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A major hallmark of Parkinson’s disease (PD) is the fatal destruction of dopaminergic neurons within the substantia
nigra pars compacta. This event is preceded by the formation of Lewy bodies, which are cytoplasmic inclusions
composed of a-synuclein protein aggregates. A triad contribution of a-synuclein aggregation, iron accumulation,
and mitochondrial dysfunction plague nigral neurons, yet the events underlying iron accumulation are poorly
understood. Elevated intracellular iron concentrations up-regulate ferritin expression, an iron storage protein that
provides cytoprotection against redox stress. The intrinsically disordered synaptic protein, a-synuclein, is the
principal component of neuronal Lewy bodies (LB) and Lewy neurites (LN), which are cytoplasmic inclusions that
hallmark a-synucleinopathies.

o-synuclein ferritin iron autophagy ferritinophagy vesicular trafficking

| 1. Introduction

Parkinson’s disease (PD) is the most prevalent degenerative motor disorder, characterized by dysfunction and
death of dopaminergic neurons within the substantia nigra pars compacta (SNpc) RWRIBIEIE The intrinsically
disordered synaptic protein, a-synuclein, is the principal component of neuronal Lewy bodies (LB) and Lewy
neurites (LN), which are cytoplasmic inclusions that hallmark a-synucleinopathies. Protein aggregation,
mitochondrial dysfunction, and intracellular iron accumulation converge in a triad pathology EIBIEI that
progressively disperses across the neocortex [2I[10IL1II12]

Both iron and a-synuclein promote mitochondrial dysfunction, yet the aetiology of iron deregulation remains poorly
understood 2], Upon increased iron concentration within cells, up to 4500 Fe3* ions per unit can be stored within
ferritin, a universal intracellular iron storage protein L4UISISIL7I8] Ferritinophagy is a subtype of the autophagy-
lysosomal pathway and is the only known mechanism by which iron bound to ferritin can be released [12120]21]
However, this degradative pathway depends on functional vesicular trafficking and membrane fusion events, which
become inhibited by o-synuclein aggregates. Strong evidence suggests that dysfunctional ferritinophagy can
potentiate iron overload in nigral neurons 24,

| 2. Roles of Iron, Calcium and a-Synuclein in Nigral Neurons

The SNpc is the most densely populated dopaminergic region, comprising 200,000 to 420,000 dopaminergic
neurons, much of which die in PD patient tissue [Bl22l23124] jjtimately manifesting into the cardinal symptoms of

ataxia, bradykinesia, resting tremor, and a shuffling gait. Non-motor symptoms, such as cognitive dysfunction and
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decline, often occur at later disease stages but may also precede motor signs. In addition, both motor and cognitive
dysfunction may be related to SNpc degeneration, as the cortical region is a crucial indirect regulator of voluntary

motor control and behavioural learning 22,

Sensory stimuli transduction originates from the pedunculopontine nucleus (PPN), which transverses through the
reticular activating system and then into the SNpc 28271, From here, a direct pathway exists (via dopamine D1
receptor stimulation) to propagate an excitatory stimulus for the overlying GABAergic (i.e., depending on y-
aminobutyric acid (GABA) substantia nigra pars reticulata (SNpr) 28, GABAergic neurotransmission suppresses
the internal globus pallidus, freeing the basolateral nuclei to stimulate the motor cortex. A parallel indirect pathway
(via dopamine D2 receptors) excites GABAergic projections from the dorsal striatum. Subsequent repression of the
external globus pallidus means the excitatory glutaminergic (i.e., glutamic acid neurotransmission) subthalamic
nuclei can stimulate the internal globus pallidus. GABAergic signalling directed towards the thalamic basolateral
nuclei completes an inhibitory circuit that regulates voluntary motor control, comprising the cortico-basal ganglia-
thalamocortical loop [28. This transduction circuit is implicated in numerous diseases, including PD, Huntington’s

disease (HD), and neuropsychiatric disorders, such as attention-deficit hyperactivity disorder 2230311,

