VIC, Australia. 3Department of Medical Pharmacology, Lille University, INSERM

U1171, CHU of Lille, Lille, France. 4Biomolecular Research Centre, Sheffield

Hallam University, Howard Street, Sheffield, UK.

Received: 12 December 2016 Accepted: 2 June 2017

References

1. Bartels AL, Leenders KL. Parkinson’s disease: the syndrome, the pathogenesis

and pathophysiology. Cortex. 2009;45:915–21.

2. Chaudhuri KR, Healy DG, Schapira AH, National Institute for Clinical E. Non-

motor symptoms of Parkinson’s disease: diagnosis and management. Lancet

Neurol. 2006;5:235–45.

3. Dexter DT, Jenner P. Parkinson disease: from pathology to molecular disease

mechanisms. Free Radic Biol Med. 2013;62:132–44.

4. Jellinger KA. Post mortem studies in Parkinson’s disease–is it possible to

detect brain areas for specific symptoms? J Neural Transm Suppl. 1999;56:1–29.

5. Schneider SA, Dusek P, Hardy J, Westenberger A, Jankovic J, Bhatia KP.

Genetics and Pathophysiology of Neurodegeneration with brain iron

accumulation (NBIA). Curr Neuropharmacol. 2013;11:59–79.

6. Surmeier DJ, Guzman JN, Sanchez-Padilla J, Goldberg JA. The origins of

oxidant stress in Parkinson's disease and therapeutic strategies. Antioxid

Redox Signal. 2011;14:1289–301.

7. Dragicevic E, Schiemann J, Liss B. Dopamine midbrain neurons in health

and Parkinson's disease: emerging roles of voltage-gated calcium channels

and ATP-sensitive potassium channels. Neuroscience. 2015;284:798–814.

8. Segura-Aguilar J, Paris I, Munoz P, Ferrari E, Zecca L, Zucca FA. Protective

and toxic roles of dopamine in Parkinson's disease. J Neurochem.

2014;129:898–915.

9. Sian-Hulsmann J, Mandel S, Youdim MB, Riederer P. The relevance of iron in

the pathogenesis of Parkinson's disease. J Neurochem. 2011;118:939–57.

10. Maker HS, Weiss C, Silides DJ, Cohen G. Coupling of dopamine oxidation

(monoamine oxidase activity) to glutathione oxidation via the generation of

hydrogen peroxide in rat brain homogenates. J Neurochem. 1981;36:589–93.

11. Graham DG. Oxidative pathways for catecholamines in the genesis of

neuromelanin and cytotoxic quinones. Mol Pharmacol. 1978;14:633–43.

12. Zucca FA, Segura-Aguilar J, Ferrari E, Munoz P, Paris I, Sulzer D, Sarna T,

Casella L, Zecca L: Interactions of iron, dopamine and neuromelanin

pathways in brain aging and Parkinson's disease. Prog Neurobiol 2015. In

press.

13. Munoz P, Cardenas S, Huenchuguala S, Briceno A, Couve E, Paris I, et al.

DT-Diaphorase prevents Aminochrome-induced alpha-Synuclein Oligomer

formation and neurotoxicity. Toxicol Sci. 2015;145:37–47.

14. Goldstein DS, Sullivan P, Cooney A, Jinsmaa Y, Sullivan R, Gross DJ, et al.

Vesicular uptake blockade generates the toxic dopamine metabolite 3,4-

dihydroxyphenylacetaldehyde in PC12 cells: relevance to the pathogenesis

of Parkinson's disease. J Neurochem. 2012;123:932–43.

15. Mosharov EV, Larsen KE, Kanter E, Phillips KA, Wilson K, Schmitz Y, et al.

Interplay between cytosolic dopamine, calcium, and alpha-synuclein causes

selective death of substantia nigra neurons. Neuron. 2009;62:218–29.

16. Todorich B, Pasquini JM, Garcia CI, Paez PM, Connor JR. Oligodendrocytes

and myelination: the role of iron. Glia. 2009;57:467–78.

17. Belaidi AA, Bush AI. Iron neurochemistry in Alzheimer's disease and Parkinson's

disease: targets for therapeutics. J Neurochem. 2016;139(Suppl 1):179–97.

18. Hare DJ, Lei P, Ayton S, Roberts BR, Grimm R, George JL, et al. An iron-

dopamine index predicts risk of parkinsonian neurodegeneration in the

substantia nigra pars compacta. Chem Sci. 2014;5:2160–9.

