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Abstract

:

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 α-synuclein protein aggregates. A triad contribution of α-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 lysosomal degradation pathway, autophagy, can release iron from ferritin stores to facilitate its trafficking in a process termed ferritinophagy. Aggregated α-synuclein inhibits SNARE protein complexes and destabilizes microtubules to halt vesicular trafficking systems, including that of autophagy effectively. The scope of this review is to describe the physiological and pathological relationship between iron regulation and α-synuclein, providing a detailed understanding of iron metabolism within nigral neurons. The underlying mechanisms of autophagy and ferritinophagy are explored in the context of PD, identifying potential therapeutic targets for future investigation.
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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) [1,2,3,4,5]. The intrinsically disordered synaptic protein, α-synuclein, is the principal component of neuronal Lewy bodies (LB) and Lewy neurites (LN), which are cytoplasmic inclusions that hallmark α-synucleinopathies. Protein aggregation, mitochondrial dysfunction, and intracellular iron accumulation converge in a triad pathology [3,6,7,8] that progressively disperses across the neocortex [9,10,11,12].



Both iron and α-synuclein promote mitochondrial dysfunction, yet the aetiology of iron deregulation remains poorly understood [13]. Upon increased iron concentration within cells, up to 4500 Fe3+ ions per unit can be stored within ferritin, a universal intracellular iron storage protein [14,15,16,17,18]. Ferritinophagy is a subtype of the autophagy-lysosomal pathway and is the only known mechanism by which iron bound to ferritin can be released [19,20,21]. However, this degradative pathway depends on functional vesicular trafficking and membrane fusion events, which become inhibited by α-synuclein aggregates. Strong evidence suggests that dysfunctional ferritinophagy can potentiate iron overload in nigral neurons [21]. This review provides a comprehensive description of the role of α-synuclein in vesicular trafficking with a focus on neuronal iron metabolism and autophagy. Current data will be outlined linking α-synuclein aggregation to the dysfunction of ferritinophagy and identifying potential targets for novel therapeutic strategies.




2. Roles of Iron, Calcium and α-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 [8,22,23,24], ultimately manifesting into the cardinal symptoms of ataxia, bradykinesia, resting tremor, and a shuffling gait. Non-motor symptoms, such as cognitive dysfunction and 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 [25].



Sensory stimuli transduction originates from the pedunculopontine nucleus (PPN), which transverses through the reticular activating system and then into the SNpc [26,27]. From here, a direct pathway exists (via dopamine D1 receptor stimulation) to propagate an excitatory stimulus for the overlying GABAergic (i.e., depending on γ-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 [26]. This transduction circuit is implicated in numerous diseases, including PD, Huntington’s disease (HD), and neuropsychiatric disorders, such as attention-deficit hyperactivity disorder [29,30,31].



The SNpc is internally compartmentalized by calbindin-D28K (CALB1) expression, with an immuno-positive dorsal and negative ventral area [24,32]. In 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 [33,34]. 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 [35] and is a chelator of metals and binds other reactive species [23,36]. PD histology exhibits the complete loss of SNpc pigmentation, indicating the death of all nigral neuromelanin-positive neurons [35].




3. Synaptic Role of α-Synuclein


Synaptic physiology and plasticity are modulated by α-synuclein (Figure 1). Upon correct folding of α-synuclein, the lipophilic N-terminus folds into twin helices that embed into small phospholipid vesicles (SMV) [37,38] and is supported by the N-acetylmethionine modification at residue M1 [39,40]. Despite being an intrinsically disordered cytosolic protein, the N-terminus of α-synuclein is highly conserved, with imperfect KTKEGV repeats that promote helix formation in the lipid-bound conformation [41]. 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 α-synuclein mutants have diminished lipid binding, propagating disequilibrium towards non-membrane-bound monomers [43,44,45,46,47,48].



Physiologically, α-synuclein is a calcium-sensing chaperone of soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) protein complexes [49]. Calcium-binding enhances the hydrophobicity of α-synuclein for interactions with the vesicular-SNARE protein (v-SNARE or R-SNARE motif), including the vesicle-associated membrane protein 2 (VAMP2, also known as synaptobrevin) [50,51]. Synaptic exocytosis relies upon VAMP2, as demonstrated through knockout mice lacking evoked synaptic potential, thus being embryonically lethal [52,53]. VAMP2 mutations in the SNARE motif (A67P, S75P, F77S, & E77A) manifest severe neurodevelopmental disorders with cognitive deficits [54]. Interactions between calcium-bound α-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-CSPα-SGT chaperone complex [53,55,56].



Heat shock cognate 70 kDa (Hsc70) is an ATPase that covalently conjugates cysteine string protein-α (CSPα) to vesicular membranes for synaptic trafficking [56]. CSPα is another SNARE complex co-chaperone that also recruits small glutamate-rich tetratricopeptide repeat-containing protein (SGT). CSPα mechanistically serves to prime the target-SNARE (t-SNARE or Qb-SNARE-motif) and synaptosomal-associated protein of 25 kDa (SNAP25) at presynaptic membranes [57]. Interestingly, CSPα-knockout in mice causes significant neurodegeneration [58] that is rescued upon overexpressing human α-synuclein [57]. This result indicates that α-synuclein may analogously act to prime and stabilize SNAP25 in a compensatory manner. Another noteworthy point is that Hsc70 can directly bind fibrillated α-synuclein to facilitate chaperone-mediated autophagy (CMA) [59].