The SNpc is internally compartmentalized by calbindin-D28K (CALB1) expression, with an immuno-positive dorsal
and negative ventral area 2432 |n addition to selective expression of CALB1, the SNpc exhibits slow, broad
oscillations that persistently supply the striatum with dopaminergic neurotransmission. Autonomous conduction
stems from sporadic depolarization events that alter voltage-gated ion channels, dynamically fluctuating membrane
potentials (23341 CALB1 probably combines with other physiological neuroprotectants (e.g., neuromelanin and
metallothionein) to shield against the influx of detrimental ions. Neuromelanin (5,6-dihydroxyindole) is the darkly
pigmented substance that has historically identified the SNpc B2 and is a chelator of metals and binds other
reactive species [23I28]. pD histology exhibits the complete loss of SNpc pigmentation, indicating the death of all

nigral neuromelanin-positive neurons 33,

| 3. Synaptic Role of a-Synuclein

Synaptic physiology and plasticity are modulated by o-synuclein (Figure 1). Upon correct folding of a-synuclein,
the lipophilic N-terminus folds into twin helices that embed into small phospholipid vesicles (SMV) 738 and is
supported by the N-acetylmethionine modification at residue M1 [B9#9 Despite being an intrinsically disordered
cytosolic protein, the N-terminus of a-synuclein is highly conserved, with imperfect KTKEGV repeats that promote
helix formation in the lipid-bound conformation . The first helix extends from residues 1-25, while the parallel
strand is between residues 31-55. Aspartate (D2) and glutamate (E13 and E20) are charged amino acids that
stabilize the outer-surface residues, enhancing the lipid-binding of phosphoglycerol heads at lysine residues, K6,
K10, and K12, at membrane surfaces 42, Familial mutations within the SNCA gene (PARK1), including A30P,
E46K, H50Q, G51D, A53E, and A53T, with sporadic PD-associated mutants, A18T and A29S, are also being linked
to PD [43][44][45][46][47][48] These a-synuclein mutants have diminished lipid binding, propagating disequilibrium
towards non-membrane-bound monomers [43144][45][46][47][48]
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Figure 1. The Role of o-Synuclein at the Synaptic Junction in Physiology and in Parkinson’s Disease. In normal
physiology (A): (1) complexed tyrosine hydroxylase (TH) and aromatic amino acid decarboxylase (AAAD) bind to
the vesicular monoamine transporter (VMAT2), yielding vesicular dopamine. Vesicle membrane-bound H*-ATPases
lower the intra-vesicular pH. Lipid-vesicle embedded a-synuclein has a role (2) in chaperoning soluble N-
ethylmaleimide-sensitive factor attachment protein receptors (SNARE) after calcium activation. C-terminal binding
between calcium-activated a-synuclein and vesicular-associated membrane protein 2 (VAMP2), exposes the
SNARE motif for synaptosome-associated protein of 25 kDa (SNAP25) binding. SNAP25 recruits syntaxin-1A, and
with the assistance of accessory proteins (synaptotagmin and Munc-18/13, an acronym for mammalian
uncoordinated-18 or -13), the SNARE complex is formed (4), prompting the exocytosis of vesicular cargo (5). The
o-synuclein is critical for synaptic plasticity by recycling synaptic vesicles post-exocytosis. Afterwards, (6) a-
synuclein associates with the dopamine transporter to bring vesicles into proximity for synaptogyrin3 to modulate
direct dopamine influx from the synaptic cleft. (B) (1) complexed tyrosine hydroxylase (TH) and aromatic amino
acid decarboxylase (AAAD) bind to the vesicular monoamine transporter (VMAT?2), yielding vesicular dopamine.