19. Wong BX, Duce JA. The iron regulatory capability of the major protein

participants in prevalent neurodegenerative disorders. Front Pharmacol.

2014;5:81.

20. Winterbourn CC. Toxicity of iron and hydrogen peroxide: the Fenton

reaction. Toxicol Lett. 1995;82-83:969–74.

21. Carter RC, Jacobson JL, Burden MJ, Armony-Sivan R, Dodge NC, Angelilli ML,

et al. Iron deficiency anemia and cognitive function in infancy. Pediatrics.

2010;126:e427–34.

22. Bhatnagar S, Taneja S. Zinc and cognitive development. Br J Nutr.

2001;85(Suppl 2):S139–45.

23. Jahanshad N, Kohannim O, Hibar DP, Stein JL, McMahon KL, de Zubicaray GI,

et al. Brain structure in healthy adults is related to serum transferrin and

the H63D polymorphism in the HFE gene. Proc Natl Acad Sci U S A.

2012;109:E851–9.

24. MacGillivray RT, Mendez E, Sinha SK, Sutton MR, Lineback-Zins J, Brew K. The

complete amino acid sequence of human serum transferrin. Proc Natl Acad

Sci U S A. 1982;79:2504–8.

25. Zecca L, Zucca FA, Costi P, Tampellini D, Gatti A, Gerlach M, et al. The

neuromelanin of human substantia nigra: structure, synthesis and molecular

behaviour. J Neural Transm Suppl. 2003:145–55.

26. Snyder AM, Connor JR. Iron, the substantia nigra and related neurological

disorders. Biochim Biophys Acta. 2009;1790:606–14.

27. Duce JA, Tsatsanis A, Cater MA, James SA, Robb E, Wikhe K, et al. Iron-

export ferroxidase activity of beta-amyloid precursor protein is inhibited by

zinc in Alzheimer's disease. Cell. 2010;142:857–67.

28. Wong BX, Tsatsanis A, Lim LQ, Adlard PA, Bush AI, Dulce JA. Beta-Amyloid

precursor protein does not possess ferroxidase activity but does stabilize

the cell surface ferrous iron exporter ferroportin. Plos One. 2014;9:e114174.

29. Jeong SY, David S. Glycosylphosphatidylinositol-anchored ceruloplasmin is

required for iron efflux from cells in the central nervous system. J Biol Chem.

2003;278:27144–8.

30. Schulz K, Vulpe CD, Harris LZ, David S. Iron efflux from oligodendrocytes is

differentially regulated in gray and white matter. J Neurosci. 2011;31:13301–11.

31. Cabantchik ZI. Labile iron in cells and body fluids: physiology, pathology,

and pharmacology. Front Pharmacol. 2014;5:45.

32. Graham JM, Paley MN, Grunewald RA, Hoggard N, Griffiths PD. Brain iron

deposition in Parkinson's disease imaged using the PRIME magnetic

resonance sequence. Brain. 2000;123(Pt 12):2423–31.

33. Dexter DT, Carayon A, Vidailhet M, Ruberg M, Agid F, Agid Y, et al. Decreased

ferritin levels in brain in Parkinson's disease. J Neurochem. 1990;55:16–20.

Duce et al. Molecular Neurodegeneration  (2017) 12:45 Page 9 of 12



34. Sofic E, Riederer P, Heinsen H, Beckmann H, Reynolds GP, Hebenstreit G, et

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

of parkinsonian brain. J Neural Transm. 1988;74:199–205.

35. Ayton S, Lei P. Nigral iron elevation is an invariable feature of Parkinson's

disease and is a sufficient cause of neurodegeneration. Biomed Res Int.

2014;2014:581256.

36. Jiang H, Qian ZM, Xie JX. Increased DMT1 expression and iron content in

MPTP-treated C57BL/6 mice. Sheng Li Xue Bao. 2003;55:571–6.

37. Salazar J, Mena N, Hunot S, Prigent A, Alvarez-Fischer D, Arredondo M, et al.

Divalent metal transporter 1 (DMT1) contributes to neurodegeneration

in animal models of Parkinson's disease. Proc Natl Acad Sci U S A.

2008;105:18578–83.

38. Wang J, Jiang H, Xie JX. Ferroportin1 and hephaestin are involved in the nigral

iron accumulation of 6-OHDA-lesioned rats. Eur J Neurosci. 2007;25:2766–72.

39. Song N, Wang J, Jiang H, Xie J. Ferroportin 1 but not hephaestin contributes to

iron accumulation in a cell model of Parkinson's disease. Free Radic Biol Med.