Unlike other SNARE proteins, SNAP25 does not contain a transmembrane domain and instead attaches to presynaptic membranes by palmitoylation at central cysteine residues [60]. 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 [62]. Munc-18 halts exocytosis by altering the conformation of syntaxin-1a. The Habc domain of synatxin-1a is rearranged to block exogenous interactions with the protein’s SNARE motif. Upon stimulation, Munc-13 switches with Munc-18 through their MUN domain (residues 29–96), ultimately releasing the folded syntaxin-1 for SNAP25 interactions [61,63]. It is unclear whether VAMP2 or α-synuclein may facilitate Munc-18/13 interchange. At this point, α-synuclein remains free of any known binding partners, whereas VAMP2 is complexed. Thus, it is more likely α-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 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 CSPα-Hsc70, synaptotagmin with complexins, and VAMP2 with α-synuclein). Multiple layers of regulation are present for each component, with both synaptotagmin and α-synuclein being functionally calcium-dependent [64,65,66]. The requirement for α-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, α-synuclein modulates synaptic plasticity through enhancing dopamine reuptake from the presynaptic cleft. α-Synuclein-knockout mice exhibit minimal dysfunction in terms of neurotransmission but do have altered dopamine reuptake in the nigrostriatal pathway [67]. However, when silencing all three synuclein isoforms (α, β, and γ), mice exhibit significantly impaired membrane fusion and SNARE complex formation [38]. 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, α-synuclein modulates synaptic vesicle recycling and subsequently docks at dopamine transporters (DAT) via weak C-terminal interactions [69,70]. It remains unclear exactly how dopamine reuptake occurs, but docked vesicles bind DAT through the transmembrane protein synaptogyrin-3, facilitating dopamine–proton exchange [71]. As a result, dopamine reuptake is trafficked directly into synaptic vesicles, avoiding oxidative cytotoxicity. In addition to its synaptic role, α-synuclein may also participate in endoplasmic reticulum (ER) to trans-Golgi network (TGN) trafficking by interacting with RAS-related protein in brain 1a (Rab1a) [72]. The latter GTPase has been linked to macroautophagy and autophagosome trafficking, as shown by its overexpression rescuing cells from α-synuclein-dependent dysfunction of ferritinophagy in transfected retinal pigmented epithelial cells [73].




4. Iron and Calcium Regulation of α-Synuclein


Regulation of α-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, I112, D119, E123, A124, and E126 [37]. However, physiological scenarios only require six calcium atoms for functionality. In vitro, α-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 [74].



4.1. Aggregation Induction of α-Synuclein


In vivo, voltage-gated calcium channels (VGCCs) can increase calcium concentrations to 200–300 µM in microdomains, exceeding the Kd of 21 µM for α-synuclein [37,75]. Furthermore, copper ions, bound at D2 and H50, support the folding of α-synuclein N-terminal helices [76]. Unlike other metals, the interactions between iron and α-synuclein are far less understood. On the one hand, reports have described α-synuclein as a ferrireductase, catalyzing the reduction of Fe3+ to Fe2+ [77]. While 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 [78,79].



Fibrillogenesis (i.e., the generation of amyloid-like fibril structures) stems from calcium exposure to monomeric α-synuclein, ultimately prompting hydrophobic interactions between monomeric species through β-sheet stacking [37,80]. Notably, the enhanced hydrophobicity amongst the NAC domain is the driving force behind fibril development [61,81]. However, the complete misfolding of monomeric α-synuclein can yield annular species that may lodge in lipid membranes and distort cellular permeability to ions [82]. In the context of toxicity, preformed fibrils can substantially impede cell viability at nanomolar concentrations, despite no endogenous expression of α-synuclein in certain cell types [10,83,84]. It has been suggested that the SNCA gene contains an atypical iron response element (IRE) in its 3′-untranslated region (3′-UTR) [85]. Such a theory could indicate that intracellular iron concentrations may promote α-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) [86]. Further studies are required to determine if this IRE plays any role in the regulation of α-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 [6,87] (Figure 2). The resultant dopamine quinone can be further transformed into 6-hydroxy dopamine (6-OHDA) in the presence of hydrogen peroxide (H2O2) [88]. 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 [89]. Ultimately, neuromelanin seemingly suppresses redox cycling in acidic vesicles (e.g., synaptic vesicles, autophagosomes, and lysosomes) [88].



Neuromelanin chelates iron and other reactive products via two hydroxyl groups upon the fifth and sixth carbon (Figure 2), yielding a benzothiazepine-like complex [8,88,90]. 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 [91]. Isolated neuromelanin contains ~11 μg/mg of iron, while basal tissue concentrations remain approximately 0.1–0.25 μg/mg [89,92]. Neuromelanin localizes to autophagosomes due to its autophagy-dependent clearance (melanophagy) [93]. 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 µm in diameter [93]. 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) [94,95,96,97,98].





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 [99,100]. Moreover, the CNS contains a high concentration of low molecular weight iron with some proportion being chelated and reduced to Fe2+ by ascorbate [101,102]. 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 [103].




6. Iron Metabolism and Ferritin


There are many attributes that overlap autophagy and endocytosis [104], meaning that molecular similarities may exist between transferrin receptor 1 (TFR1) regulation (receptor-mediated endocytosis) and ferritin regulation (ferritinophagy) (Figure 3). This is particularly true as autophagosomes and endosomes can fuse (creating an amphisome) for extracellular release [105,106]. Once transferrin binds the TfR1, endocytosis occurs leading to an endosome containing the transferrin-TfR1 complex. Once iron is released from transferrin after a decrease in endosome pH, the ferrireductase, six transmembrane epithelial antigen of the prostate 3 (STEAP3), converts Fe3+ to Fe2+ for transport across the endosomal membrane by the divalent metal ion transporter 1 (DMT1) [107,108].



Previous evidence has suggested potential involvement of DMT1 in PD pathogenesis. However, DMT1 is stringently regulated at multiple levels [109,110,111]. The DMT1 mRNA population is heterogeneous, with two alternative transcripts that differ at their 3′-UTR by either containing an IRE (+IRE; Type 1) or lacking an IRE (−IRE; Type 2) [112]. DMT1 functionality is poor at pH 7, requiring an acidic environment of pH 5.5–6.5 for transport activity [110,113]. After iron is transported by DMT1 across the endosomal membrane, it then binds to the iron chaperone, poly-r(C)-binding protein 2 (PCBP2) [114,115,116]. Direct binding of PCBP2 to the cytosolic face of DMT1 facilitates iron transport, with the PCBPs forming part of the intracellular labile iron pool (LIP) [117]. PCBP2 functionally traffics iron to cellular compartments, including the iron efflux pump, ferroportin (FPN1) [116]. PCBP2 also associates with heme oxygenase to remove iron from heme breakdown sites [118]. PCBP1 delivers iron to the active sites of multiple iron-containing enzymes [115,117], with PCBP1 acting together with PCBP2 as a co-chaperone to deliver iron to acireductone dioxygenase [119]. Furthermore, as part of their critical roles in iron metabolism, PCBPs play an essential role in chaperoning iron to ferritin for storage [117].