Iron has also been suggested to permeate voltage-gated calcium channels (VGCCSs), increasing the intracellular
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iron pool that may drive a-synuclein synthesis via a controversial and atypical 5' iron-responsive element (IRE) in
the untranslated region of a-synuclein mRNA. However, in the absence of lipid membrane vesicles, excessive iron-
induced a-synuclein synthesis can yield disordered species that readily fibrillate (2) upon calcium exposure. The o-
synuclein aggregates bind VAMP2 C-termini to block SNARE complex assembly (3). Consequently, vesicles
cluster at the presynaptic membrane (4), while iron redox chemistry can lead to lipid peroxidation. Integral
membrane damage can rupture vesicles, expelling reactive catecholamines, which lead to further damage through
redox-active dopamine-iron adducts. Dopamine recycling is halted (5) as a-synuclein aggregates block vesicles
docking at the dopamine transporter (DAT).

Physiologically, o-synuclein is a calcium-sensing chaperone of soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) protein complexes 2. Calcium-binding enhances the hydrophobicity of a-
synuclein for interactions with the vesicular-SNARE protein (v-SNARE or R-SNARE maotif), including the vesicle-
associated membrane protein 2 (VAMP2, also known as synaptobrevin) BUBL, Synaptic exocytosis relies upon
VAMP2, as demonstrated through knockout mice lacking evoked synaptic potential, thus being embryonically lethal
(521531 VAMP2 mutations in the SNARE motif (A67P, S75P, F77S, & E77A) manifest severe neurodevelopmental
disorders with cognitive deficits 24, Interactions between calcium-bound a-synuclein (C-terminus) and VAMP2 (N-
terminus) induce a structural reorganization of the latter, exposing the internal SNARE motif of VAMP2. If not

already docked at presynaptic membranes, these events may parallel the Hsc70-CSPa-SGT chaperone complex
[53][55][56]

Heat shock cognate 70 kDa (Hsc70) is an ATPase that covalently conjugates cysteine string protein-a (CSPa) to
vesicular membranes for synaptic trafficking 8. CSPa is another SNARE complex co-chaperone that also recruits
small glutamate-rich tetratricopeptide repeat-containing protein (SGT). CSPa mechanistically serves to prime the
target-SNARE (t-SNARE or Qb-SNARE-motif) and synaptosomal-associated protein of 25 kDa (SNAP25) at
presynaptic membranes B4, Interestingly, CSPa-knockout in mice causes significant neurodegeneration 58 that is
rescued upon overexpressing human a-synuclein B4, This result indicates that a-synuclein may analogously act to
prime and stabilize SNAP25 in a compensatory manner. Another noteworthy point is that Hsc70 can directly bind

fibrillated a-synuclein to facilitate chaperone-mediated autophagy (CMA) 52,

Unlike other SNARE proteins, SNAP25 does not contain a transmembrane domain and instead attaches to
presynaptic membranes by palmitoylation at central cysteine residues 9. The C- and N-termini of SNAP25 each
contain a separate SNARE motif linking the proximal syntaxin-1a (Qa-SNARE motif) and vesicle-bound VAMP2 61,
In attempts to prevent sporadic synaptic firing, syntaxin-1 remains independently regulated by mammalian
uncoordinated 18 (Munc-18) and Munc-13 82, Munc-18 halts exocytosis by altering the conformation of syntaxin-
la. The Habc domain of synatxin-1a is rearranged to block exogenous interactions with the protein’'s SNARE maotif.
Upon stimulation, Munc-13 switches with Munc-18 through their MUN domain (residues 29-96), ultimately
releasing the folded syntaxin-1 for SNAP25 interactions [6163] |t is unclear whether VAMP2 or a-synuclein may
facilitate Munc-18/13 interchange. At this point, a-synuclein remains free of any known binding partners, whereas
VAMP2 is complexed. Thus, it is more likely a-synuclein participates in the switching of Munc-13/18. To complete
neurotransmitter release, the SNARE motifs of VAMP2, syntaxin-1, and SNAP25 (trans-SNARE-complex) yield a
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half-zipper conformation that is structurally aided by the synaptotagmin protein family and complexins
(SNAREpins).