2010;48:332–41.

40. Olivieri S, Conti A, Iannaccone S, Cannistraci CV, Campanella A, Barbariga M, et al.

Ceruloplasmin oxidation, a feature of Parkinson's disease CSF, inhibits ferroxidase

activity and promotes cellular iron retention. J Neurosci. 2011;31:18568–77.

41. Ayton S, Lei P, Duce JA, Wong BX, Sedjahtera A, Adlard PA, et al. Ceruloplasmin

dysfunction and therapeutic potential for Parkinson disease. Ann Neurol.

2013;73:554–9.

42. Ayton S, Lei P, Hare DJ, Duce JA, George JL, Adlard PA, et al. Parkinson's

disease iron deposition caused by nitric oxide-induced loss of beta-amyloid

precursor protein. J Neurosci. 2015;35:3591–7.

43. Lei P, Ayton S, Finkelstein DI, Spoerri L, Ciccotosto GD, Wright DK, et al. Tau

deficiency induces parkinsonism with dementia by impairing APP-mediated

iron export. Nat Med. 2012;18:291–5.

44. Ulla M, Bonny JM, Ouchchane L, Rieu I, Claise B, Durif F. Is R2* a new MRI

biomarker for the progression of Parkinson's disease? A longitudinal follow-up.

Plos One. 2013;8:e57904.

45. Hopes L, Grolez G, Moreau C, Lopes R, Ryckewaert G, Carriere N, et al.

Magnetic resonance imaging features of the Nigrostriatal system:

biomarkers of Parkinson's disease stages? Plos One. 2016;11:e0147947.

46. Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, et al.

Mutation in the alpha-synuclein gene identified in families with Parkinson's

disease. Science. 1997;276:2045–7.

47. Kruger R, Kuhn W, Muller T, Woitalla D, Graeber M, Kosel S, et al. Ala30Pro

mutation in the gene encoding alpha-synuclein in Parkinson's disease. Nat

Genet. 1998;18:106–8.

48. Taguchi K, Watanabe Y, Tsujimura A, Tanaka M. Brain region-dependent

differential expression of alpha-synuclein. J Comp Neurol. 2016;524:1236–58.

49. Chandra S, Gallardo G, Fernandez-Chacon R, Schluter OM, Sudhof TC.

Alpha-synuclein cooperates with CSPalpha in preventing neurodegeneration.

Cell. 2005;123:383–96.

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

Alpha-synuclein promotes SNARE-complex assembly in vivo and in vitro.

Science. 2010;329:1663–7.

51. Nemani VM, Lu W, Berge V, Nakamura K, Onoa B, Lee MK, et al. Increased

expression of alpha-synuclein reduces neurotransmitter release by inhibiting

synaptic vesicle reclustering after endocytosis. Neuron. 2010;65:66–79.

52. Greten-Harrison B, Polydoro M, Morimoto-Tomita M, Diao L, Williams AM,

Nie EH, et al. Alphabetagamma-Synuclein triple knockout mice reveal age-

dependent neuronal dysfunction. Proc Natl Acad Sci U S A. 2010;107:19573–8.

53. Kokhan VS, Afanasyeva MA, Van’kin GI. alpha-Synuclein knockout mice have

cognitive impairments. Behav Brain Res. 2012;231:226–30.

54. Ostrerova N, Petrucelli L, Farrer M, Mehta N, Choi P, Hardy J, et al. Alpha-

Synuclein shares physical and functional homology with 14-3-3 proteins. J

Neurosci. 1999;19:5782–91.

55. Sharma M, Burre J, Bronk P, Zhang Y, Xu W, Sudhof TC. CSPalpha knockout

causes neurodegeneration by impairing SNAP-25 function. EMBO J.

2012;31:829–41.

56. Lundblad M, Decressac M, Mattsson B, Bjorklund A. Impaired neurotransmission

caused by overexpression of alpha-synuclein in nigral dopamine neurons. Proc

Natl Acad Sci U S A. 2012;109:3213–9.

57. Yavich L, Tanila H, Vepsalainen S, Jakala P. Role of alpha-synuclein in

presynaptic dopamine recruitment. J Neurosci. 2004;24:11165–70.

58. Butler B, Goodwin S, Saha K, Becker J, Sambo D, Davari P, et al. Dopamine

transporter activity is modulated by alpha-synuclein. J Biol Chem.

2015;290:29542–54.