Ferritin is a dedicated iron storage protein complex consisting of a heavy chain (FtH1) and a light chain (FtL) [14,120]. Storage of up to 4500 Fe3+ ions within its 8 nm internal diameter cage can be a cytoprotective strategy to minimize the labile iron pool (LIP) [18,120]. In the liver and spleen, the subunit ratio of ferritin heavy chain 1 (FtH1) and ferritin light chain (FtL) is 1:1. Yet, within the brain and heart, the ratio is variably offset in favor of FtH1 [121]. PCBPs deliver iron to FtH1 for incorporation, with FtL homodimers unable to efficiently bind the chaperones [115,116]. Structurally, the ferritin subunits form tetra-barrel pores, where FtH1 can facilitate iron import while FtL cannot. Iron can pass through the structural pores via glutamate residues where Fe2+ atoms bind to the sidechains of Glu27 and Glu63 (Figure 4), while His66 prevents backflow. Gln142 serves as an electron acceptor for oxidation of iron into Fe3+ [121]. The additional valency permits Glu108 binding and subsequently, the internalization of iron atoms. Ferroxidase activity is low in FtL subunits [122]. It is likely that ferrous iron can permeate and undergoes oxidation, possibly via the mineralized ferric hydrate core [121].



Mitochondrial ferritin (FtMt) is another ferritin superfamily relative and shares >80% homology with FtH1 [123]. Inheriting the ferroxidase ability, FtMt specifically localizes to the inner mitochondrial membranes due to an N-terminally located mitochondrial targeting sequence that is proteolytically cleaved upon entry. In differentiated SH-SY5Y neuroblastoma cells, the overexpression of FtMt significantly reduced α-synuclein by 35% at the post-transcriptional level but not at the mRNA level [124]. Furthermore, Western blotting found that 100 μM FeCl3 significantly increased α-synuclein level, and again, this result was not consistent with mRNA expression. Treatment with 100 μM H2O2 caused increased FtMt expression, likely as a protective response against mitochondrial oxidative stress [124]. In 80 μM H2O2 treatment groups, FtMt overexpression significantly reduced α-synuclein concentrations [124,125,126].



It is not currently understood how FtMt can translocate across the mitochondrial membrane, but one possible scenario would be that protein import occurs via the mitochondrial import receptor subunit translocase of the outer membrane of 20 kDa homolog (TOMM20) complex. Oxidative phosphorylation and excessive proton exchange generates a high positive charge across the inner mitochondrial membrane (IMM), a feature that attracts the lipophilic N-terminus of α-synuclein. In vivo, non-pathogenic α-synuclein species can be embedded in the inner and outer mitochondrial membrane [127,128]. With a low molecular weight of 14 kDa, α-synuclein is small enough to translocate into the IMM via the TOMM20 complex, suggesting that α-synuclein may have a role in mitochondrial function, possibly during membrane fusion events. Upon fibrilization, the electrophilic N-termini can initiate translocation across TOMM20 complexes but block the import receptor due to the aggregated NAC domain [129,130], attenuating protein import.




7. Autophagy and Ferritinophagy


Autophagy is a lysosomal degradation pathway that regulates many cellular events such as mitochondrial health and protein disposal and historically plays an integral role in nutrient availability upon amino acid starvation [131,132]. Autophagy is subdivided into three tiers based upon cargo size. Microautophagy is where small organelles and insoluble products such as peroxisomes and lipid droplets are directly trafficked across lysosomal membranes [131]. Chaperone-mediated autophagy (CMA) utilizes heat shock proteins (Hsp) as cargo chaperones for the trafficking of KFERQ motif-containing proteins towards lysosomal-associated membrane protein 2a (LAMP2a) [59].



Misfolded α-synuclein monomers are CMA targets sequestered to cytoplasmic Q-bodies, becoming refolded by Hsc70-Hsp90-Hsp40-HOPS (homotypic fusion and vacuole protein sorting) complexes [133]. The unsuccessful refolding of α-synuclein inhibits the ubiquitin-proteasome system (UPS) degradation and CMA [104,134,135]. Both UPS and CMA require cargo peptides to be unfolded prior to degradation. However, the extensive hydrophobic binding and cross-linking of α-synuclein aggregates prevent efficient reorganization, thus halting degradative attempts. Much like the TOMM20 complex, LAMP2a becomes blocked by oligomeric α-synuclein species that are unable to be chaperoned by Hsp90 into the lysosomal lumen [136,137,138]. Macroautophagy is the highest order autophagy subtype, involving the dynamic formation of a double membrane vesicle around cytosolic cargo [94,131,139]. From here on, macroautophagy will be referred to as autophagy as it is the primary focus within the current review. Cellular stress, such as amino acid starvation [131] inhibits the serine/threonine kinase mammalian target of rapamycin (mTOR) [140]. Normally, mTOR complex 1 (mTORC1) suppresses the two most upstream autophagy regulators, AMP protein kinase (AMPK) and Unc-51 like autophagy activating kinase (ULK1), by directly phosphorylating them both [141,142,143].



Increased adenosine monophosphate (AMP) primes AMPK to phosphorylate ULK1 (Figure 5, part 1). Depending upon the stimuli, specific and non-specific mechanisms of autophagy can be induced, where non-specific autophagy involves the engulfment and degradation of random cytoplasmic contents for rapid amino acid recycling [131]. Whereas, specific autophagy is highly coordinated and requires adaptor proteins to directly traffic protein aggregates (aggrephagy) [144,145], dysfunctional mitochondria (mitophagy) [128,146], ferritin (ferritinophagy) [19,20,147], bacteria (xenophagy) [148], and other cytosolic components trafficked towards autophagosomes. The following subsections cover the specific components of autophagy, relating the topic to ferritin and PD pathogenesis.