Each component of the SNARE complexes is individually regulated (i.e., syntaxin-1 with Munc-13-Munc-18,
SNAP25 with CSPa-Hsc70, synaptotagmin with complexins, and VAMP2 with a-synuclein). Multiple layers of
regulation are present for each component, with both synaptotagmin and a-synuclein being functionally calcium-
dependent 46368l The requirement for a-synuclein to embed into lipid vesicles is not a primary target of
regulation as it is the disequilibrium between lipid-bound and monomeric species that may propagate disease
pathogenesis. In addition to the above function, a-synuclein modulates synaptic plasticity through enhancing
dopamine reuptake from the presynaptic cleft. a-Synuclein-knockout mice exhibit minimal dysfunction in terms of
neurotransmission but do have altered dopamine reuptake in the nigrostriatal pathway 7. However, when
silencing all three synuclein isoforms (a, B, and y), mice exhibit significantly impaired membrane fusion and
SNARE complex formation (28l Silencing all synuclein isoforms spawned age-dependent dysfunction in vivo and in
vitro, evidently mediating synaptic junctions to diminish by ~30% in size, retinal degeneration, increased VAMP2

expression, and poor survivability [68],

After exocytosis, a-synuclein modulates synaptic vesicle recycling and subsequently docks at dopamine
transporters (DAT) via weak C-terminal interactions 8279, |t remains unclear exactly how dopamine reuptake
occurs, but docked vesicles bind DAT through the transmembrane protein synaptogyrin-3, facilitating dopamine—
proton exchange 1. As a result, dopamine reuptake is trafficked directly into synaptic vesicles, avoiding oxidative
cytotoxicity. In addition to its synaptic role, a-synuclein may also participate in endoplasmic reticulum (ER) to trans-
Golgi network (TGN) trafficking by interacting with RAS-related protein in brain 1a (Rabla) 2. The latter GTPase
has been linked to macroautophagy and autophagosome trafficking, as shown by its overexpression rescuing cells

from a-synuclein-dependent dysfunction of ferritinophagy in transfected retinal pigmented epithelial cells 2],

| 4. Iron and Calcium Regulation of a-Synuclein

Regulation of a-synuclein is almost entirely at the post-transcriptional level, depending upon numerous metal ions
for functional activity. Up to eight calcium ions bind along the C-terminus at residues E104, A107, 1112, D119,
E123, A124, and E126 37, However, physiological scenarios only require six calcium atoms for functionality. In
vitro, a-synuclein monomers can only interact with hydrophobic surfaces at its N-terminus, yet, when calcium was
added to the suspension, hydrophobic interactions with phospholipid membranes were increased by 5-fold 48!,
Calcium enhanced the hydrophobicity across the C-terminus and central non-amyloid component (NAC) domain,

promoting membrane interaction 24,

4.1. Aggregation Induction of a-Synuclein

In vivo, voltage-gated calcium channels (VGCCs) can increase calcium concentrations to 200-300 pM in
microdomains, exceeding the K, of 21 puM for a-synuclein B3], Furthermore, copper ions, bound at D2 and H50,

support the folding of a-synuclein N-terminal helices 8. Unlike other metals, the interactions between iron and a-
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synuclein are far less understood. On the one hand, reports have described a-synuclein as a ferrireductase,
catalyzing the reduction of Fe3* to Fe2* 4. Wwhile on the other hand, nuclear magnetic resonance (NMR)

spectroscopy suggests that iron has a poor micromolar affinity and may only interact with the Asp121 residue 8
[z9),

Fibrillogenesis (i.e., the generation of amyloid-like fibril structures) stems from calcium exposure to monomeric o-
synuclein, ultimately prompting hydrophobic interactions between monomeric species through B-sheet stacking 7!
(891 Notably, the enhanced hydrophobicity amongst the NAC domain is the driving force behind fibril development
(6181 However, the complete misfolding of monomeric a-synuclein can yield annular species that may lodge in
lipid membranes and distort cellular permeability to ions 2. In the context of toxicity, preformed fibrils can
substantially impede cell viability at nanomolar concentrations, despite no endogenous expression of a-synuclein in
certain cell types LYIE3I84] |t has been suggested that the SNCA gene contains an atypical iron response element
(IRE) in its 3'-untranslated region (3'-UTR) 2. Such a theory could indicate that intracellular iron concentrations
may promote a-synuclein expression. However, it is essential to note that this IRE may be non-functional, as it
does not conform to typical canonical sequences that bind iron-response proteins (IRPs) 8. Further studies are

required to determine if this IRE plays any role in the regulation of a-synuclein expression by iron.