59. Rogers JT, Mikkilineni S, Cantuti-Castelvetri I, Smith DH, Huang X,

Bandyopadhyay S, et al. The alpha-synuclein 5'untranslated region targeted

translation blockers: anti-alpha synuclein efficacy of cardiac glycosides and

Posiphen. J Neural Transm (Vienna). 2011;118:493–507.

60. Baksi S, Tripathi AK, Singh N. 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. 2016;97:292–306.

61. Vargas KJ, Makani S, Davis T, Westphal CH, Castillo PE, Chandra SS. Synucleins

regulate the kinetics of synaptic vesicle endocytosis. J Neurosci. 2014;34:9364–76.

62. Perez RG, Waymire JC, Lin E, Liu JJ, Guo F, Zigmond MJ. A role for alpha-

synuclein in the regulation of dopamine biosynthesis. J Neurosci.

2002;22:3090–9.

63. Oaks AW, Sidhu A. Synuclein modulation of monoamine transporters. FEBS

Lett. 2011;585:1001–6.

64. Woods WS, Boettcher JM, Zhou DH, Kloepper KD, Hartman KL, Ladror DT, et

al. Conformation-specific binding of alpha-synuclein to novel protein

partners detected by phage display and NMR spectroscopy. J Biol Chem.

2007;282:34555–67.

65. Bartels T, Ahlstrom LS, Leftin A, Kamp F, Haass C, Brown MF, et al. The

N-terminus of the intrinsically disordered protein alpha-synuclein triggers

membrane binding and helix folding. Biophys J. 2010;99:2116–24.

66. Neupane K, Solanki A, Sosova I, Belov M, Woodside MT. Diverse metastable

structures formed by small oligomers of alpha-synuclein probed by force

spectroscopy. Plos One. 2014;9:e86495.

67. Plotegher N, Bubacco L. Lysines, Achilles' heel in alpha-synuclein conversion

to a deadly neuronal endotoxin. Ageing Res Rev. 2016;26:62–71.

68. Lundby A, Lage K, Weinert BT, Bekker-Jensen DB, Secher A, Skovgaard T, et

al. Proteomic analysis of lysine acetylation sites in rat tissues reveals organ

specificity and subcellular patterns. Cell Rep. 2012;2:419–31.

69. Anderson JP, Walker DE, Goldstein JM, de Laat R, Banducci K, Caccavello RJ,

et al. Phosphorylation of ser-129 is the dominant pathological modification

of alpha-synuclein in familial and sporadic Lewy body disease. J Biol Chem.

2006;281:29739–52.

70. Dikiy I, Eliezer D. N-terminal acetylation stabilizes N-terminal helicity in lipid-

and micelle-bound alpha-synuclein and increases its affinity for physiological

membranes. J Biol Chem. 2014;289:3652–65.

71. Maltsev AS, Ying J, Bax A. Impact of N-terminal acetylation of alpha-synuclein

on its random coil and lipid binding properties. Biochemistry. 2012;51:5004–13.

72. Iyer A, Roeters SJ, Schilderink N, Hommersom B, Heeren RM, Woutersen S,

et al. The impact of N-terminal Acetylation of alpha-Synuclein on Phospholipid

membrane binding and fibril structure. J Biol Chem. 2016;291:21110–22.

73. Fujiwara H, Hasegawa M, Dohmae N, Kawashima A, Masliah E, Goldberg MS,

et al. Alpha-Synuclein is phosphorylated in synucleinopathy lesions. Nat Cell

Biol. 2002;4:160–4.

74. Nubling GS, Levin J, Bader B, Lorenzl S, Hillmer A, Hogen T, et al. Modelling

Ser129 phosphorylation inhibits membrane binding of pore-forming

alpha-synuclein oligomers. Plos One. 2014;9:e98906.

75. Fiske M, Valtierra S, Solvang K, Zorniak M, White M, Herrera S, et al. Contribution

of Alanine-76 and serine Phosphorylation in alpha-Synuclein membrane

association and aggregation in yeasts. Parkinsons Dis. 2011;2011:392180.

76. Paleologou KE, Oueslati A, Shakked G, Rospigliosi CC, Kim HY, Lamberto GR,

et al. Phosphorylation at S87 is enhanced in synucleinopathies, inhibits

alpha-synuclein oligomerization, and influences synuclein-membrane

interactions. J Neurosci. 2010;30:3184–98.

77. Visanji NP, Wislet-Gendebien S, Oschipok LW, Zhang G, Aubert I, Fraser PE,

et al. Effect of ser-129 phosphorylation on interaction of alpha-synuclein

with synaptic and cellular membranes. J Biol Chem. 2011;286:35863–73.