7.1. ULK1


ULK1 has two globular domains termed the N- and C-lobes, each with separate functions [149]. The N-terminal lobe includes a kinase domain, binding ATP centrally between the two lobes. Here, a P-loop structure houses the ATP binding sequence of G(X)G(X) FAA (where X is any residue) [106]. Active ULK1 forms complexes with ATG13 (autophagy-related protein 13), ATG101 (autophagy-related protein 101), and FIP200 (FAK family kinase-interacting protein of 200 kDa; or RB1-inducible coiled-coil protein 1, RB1CC1) to form the ATG/ULK complex [143,150]. Activated ULK1 then phosphorylates beclin-1 [141,151] (Figure 5, part 3), GABARAP (ATG8 γ-aminobutyric acid receptor-associated protein), and SYNGAP (the synaptic Ras-like GTPase-activating protein 1) to stimulate endoplasmic reticulum remodelling for autophagosome formation. ULK1-dependent phosphorylation of p62/SQSTM1 (p62/Sequestosome-1) and ATG9 (autophagy-related protein 9) also assist in pathway progression (Figure 5, part 2) [143,152,153]. Downstream of ULK1, the retromer complex actively enriches endoplasmic reticulum sites with phosphatidylinositol 3-phosphate (PI3P), yielding phagophore initiation sites termed omegasomes [104].




7.2. Retromer


The retromer complex is a master trafficker of endocytic vesicles and trans-Golgi network (TGN) content, being primarily composed of vacuolar protein sorting-associated protein 26A (VPS26), VPS35 and VPS29 [154,155,156,157,158]. The complex can also recruit the Rab-activating protein TBC1 domain family member 5 (TBC1D5), which is required for Ras-related protein Rab-7a (Rab7)-dependent events such as mitophagy and late endosomes [159,160]. In endosomal sorting, a loss-of-function D620N mutation in VPS35 showed increased DMT1 levels due to failed lysosomal targeting [157,158,161,162]. Instead, DMT1-II colocalized with LAMP2A structures on lysosomal membranes, suggesting that DMT1 might be enhancing the LIP through the efflux of lysosomal iron in VPS35 D620N mutant pathogenesis. The retromer is also involved in lysosomal biogenesis by sorting the cation-independent-mannose-6-phosphate receptor (CI-MPR), involved in lysosomal acidification [135]. Thus, VPS35 mutations, also known as the PARK17 locus, can cause classical PD with autosomal dominant inheritance [163]. Furthermore, developing autophagosomes require the retromer complex orchestrated with the Wiskott–Aldrich syndrome protein and SCAR homologue (WASH) complex, which contains the seven-subunit actin-related proteins 2/3 (Arp2/3) for actin nucleation [161,164,165].




7.3. ATG9


ATG9 is a retromer-WASH complex substrate that provides the scaffolding for autophagosome development [166]. As the only transmembrane autophagy protein, ATG9 localizes to lipid membrane sources and is phosphorylated at S14 by ULK1 [167]. Phosphorylation permits adaptor protein 1/2 (AP1/2) binding and retromer complex binding via TBC1D5 (Figure 5, part 2) for trafficking towards omegasomes [160]. ATG9 and lipid segments are extracted from plasma membranes and used to construct autophagosomes. Actin microtubule nucleation via the WASH complex means that membrane segments can dynamically be delivered to developing autophagosome sites, even after detachment from the ER. ATG9 can be readily exported to a proximal membrane reservoir during phagophore mobilisation, such as mitochondria, multivesicular bodies (MVB), plasma membranes, ER, and Golgi [106,168,169]. Dispersed ATG9-positive PI3P regions can also act as phagophore development sites, independent of omegasomes. ATG9 KOs significantly reduce autophagosome size and quantity in drosophila models [105].



Depleted cells lack Rab11 intraluminal vesicles and have aberrant acidification of amphisomes (fused autophagosome–late endosome structures targeted for extracellular release). The release of amphisomes stem from SNAP23 interactions at the plasma membrane, notably if the t-SNARE is phosphorylated at S95 and S110 [105,170,171]. Winslow et al., (2010) reported that ATG9 colocalizes to the TGN but can be detected throughout the cytoplasm, where it colocalizes with the autophagosome marker LC3-II [172]. Overexpression of α-synuclein or Rab1a KO models exhibited significantly diminished ATG9 colocalization with ER membranes and autophagosomes, indicating that α-synuclein directly inhibits ATG9-derived omegasomes and autophagy, particularly through inducing ER fragmentation.




7.4. Beclin-1 and Vps34


Beclin-1 is the principal ULK1 substrate, the structural backbone of the phosphatidylinositol 3-kinase catalytic subunit type 3 (PI3KC3-C1) lipid kinase complex [141,149,151]. Menon and Dhamija (2018) have reviewed beclin-1 phosphorylation recently, detailing how ULK1-dependent modification influences autophagy signalling [153]. Beclin1 contains a BH3-domain that is subject to phosphorylation by RAC-alpha serine/threonine-protein kinase (AKT1) (S234 and S295), causing apoptosis regulator B-cell lymphoma 2 (BCL-2) or B-cell lymphoma-extra-large (BCL-XL) conjugation and inhibiting interactions. Furthermore, phosphorylation of the N-terminal residues by ULK1 (S15 and S30) or AMPK (S93, S96, and T388) frees beclin-1 from BCL2, so that the central coiled-coil domain (CCD) can bind the autophagy-related ATG14L or UV radiation resistance-associated gene protein (UVRAG).



The C-terminus of ATG9 is highly conserved, possessing a β/α-repeated autophagy-related domain (ECD-BARA domain collectively) that ligate Vps34 and Vps15. Autophagy and beclin-1 regulator 1 (AMBRA1) anchors beclin-1-Vps34-Vps15 to dynamin light chains for microtubule-dependent transport to omegasomes. ULK1, localized to ER omegasomes, phosphorylate AMBRA1 to mediate cargo detachment from the dynamin transporter. Vps15 enhances the class III PI3K Vps34 via Rab5 to give PI3P, thus anchoring the complex to ER membranes and spawning omegasomes.




7.5. WIPIs and ATGs


Downstream of PI3KC3-C1 consists of a three-core ubiquitin-like E1, and E2 enzyme complex. The effector protein WD repeat domain phosphoinositide-interacting protein 2 (WIPI2) assumes a β-propeller structure on phagophore membranes [173,174]. Neurodegeneration with brain iron accumulation 5 (NBIA5) is an X-linked genetic disorder that harbours a mutation within WIPI4 [175]. NBIA5 causes static cognitive development in early childhood and neurodegeneration in early adulthood [176]. In addition, affected individuals develop dystonia, dementia-like cognitive impairment, and parkinsonisms. Furthermore, magnetic resonance imaging (MRI) detects iron accumulation within the globus pallidus and substantia nigra. Moreover, WIPI localizes to autophagosomes and participates in transferring lipid membrane segments, particularly at the autophagosome-lysosome fusion [177].