4.2. Iron-Induced Catecholamine Oxidation and Redox Damage

Iron metabolism is important when considering the marked redox potential of catecholamines. For example, iron
can ligate to the adjacent hydroxyl groups of dopamine &7 (Figure 2). The resultant dopamine quinone can be
further transformed into 6-hydroxy dopamine (6-OHDA) in the presence of hydrogen peroxide (H,0,) 8. 6-OHDA
is a potent neurotoxin used to replicate PD pathologies in mice, and unlike 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), 6-OHDA specifically damages dopaminergic neurons through DAT-mediated uptake
(88 Aminochrome synthesis may occur directly from iron—dopamine adducts or as a downstream 6-OHDA product.
At physiological pH, aminochrome is cytotoxic through redox cycling. The subsequent production of 6-dihydroxindol
(neuromelanin) is neuroprotective, presumably via the chelation of redox-active iron B2, Ultimately, neuromelanin

seemingly suppresses redox cycling in acidic vesicles (e.g., synaptic vesicles, autophagosomes, and lysosomes)
s8]
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Figure 2. Iron Involvement in Dopamine Oxidation and Neuromelanin synthesis. The hydroxyl groups of dopamine
can directly chelate iron, catalyzing the generation of either aminochrome or dopamine quinone. Both analogues
induce mitochondrial dysfunction and oxidative stress. However, quinone species can undergo reactions to
generate 6-hydroxydopamine (6-OHDA). Only differing by an additional hydroxyl group, 6-OHDA can enter cells
through DAT to induce internal redox stress. Acidic vesicles provide a reducing environment for aminochrome

carbonyl groups, ultimately yielding 6-dihydroindol (neuromelanin) which can form adducts between reactive ions.

Neuromelanin chelates iron and other reactive products via two hydroxyl groups upon the fifth and sixth carbon
(Figure 2), yielding a benzothiazepine-like complex B899 Redox-active iron and copper can directly oxidize
dopamine; thus, both can induce neuromelanin synthesis and chelation. However, iron is by far the most prominent
substrate 21l |solated neuromelanin contains ~11 pg/mg of iron, while basal tissue concentrations remain
approximately 0.1-0.25 pg/mg 992 Neuromelanin localizes to autophagosomes due to its autophagy-dependent
clearance (melanophagy) 23, Neuromelanin concentrations increase with age and in response to prolonged
exposure to reactive species and lysosomal failure, giving rise to age-dependent pigmentation. Transmission
electron microscopy of healthy substantia nigra and locus coeruleus tissue illustrates neuromelanin-positive
autophagosomes that exceed 1 pm in diameter 23, Vesicular clustering, increased metal concentrations, and
autophagy-lysosomal dysfunction are both indicative of senescent cells as well as many neurodegenerative
diseases (e.g., Alzheimer’s disease (AD), HD, and amyotrophic lateral sclerosis (ALS) and PD) [241[931[96][97][98]

| 5. Iron Entry, Regulation and Cellular Metabolism

Iron acquisition by cells can be separated into transferrin-dependent or transferrin-receptor-independent
mechanisms. The transferrin receptor is not expressed in glia, yet these cells become burdened with high

intracellular iron levels and ferritin in disease states 29209 Moreover, the CNS contains a high concentration of
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low molecular weight iron with some proportion being chelated and reduced to Fe2* by ascorbate 191102l The

mechanism of how iron loading occurs in dopaminergic neurons remains elusive. In recent years, VGCCs,

particularly those of the L-type family, has been recognized as being permeable to iron (Fe2"), thus providing a

potential path for unregulated iron entry and intrinsic redox damage 193!,
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