78. Dikiy I, Fauvet B, Jovicic A, Mahul-Mellier AL, Desobry C, El-Turk F, et al.

Semisynthetic and in vitro Phosphorylation of alpha-Synuclein at Y39

promotes functional partly helical membrane-bound states resembling

those induced by PD mutations. ACS Chem Biol. 2016;11:2428–37.

79. Hara S, Arawaka S, Sato H, Machiya Y, Cui C, Sasaki A, et al. Serine 129

phosphorylation of membrane-associated alpha-synuclein modulates

dopamine transporter function in a G protein-coupled receptor kinase-

dependent manner. Mol Biol Cell. 2013;24(1649–1660):S1641–3.

80. Yin G, Lopes da Fonseca T, Eisbach SE, Anduaga AM, Breda C, Orcellet ML,

et al. Alpha-Synuclein interacts with the switch region of Rab8a in a Ser129

phosphorylation-dependent manner. Neurobiol Dis. 2014;70:149–61.

81. Maltsev AS, Chen J, Levine RL, Bax A. Site-specific interaction between

alpha-synuclein and membranes probed by NMR-observed methionine

oxidation rates. J Am Chem Soc. 2013;135:2943–6.

Duce et al. Molecular Neurodegeneration  (2017) 12:45 Page 10 of 12



82. Alvarez-Castelao B, Goethals M, Vandekerckhove J, Castano JG. Mechanism

of cleavage of alpha-synuclein by the 20S proteasome and modulation of

its degradation by the RedOx state of the N-terminal methionines. Biochim

Biophys Acta. 1843;2014:352–65.

83. Binolfi A, Limatola A, Verzini S, Kosten J, Theillet FX, Rose HM, et al. Intracellular

repair of oxidation-damaged alpha-synuclein fails to target C-terminal

modification sites. Nat Commun. 2016;7:10251.

84. Dettmer U, Newman AJ, Soldner F, Luth ES, Kim NC, von Saucken VE, et al.

Parkinson-causing alpha-synuclein missense mutations shift native tetramers

to monomers as a mechanism for disease initiation. Nat Commun.

2015;6:7314.

85. Fauvet B, Mbefo MK, Fares MB, Desobry C, Michael S, Ardah MT, et al.

alpha-Synuclein in central nervous system and from erythrocytes, mammalian

cells, and Escherichia Coli exists predominantly as disordered monomer. J Biol

Chem. 2012;287:15345–64.

86. Theillet FX, Binolfi A, Bekei B, Martorana A, Rose HM, Stuiver M, et al.

Structural disorder of monomeric alpha-synuclein persists in mammalian

cells. Nature. 2016;530:45–50.

87. Winner B, Jappelli R, Maji SK, Desplats PA, Boyer L, Aigner S, et al. In vivo

demonstration that alpha-synuclein oligomers are toxic. Proc Natl Acad Sci

U S A. 2011;108:4194–9.

88. Binolfi A, Rasia RM, Bertoncini CW, Ceolin M, Zweckstetter M, Griesinger C,

et al. Interaction of alpha-synuclein with divalent metal ions reveals key

differences: a link between structure, binding specificity and fibrillation

enhancement. J Am Chem Soc. 2006;128:9893–901.

89. Cappai R, Leck SL, Tew DJ, Williamson NA, Smith DP, Galatis D, et al.

Dopamine promotes alpha-synuclein aggregation into SDS-resistant soluble

oligomers via a distinct folding pathway. FASEB J. 2005;19:1377–9.

90. Norris EH, Giasson BI, Hodara R, Xu S, Trojanowski JQ, Ischiropoulos H, et al.

Reversible inhibition of alpha-synuclein fibrillization by dopaminochrome-

mediated conformational alterations. J Biol Chem. 2005;280:21212–9.

91. Li QX, Campbell BC, McLean CA, Thyagarajan D, Gai WP, Kapsa RM, et al.

Platelet alpha- and gamma-synucleins in Parkinson's disease and normal

control subjects. J Alzheimers Dis. 2002;4:309–15.

92. Porcari R, Proukakis C, Waudby CA, Bolognesi B, Mangione PP, Paton JF, et

al. The H50Q mutation induces a 10-fold decrease in the solubility of alpha-

synuclein. J Biol Chem. 2015;290:2395–404.

93. Rutherford NJ, Moore BD, Golde TE, Giasson BI. Divergent effects of the

H50Q and G51D SNCA mutations on the aggregation of alpha-synuclein. J

Neurochem. 2014;131:859–67.