WIPI2 contains ATG7–ATG10 (Figure 5, part 4), which acts as an E1–E2 system that covalently links ATG12–ATG5 (Figure 5, part 5) [141,174,178]. In parallel, the ATG8 family member of microtubule-associated proteins 1A/1B light chain 3 (LC3) is lipid-conjugated (Figure 5, part 6) [179]. ATG4B is the cysteine protease that cleaves the cytosolic pro-LC3 C-terminus, exposing the G120 residue (LC3-I) [180]. The glycine residue is then covalently prenylated to the phosphatidylethanolamines (PE) amino group by ATG7-ATG3 (Figure 5, part 7). Again, the duo acts as an Ub-like E1–E2 complex, yielding LC3-II-linked PE strands. After fragmented components have been synthesized and ATG9 segments have been delivered, the membrane pieces are clustered into a functional autophagosome.




7.6. ATG2 Tethering and ATG16L1 Constriction


ATG16L1 non-covalently binds ATG12–ATG5, enhancing LC3-II lipidation in vivo and in vitro [177,178]. ATG12 conjugates to ATG3, facilitating LC3 lipidation to PE. Yet, the primary role of ATG16L-ATG5-ATG12 complexes involves the coiled-coil domain of ATG16L (Figure 5, part 9). WIPI2 recruits ATG16L and forms a coiled-coil while the latter binds ATG5. Direct lipid interaction between ATG5 and PE allows ATG12 to bind ATG3 and prenylated LC3-II. The coiled-coil ATG16L–WIPI2 structure may detach as a homodimer complex that constricts, joining two separate PE segments. Additionally, ATG2A tethers developing autophagosomes to various membranes and complexes with WIPI4 and WIPI1 to facilitate lipid transfer between membranes [181]. However, ATG16L exhibits a multitude of roles in phagophore biogenesis. Reports have suggested that ATG9 segments may exclusively fuse with ATG16L-positive vesicles.




7.7. ATG8


There is a single ATG8 protein in yeast, whereas mammalian cell types require a family of ATG8 proteins, including LC3 (LC3a, LC3b, LC3c), GABARAP, and γ-aminobutyric acid receptor-associated protein-like 1 and 2 (GABARAPL1 and GABARAPL2). LC3s are essential for phagophore development (Figure 5, part 7). The most noticeable disparity between isoforms is that LC3a predominantly participates in microtubule trafficking. Its homologue LC3b has been suggested to participate in the assembly of microtubules, particularly during neurogenesis. LC3b is the central protein binding autophagic cargo to the vesicular membrane. Furthermore, LC3s influence membrane curvature in ~10 nm segments [182]. Concave architecture is then further accentuated by ATG3 via its 20-residue amphipathic N-terminal α-helix. As LC3 is prenylated and attached to an intraluminal PE membrane, numerous partners can interact in structural or degradative roles.



The LC3 interacting region (LIR) is a canonical φ1(W/F/Y)-X2-X3-φ4(L/I/V) motif (where X is any acidic, basic, or hydrophobic residue) that is flanked by at least one acidic residue and is required for LC3-substrate activity. LIRs can be grouped by their  ϕ 1 residue (W-type, F-type, Y-type), where W-type (tryptophan) provides the highest affinity for the hydrophobic pocket 1 (HP1) site in LC3 and uniquely incorporates K51 and F108. Recent studies [180] suggest that Y-type motifs are cargo-receptors. Tyrosine (Y) residues can participate in redox reactions which may be relevant to a potential role of Y-type LIR activation in oxidative stress. LC3 and GABARAP are covalently bound to PE membranes. Because of this, LC3 is widely used as a primary marker for autophagosomes and autophagic flux in immunofluorescence experiments. Co-localization experiments between a target protein and LC3 provided evidence of the autophagosomes engulfing cytosolic cargo, particularly in response to external stimuli. An assessment of mammalian ATG8 orthologues in the spinal cord and cortical tissue from PD and dementia with Lewy bodies (DLB) patients found that ~40% of LBs were immune-positive for LC3-II [183], whereas only ~15% stained positive for GABARAP/GABARAPL1. Compared to controls, patient tissues exhibited a 76% reduction in GABARAP concentrations, whereas no significant association was observed for LC3. However, examination of cellular fractions determined that DLB tissue had significantly higher levels of insoluble LC3 (LC3-I and LC3-II). These findings indicate that primary disruption occurs downstream of LC3 lipidation.




7.8. NCOA4 and LC3-Interacting Region


Ferritinophagy utilizes the specialized adaptor protein nuclear co-activator 4 (NCOA4) to bind ferritin via ubiquitination or directly by FtH in an iron-dependent manner (Figure 5, part 7). Functionally, autophagy cargo-receptors chaperone cytosolic cargo towards developing autophagosomes, binding to prenylated LC3. Binding generates a membrane-LC3-adaptor-cargo linkage. Chaperones require internal LIRs to complete cargo linkage. To date, no publication has identified the LIR within NCOA4. In Table 1, two potential regions that conform to the LIR φ1-X2-X3-φ4 motif stipulation, including the flanking acidic residue, are shown. No W-type motifs could be identified in the NCOA4 transcript. It has been hypothesized previously that adaptor and regulatory proteins are likely to contain Y-type motifs, which is supported as Table 1 identifies a multitude of Y-type and F-type homologous motifs in NCOA4 [180]. NCOA4 is regulated in an iron-dependent manner by HECT and RLD domain containing E3 ubiquitin protein ligase 2 (HERC2). In iron-enriched environments, the HERC2 Ub-E3 ligase ubiquitinates NCOA4 at lysine residues and targets the adaptor protein for UPS degradation. Iron deprivation inhibits HERC2, enhancing NCOA4 stability.