94. Lesage S, Anheim M, Letournel F, Bousset L, Honore A, Rozas N, et al. G51D

alpha-synuclein mutation causes a novel parkinsonian-pyramidal syndrome.

Ann Neurol. 2013;73:459–71.

95. Fares MB, Ait-Bouziad N, Dikiy I, Mbefo MK, Jovicic A, Kiely A, et al. The

novel Parkinson's disease linked mutation G51D attenuates in vitro

aggregation and membrane binding of alpha-synuclein, and enhances its

secretion and nuclear localization in cells. Hum Mol Genet. 2014;23:4491–509.

96. Conway KA, Harper JD, Lansbury PT. Accelerated in vitro fibril formation by

a mutant alpha-synuclein linked to early-onset Parkinson disease. Nat Med.

1998;4:1318–20.

97. Wise-Scira O, Dunn A, Aloglu AK, Sakallioglu IT, Coskuner O. Structures of

the E46K mutant-type alpha-synuclein protein and impact of E46K mutation

on the structures of the wild-type alpha-synuclein protein. ACS Chem Neurosci.

2013;4:498–508.

98. Lemkau LR, Comellas G, Lee SW, Rikardsen LK, Woods WS, George JM, et al.

Site-specific perturbations of alpha-synuclein fibril structure by the Parkinson's

disease associated mutations A53T and E46K. Plos One. 2013;8:e49750.

99. Choi W, Zibaee S, Jakes R, Serpell LC, Davletov B, Crowther RA, et al.

Mutation E46K increases phospholipid binding and assembly into filaments

of human alpha-synuclein. FEBS Lett. 2004;576:363–8.

100. Pandey N, Schmidt RE, Galvin JE. The alpha-synuclein mutation E46K

promotes aggregation in cultured cells. Exp Neurol. 2006;197:515–20.

101. Fredenburg RA, Rospigliosi C, Meray RK, Kessler JC, Lashuel HA, Eliezer D, et

al. The impact of the E46K mutation on the properties of alpha-synuclein in

its monomeric and oligomeric states. Biochemistry. 2007;46:7107–18.

102. Mbefo MK, Fares MB, Paleologou K, Oueslati A, Yin G, Tenreiro S, et al.

Parkinson disease mutant E46K enhances alpha-synuclein phosphorylation

in mammalian cell lines, in yeast, and in vivo. J Biol Chem. 2015;290:9412–27.

103. Hokenson MJ, Uversky VN, Goers J, Yamin G, Munishkina LA, Fink AL. Role of

individual methionines in the fibrillation of methionine-oxidized alpha-

synuclein. Biochemistry. 2004;43:4621–33.

104. Uversky VN, Yamin G, Souillac PO, Goers J, Glaser CB, Fink AL. Methionine

oxidation inhibits fibrillation of human alpha-synuclein in vitro. FEBS Lett.

2002;517:239–44.

105. Uversky VN, Yamin G, Munishkina LA, Karymov MA, Millett IS, Doniach S, et al.

Effects of nitration on the structure and aggregation of alpha-synuclein. Brain

Res Mol Brain Res. 2005;134:84–102.

106. Yamin G, Uversky VN, Fink AL. Nitration inhibits fibrillation of human alpha-

synuclein in vitro by formation of soluble oligomers. FEBS Lett. 2003;542:147–52.

107. Glaser CB, Yamin G, Uversky VN, Fink AL. Methionine oxidation, alpha-

synuclein and Parkinson's disease. Biochim Biophys Acta. 2005;1703:157–69.

108. Sanders LH, Greenamyre JT. Oxidative damage to macromolecules in human

Parkinson disease and the rotenone model. Free Radic Biol Med. 2013;62:111–20.

109. Chen L, Feany MB. Alpha-synuclein phosphorylation controls neurotoxicity

and inclusion formation in a drosophila model of Parkinson disease. Nat

Neurosci. 2005;8:657–63.

110. Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M.

Alpha-synuclein in Lewy bodies. Nature. 1997;388:839–40.

111. Conway KA, Rochet JC, Bieganski RM, Lansbury PT Jr. Kinetic stabilization of

the alpha-synuclein protofibril by a dopamine-alpha-synuclein adduct.

Science. 2001;294:1346–9.

112. El-Agnaf OM, Salem SA, Paleologou KE, Cooper LJ, Fullwood NJ, Gibson MJ,

et al. Alpha-synuclein implicated in Parkinson's disease is present in extracellular

biological fluids, including human plasma. FASEB J. 2003;17:1945–7.

113. Outeiro TF, Kontopoulos E, Altmann SM, Kufareva I, Strathearn KE, Amore AM,

et al. Sirtuin 2 inhibitors rescue alpha-synuclein-mediated toxicity in models of

Parkinson's disease. Science. 2007;317:516–9.

114. Diogenes MJ, Dias RB, Rombo DM, Vicente Miranda H, Maiolino F, Guerreiro P,

et al. Extracellular alpha-synuclein oligomers modulate synaptic transmission

and impair LTP via NMDA-receptor activation. J Neurosci. 2012;32:11750–62.

115. Schreurs S, Gerard M, Derua R, Waelkens E, Taymans JM, Baekelandt V, et al.

In vitro phosphorylation does not influence the aggregation kinetics of WT

alpha-synuclein in contrast to its phosphorylation mutants. Int J Mol Sci.

2014;15:1040–67.

116. Arawaka S, Wada M, Goto S, Karube H, Sakamoto M, Ren CH, et al. The role

of G-protein-coupled receptor kinase 5 in pathogenesis of sporadic Parkinson's

disease. J Neurosci. 2006;26:9227–38.

117. Kragh CL, Lund LB, Febbraro F, Hansen HD, Gai WP, El-Agnaf O, et al. Alpha-

synuclein aggregation and ser-129 phosphorylation-dependent cell death in

oligodendroglial cells. J Biol Chem. 2009;284:10211–22.

118. Wu B, Liu Q, Duan C, Li Y, Yu S, Chan P, et al. Phosphorylation of alpha-

synuclein upregulates tyrosine hydroxylase activity in MN9D cells. Acta

Histochem. 2011;113:32–5.

119. Smith WW, Margolis RL, Li X, Troncoso JC, Lee MK, Dawson VL, et al. Alpha-

synuclein phosphorylation enhances eosinophilic cytoplasmic inclusion

formation in SH-SY5Y cells. J Neurosci. 2005;25:5544–52.

120. Takahashi M, Ko LW, Kulathingal J, Jiang P, Sevlever D, Yen SH. Oxidative

stress-induced phosphorylation, degradation and aggregation of alpha-

synuclein are linked to upregulated CK2 and cathepsin D. Eur J Neurosci.

2007;26:863–74.

121. Gorbatyuk OS, Li S, Sullivan LF, Chen W, Kondrikova G, Manfredsson FP, et

al. 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. 2008;105:763–8.

122. Lee G, Tanaka M, Park K, Lee SS, Kim YM, Junn E, et al. Casein kinase II-

mediated phosphorylation regulates alpha-synuclein/synphilin-1 interaction

and inclusion body formation. J Biol Chem. 2004;279:6834–9.

123. Paleologou KE, Schmid AW, Rospigliosi CC, Kim HY, Lamberto GR, Fredenburg

RA, et al. Phosphorylation at ser-129 but not the phosphomimics S129E/D

inhibits the fibrillation of alpha-synuclein. J Biol Chem. 2008;283:16895–905.

124. Waxman EA, Giasson BI. Specificity and regulation of casein kinase-mediated

phosphorylation of alpha-synuclein. J Neuropathol Exp Neurol. 2008;67:402–16.

125. Azeredo da Silveira S, Schneider BL, Cifuentes-Diaz C, Sage D, Abbas-Terki T,

Iwatsubo T, et al. Phosphorylation does not prompt, nor prevent, the

formation of alpha-synuclein toxic species in a rat model of Parkinson's

disease. Hum Mol Genet. 2009;18:872–87.

126. Chau KY, Ching HL, Schapira AH, Cooper JM. Relationship between alpha

synuclein phosphorylation, proteasomal inhibition and cell death: relevance

to Parkinson's disease pathogenesis. J Neurochem. 2009;110:1005–13.

127. Chen L, Periquet M, Wang X, Negro A, McLean PJ, Hyman BT, et al. Tyrosine

and serine phosphorylation of alpha-synuclein have opposing effects on

neurotoxicity and soluble oligomer formation. J Clin Invest. 2009;119:3257–65.

Duce et al. Molecular Neurodegeneration  (2017) 12:45 Page 11 of 12



128. Sancenon V, Lee SA, Patrick C, Griffith J, Paulino A, Outeiro TF, et al.

Suppression of alpha-synuclein toxicity and vesicle trafficking defects by

phosphorylation at S129 in yeast depends on genetic context. Hum Mol

Genet. 2012;21:2432–49.