7.9. p62/Sequestosome-1


The cargo-specific adaptor protein p62 (also known as sequestosome-1; SQSTM1) is implicated in most autophagy pathways (e.g., aggrephagy and mitophagy) (Figure 5, part 7). ULK1 phosphorylation of p62 does not occur under canonical nutrient deprived autophagy activation [143]. Instead, proteasomal inhibition prompts phosphorylation at S409, promoting a shift towards autophagy-dependent clearance [184]. Phospho-S409 p62 also increases in response to poly-Q-huntingtin (Htt), with the expression level correlating with the length of poly-Q-repeats [152]. Phospho-S409 p62 has a significantly increased affinity for ubiquitinated cargo. p62 KO models exhibit no alteration in the autophagosome biogenesis, instead, aggresomes fail to be correctly trafficked towards the encapsulating vesicles [185]. One report by Nihira et al. (2014) suggests that p62 KOs increase LC3-II conversion. Justifying this, cell stress would induce the formation of LC3-II, yet a lack of p62 would mean that cargo fails to be delivered to autophagophores [186]. This multi-potent adaptor protein, p62, has been well characterized. However, here we will focus upon the role of p62 in chaperoning cargo.



Ubiquitin binding occurs at residues 389–434 via an ubiquitin-associated (UBA) domain, while p62 also contains a downstream LIR motif (residues 336–341) for attachment to autophagosome membranes [187,188]. Both domains are C-terminally located, leaving the N-terminus free to interact with a variety of other targets, such as γ-aminobutyric acid receptor subunit rho-3 (GABRR3) (residues 122–224) and PRKC-apoptosis-WT1-regulator (PAWR) (residues 50–80) [189]. The latter has been identified as a positive regulator of β-secretase 1 in amyloid precursor protein (APP) cleavage [190]. Furthermore, several point mutations in the p62 gene have been reported that are related to frontotemporal lobar dementia (FTLD) and ALS, some of which alter adaptor binding to poly-ubiquitinated cargo [191]. Transcriptional control of p62 is through nuclear factor erythroid 2–related factor 2 (Nrf2), a focal antioxidant responsive transcription factor, which is diminished in PD tissue and cell models subject to α-synuclein preformed fibrils [126,192].




7.10. SNARE Proteins


Various studies have suggested that SNAREs, ATG proteins, and LC3-lipidation may all participate in membrane elongation. SNARE proteins can be broken down into two groups: vesicular (v)-SNAREs and target (t)-SNAREs. The vesicular group all contain R-SNARE motifs, while t-SNAREs are segregated by their internal motifs Qa-SNARE (syntaxin family), Qb-SNARE (N-terminal SNAP25), and Qc-SNARE (C-terminal SNAP25). Significant functional redundancy exists amongst SNARE proteins as complexes require all components (R-SNARE and Qabc-SNARE motif) to generate a trans-SNARE complex that will mediate membrane fusion successfully. The canonical SNARE complex involved in autolysosome fusion is a VAMP7/8-syntaxin-17/STX17-SNAP29 complex [179]. ATG14 contains a tandem transmembrane glycine-zipper-like motif and can complex with syntaxin-17 [193,194]. ATG14L-STX17-SNAP29 complexes prime VAMP7/8 fusion. ATG14 and syntaxin-17 can also recruit homotypic fusion and vacuole protein sorting (HOPS) complex and facilitate STX17 docking at ATG9-positive sites for phospholipid tethering [195]. In pancreatic beta-islet cells [196], VAMP7 resides in ATG9a-positive vesicles along with Rab11 [197]. The latter primarily localizes to slow recycling endosomes but can reside in other endosomal recycling compartments. KO studies of the HIV-1 Rev-binding protein (HRB) resulted in significant protein trafficking impairments. Notably, HRB-KO induced VAMP7 and ATG9a colocalization at the plasma membrane, thus reducing the proximal ATG9-positive vesicle pool.



The functional role of syntaxin-16 overlaps with synataxin-17. However, there is one prominent dissimilarity. Syntaxin-16 contains the important LIR motif and has proven critical in retrograde endosomal-Golgi trafficking [179,198,199]. Taken together, VAMP7-syntaxin-16-SNAP47 likely collaborates at a functional SNARE complex that is implicated in autophagosome biogenesis. Furthermore, KO models of syntaxin-7, syntaxin-8, and VAMP7 all exert little effect on phagophore biogenesis until the ATG16L mutation is incorporated. Upon SNARE protein knockout, ATG16L-positive clusters accumulate at omegasomes [150,200,201]. At the autolysosome level, silencing of syntaxin-16 or syntaxin-17 causes a minimal alteration to pathway phenotype as these isoforms share functional redundancy. However, silencing abolishes all autolysosome fusion events and exhibits phenotype-like chloroquine-treated cultures.





8. α-Synuclein Aggregates Inhibit Ferritinophagy


As α-synuclein aggregates impede vesicular trafficking [202,203], multiple cellular systems are burdened with immense stress. Ferritinophagy maintains ferritin turnover, which is essential when considering the large amount of reactive iron held within, particular for iron-loaded nigral neurons [21]. Recent evidence suggests that ferritin is encapsulated within autophagosomes as α-synuclein potently inhibits autolysosome fusion while less potently altering phagophore biogenesis [73]. As α-synuclein alters autophagy and vesicular trafficking events at the membrane fusion stage, little effect would be expected on NCOA4-dependent ferritin trafficking towards autophagosomes. Thus, ferritin would be expected to remain within the double membrane structures until successfully degraded or sufficiently trafficked towards removal.



As with late endosomes, autophagosomes incubate their cargo under acidic conditions to partially denature pH-sensitive proteins [104,167]. Acidic environments are maintained through ATP-dependent transmembrane proton pumps, which places strain on already dysfunctional mitochondria [204,205]. Moreover, the depletion of cellular ATP concentrations would further enhance AMPK, ultimately causing a positive feedback cycle of failing autophagosome development. Indeed, ferritin is an exceptionally durable and robust protein complex able to withstand a 2–10 pH range [121,206]. Ferritin accumulation in autophagosomes may therefore be acutely stable under conditions where α-synuclein inhibits lysosomal fusion events (Figure 6 and Figure 7). If the sole molecular mechanism that releases iron from ferritin (ferritinophagy) is inhibited, then a typical response would be to scavenge iron from external sources (i.e., upregulating expression of iron importing proteins). Excess intracellular iron will then be stored in ferritin thereby again becoming unavailable for cellular use. Moreover, progressive uptake of iron would lead to a “snowballing” accumulation of iron [207,208]. Autophagosomes chronically overloaded with ferritin may suffer from internal redox damage from ferritin denaturation, particularly given the acidic environment [209,210,211]. The catalytic reduction of Fe3+ will potentiate Fenton-Haber-Weiss chemistry and instigate lipid peroxidation. The presence of H2O2 within ferritin cores may further contribute to oxidation and membrane damage [121]. Membrane damage could become so severe that autophagosomes eventually rupture, expelling their contents into the cytosolic space. Since both α-synuclein [77] and β-amyloid [18] have been associated with the reduction of Fe3+, either aggregate may further contribute to redox-dependent damage and cell death.