129. Kosten J, Binolfi A, Stuiver M, Verzini S, Theillet FX, Bekei B, et al. Efficient

modification of alpha-synuclein serine 129 by protein kinase CK1 requires

phosphorylation of tyrosine 125 as a priming event. ACS Chem Neurosci.

2014;5:1203–8.

130. Golts N, Snyder H, Frasier M, Theisler C, Choi P, Wolozin B. Magnesium

inhibits spontaneous and iron-induced aggregation of alpha-synuclein. J

Biol Chem. 2002;277:16116–23.

131. Peng Y, Wang C, Xu HH, Liu YN, Zhou F. Binding of alpha-synuclein with

Fe(III) and with Fe(II) and biological implications of the resultant complexes.

J Inorg Biochem. 2010;104:365–70.

132. Binolfi A, Valiente-Gabioud AA, Duran R, Zweckstetter M, Griesinger C,

Fernandez CO. Exploring the structural details of cu(I) binding to alpha-

synuclein by NMR spectroscopy. J Am Chem Soc. 2011;133:194–6.

133. Lu Y, Prudent M, Fauvet B, Lashuel HA, Girault HH. Phosphorylation of

alpha-Synuclein at Y125 and S129 alters its metal binding properties:

implications for understanding the role of alpha-Synuclein in the pathogenesis

of Parkinson's disease and related disorders. ACS Chem Neurosci. 2011;2:667–75.

134. Bharathi ISS, Rao KS. Copper- and iron-induced differential fibril formation in

alpha-synuclein: TEM study. Neurosci Lett. 2007;424:78–82.

135. Schmidt F, Levin J, Kamp F, Kretzschmar H, Giese A, Botzel K. Single-channel

electrophysiology reveals a distinct and uniform pore complex formed by

alpha-synuclein oligomers in lipid membranes. Plos One. 2012;7:e42545.

136. Leong SL, Pham CL, Galatis D, Fodero-Tavoletti MT, Perez K, Hill AF, et al.

Formation of dopamine-mediated alpha-synuclein-soluble oligomers

requires methionine oxidation. Free Radic Biol Med. 2009;46:1328–37.

137. Follmer C, Romao L, Einsiedler CM, Porto TC, Lara FA, Moncores M, et al.

Dopamine affects the stability, hydration, and packing of protofibrils and

fibrils of the wild type and variants of alpha-synuclein. Biochemistry.

2007;46:472–82.

138. Bisaglia M, Mammi S, Bubacco L. Kinetic and structural analysis of the early

oxidation products of dopamine: analysis of the interactions with alpha-

synuclein. J Biol Chem. 2007;282:15597–605.

139. Pham CL, Leong SL, Ali FE, Kenche VB, Hill AF, Gras SL, et al. Dopamine and

the dopamine oxidation product 5,6-dihydroxylindole promote distinct on-

pathway and off-pathway aggregation of alpha-synuclein in a pH-dependent

manner. J Mol Biol. 2009;387:771–85.

140. Uversky VN, Li J, Fink AL. Metal-triggered structural transformations,

aggregation, and fibrillation of human alpha-synuclein. A possible molecular

NK between Parkinson's disease and heavy metal exposure. J Biol Chem.

2001;276:44284–96.

141. Ostrerova-Golts N, Petrucelli L, Hardy J, Lee JM, Farer M, Wolozin B. The

A53T alpha-synuclein mutation increases iron-dependent aggregation and

toxicity. J Neurosci. 2000;20:6048–54.

142. Do Van B, Gouel F, Jonneaux A, Timmerman K, Gele P, Petrault M, et al.

Ferroptosis, a newly characterized form of cell death in Parkinson's disease

that is regulated by PKC. Neurobiol Dis. 2016;94:169–78.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Duce et al. Molecular Neurodegeneration  (2017) 12:45 Page 12 of 12


	Abstract
	Background
	Oxidative stress and dopamine metabolism
	Alteration in iron metabolism
	Role of α-synuclein in synaptic maintenance
	Post-translational modifications to α-synuclein on the membrane
	Structure changes to α-synuclein that induce oligomerisation
	Point mutations in α-synuclein associated with pathology
	Modification of α-synuclein by oxidation
	Modification of α-synuclein by phosphorylation
	Modification of α-synuclein by iron
	Modification of α-synuclein by dopamine

	Posttranslational modifications to α-synuclein regulate dopamine and iron transport
	Posttranslational modifications to α-synuclein increase vulnerability to neurotoxicity when dysregulated
	Concluding remarks
	Abbreviations
	Acknowledgements
	Funding
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