Multiple mechanisms contribute to the cell-to-cell prion-like spread of α-synuclein [212,213,214]. Peripheral inoculation of neurons with pre-formed fibrils show a clear path of retroactive degeneration and increased presence of pSer129 α-synuclein [215]. Mitochondria and lysosomes can also become trafficked between proximal cells via tunnelling nanotubes and mediate intercellular α-synuclein transmission [130,216]. Neurons can secrete α-synuclein aggregates to the local extracellular environment, and the protease-resistance of α-synuclein aggregates enables translocation to distal sites after uptake by migrating microglia [9,217,218,219]. The failure of autophagosomes to degrade α-synuclein aggregates may result in trafficking to multivesicular bodies and secretion of α-synuclein in exosomes that can then mediate uptake by neighbouring cells [219,220,221]. These pathways may also contribute to the high ferritin content observed in glial cells in PD [222,223,224]. The iron content in the CSF of PD patients shows little difference to control samples [225], suggesting that it is the intrinsic handling of ferritin that leads to intercellular iron accumulation. Therefore, α-synuclein orchestrates an environment that enhances secretory pathways and prevents autophagic cargo degradation. This may lead to the mediation of cell-to-cell transmission of both α-synuclein and ferritin.




9. Therapeutic Targets for Ferritinophagy


An essential aim for therapeutics is to restore vesicular trafficking. In retinal pigmented epithelial cells, the overexpression of Rab1a rescued ferritinophagy following α-synuclein aggregation. These findings imply that rescuing Rab proteins and restoring vesicular trafficking may be enticing therapeutic avenues. Previous studies by Zhuang et al., (2020) described that pharmacological enhancement of transcription factor EB (TFEB) rescued SH-SY5Y cells from 6-OHDA toxicity [226]. Specifically, treatments of Torin1 and curcumin C1 analogue effectively enhanced TFEB translocation across the nuclear pore and thus, enhanced the expression of more than 500 genes associated with lysosomal biogenesis, autophagy, and vesicular trafficking [227]. Like AMPK and ULK1, TFEB is negatively regulated by mTOR serine/threonine kinase [228].



TFEB phosphorylation permits the binding of 14-3-3 binding proteins, ultimately inhibiting translocation across the nuclear pore (Figure 7). Calcineurin-dependent phosphate cleavage occurs in calcium-enriched environments, implicating lysosomal stress and calcium-exchange pumps [229]. In PD, intracellular calcium concentrations are elevated, yet calcineurin activity is not sufficient to promote TFEB translocation [37,75,230,231]. However, calcineurin has not been a successful therapeutic target [232]. Small-ubiquitin-like modifier 1 (SUMO1) has been shown to modify L347 on TFEB and inhibit translocation [233]. This block requires sentrin-specific protease (SENP) for SUMO cleavage and effective TFEB translocation. It may be that SENP3 activity is insufficient to relieve the inhibition of TFEB translocation as a homeostatic mechanism [234,235]. Recent work has investigated the SUMOylation inhibitor, ginkgolic acid (GA) [205,236]. In cell culture models, GA can restore autophagy and facilitate the clearance of cytoplasmic α-synuclein aggregates [237]. Moreover, GA has been demonstrated to have anti-inflammatory properties by inhibiting cyclooxygenase-1 (COX1, also known as prostaglandin G/H synthase 1) and prostaglandin synthesis [238,239,240]. However, higher concentrations and prolonged incubation with GA can be cytotoxic [241]. Studies have recently focused on producing safer and more effective SUMOylation inhibitors for potential therapeutic use [242].



While TFEB modulation may be a significant factor involved in GA-mediated lysosomal biogenesis, the dynamic nature of the different autophagic pathways, paired with the multitude of modulators, has presented other possibilities. For example, various studies have established evidence that indicates change in Hsp90, a CMA co-chaperone, in a manner that concurrently promotes macroautophagy [243,244,245]. Hsp90 facilitates CMA via stabilizing LAMP-2A, while pharmacological inhibition of Hsp90 mitigates CMA [137]. GA-dependent inhibition of SUMOylation attenuates Hsp90-SUMO conjugates and, thus, Hsp90 activity by reducing the interaction with the co-chaperone, Aha1.



Investigations utilizing confocal immunofluorescent microscopy and Western blotting showed that while Hsp90 expression decreased after GA treatments, LC3-II is significantly upregulated [237]. This ideology supports the proposed inverse regulation between CMA and macroautophagy [246]. However, these studies suggest a direct shift from CMA to macroautophagy may result from GA treatment, mediated by Hsp90 inhibition.




10. Conclusions


The present article reviewed the toxicity and molecular mechanisms underlying the inhibition of vesicle trafficking in PD, and the role of α-synuclein have been reviewed in the present article. Elevated brain iron has long been recognized as a consistent feature of PD, yet no current therapy targets the molecular mechanisms underlying iron accumulation. Ferritinophagy is significantly inhibited in the presence of α-synuclein and considering this, agents such as GA that have shown promise at restoring aggrephagy may also potentially be able to restore ferritinophagy. Further studies will be required to understand the complex interactome network regulating iron homeostasis. However, uncovering how this is disturbed in PD at the molecular level may reveal future therapeutic targets.
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Abbreviations




	AAAD
	Aromatic amino acid decarboxylase



	AD
	Alzheimer’s disease



	AKT1
	RAC-alpha serine/threonine-protein kinase



	ALS
	Amyotrophic lateral sclerosis



	AMBRA1
	Autophagy and beclin-1 regulator 1



	AMP
	Adenosine monophosphate



	AMPK
	AMP protein kinase



	AP1/2
	Adaptor protein ½



	APP
	Amyloid precursor protein



	Arp2/3
	Actin-related proteins 2/3



	ATG9
	Autophagy-related protein 9



	ATG13
	Autophagy-related protein 13



	ATG101
	Autophagy-related protein 101



	BARA
	β-α Repeated autophagy



	BCL-2
	Apoptosis regulator B-cell lymphoma 2 Bcl-2



	BCL-XL
	B-cell lymphoma-extra large



	CALB1
	Calbindin-D28K



	Cav1.2
	Voltage-dependent L-type calcium channel subunit α-1C



	Cav1.3
	Calcium channel, voltage-dependent, L-type, α-1D subunit



	CCD
	Coiled-coil domain



	CI-MPR
	Cation-independent-mannose-6-phosphate receptor



	CMA
	Chaperone-mediated autophagy



	COX-1
	Cyclooxygenase-1



	CSF
	Cerebral spinal fluid



	CSPα
	Cysteine-string protein-α



	DAT
	Dopamine transporter



	DLB
	Dementia with Lewy bodies



	DMT1
	Divalent metal transporter 1



	ECD
	Evolutionarily conserved domain



	ER
	Endoplasmic reticulum



	FAK
	Focal adhesion kinase



	Fe-S
	Iron-sulfur cluster



	FIP200
	FAK family kinase-interacting protein of 200 kDa



	FPN1
	Ferroportin



	Ft
	Ferritin



	FtH1
	Ferritin heavy chain



	FtL
	Ferritin light chain



	FTLD
	Frontotemporal lobar dementia



	FtMt
	Mitochondrial ferritin



	GA
	Ginkgolic acid



	GABA
	γ-Aminobutyric acid



	GABARAP
	γ-Aminobutyric acid receptor-associated protein



	GABARAPL1
	γ-Aminobutyric acid receptor-associated protein-like 1



	GABARAPL2
	γ-Aminobutyric acid receptor-associated protein-like 2



	GABRR3
	γ-Aminobutyric acid receptor subunit rho-3



	HD
	Huntington’s disease



	HERC2
	E3 ubiquitin protein ligase 2



	HOPS
	Homotypic fusion and vacuole protein sorting



	HP1
	Hydrophobic pocket 1



	HRB
	HIV-1 Rev-binding-protein



	Hsc70
	Heat shock cognate 70 kDa



	Hsp
	Heat shock protein



	Htt
	Huntingtin



	IRE
	Iron-responsive element



	IRP1
	Iron regulatory protein 1



	IMM
	Inner-mitochondrial membrane



	KO
	Knockout



	LAMP2a
	Lysosomal-associated membrane protein 2a



	LB
	Lewy body



	LC3
	Microtubule-associated proteins 1A/1B light chain 3



	LIP
	Labile iron pool



	LIR
	LC3 interacting region



	LN
	Lewy neurites



	MPTP
	1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine



	MRI
	Magnetic resonance imaging



	MSA
	Multiple system atrophy



	mTOR
	Mammalian target of rapamycin



	mTORC1
	mTOR complex 1



	Munc-13
	Mammalian uncoordinated 13



	Munc-18
	Mammalian uncoordinated 18



	MVB
	Multi-vesicular body



	MWW
	Weighted-average molecular weight



	NAC
	Non-amyloid component



	NBIA5
	Neurodegeneration with brain iron accumulation 5



	NCOA4
	Nuclear co-activator 4



	NLRP3
	NOD-like receptor protein 3



	NOD
	Nucleotide binding domain



	Nrf2
	Nuclear factor erythroid 2–related factor 2



	6-OHDA
	6-Hydroxydopamine



	PAWR
	PRKC-apoptosis-WT1-regulator



	PCBP2
	Poly-r(C)-binding protein 2



	PD
	Parkinson’s disease



	PE
	Phosphatidylethanolamine



	PI3KC3
	Phosphatidylinositol 3-kinase catalytic subunit type 3



	PI3P
	Phosphatidylinositol 3-phosphate



	PNN
	Pedunculopontine nucleus



	Rab1a
	RAS-related protein in brain 1a



	Rab7
	RAS-related protein Rab-7a



	RB1CC1
	RB1-inducible coiled-coil protein 1



	RPE
	Retinal pigmented epithelial cells



	SENP
	Sentrin-specific protease



	SGT
	Small glutamate-rich tetratricopeptide repeat-containing protein



	SMV
	Small single membrane vesicles



	SNAP25
	Synaptosomal-associated protein of 25 kDa



	SNARE
	Soluble N-ethylmaleimide sensitive attachment factor receptor



	SNpc
	Substantia nigra pars compacta



	SNpr
	Substantia nigra pars reticulata



	SQSTM1
	Sequestosome-1 (p62)



	STEAP1
	Six transmembrane epithelial antigen of the prostate-1



	STX17
	Syntaxin-17



	SUMO1
	Small-ubiquitin-like modifier 1



	SYNGAP
	Synaptic Ras-like GTPase-activating protein 1



	TBC1D5
	TBC1 domain family member 5



	TFEB
	Transcription factor EB



	TFR1
	Transferrin receptor 1



	TFR2
	Transferrin receptor 2



	TH
	Tyrosine hydroxylase



	TGN
	trans-Golgi network



	TLR4
	Toll-like receptor 4



	TOM20
	Translocase of outer membrane of 20 kDa



	TOMM20
	Mitochondrial import receptor subunit TOM20 homolog



	t-SNARE
	Target SNARE



	UBA
	Ubiquitin-associated



	ULK1
	Unc-51 like autophagy activating kinase



	Unc-51
	Serine/threonine-protein kinase unc-51



	UPS
	Ubiquitin/proteasome system



	UVRAG
	UV radiation resistance-associated gene protein



	VAMP2
	Vesicle-associated membrane protein 2 (also known as synaptobrevin)



	VGCC
	Voltage-gated calcium channel



	VMAT2
	Vesicular-monoamine transporter



	VPS26
	Vacuolar protein sorting-associated protein 26A



	VPS29
	Vacuolar protein sorting-associated protein 29



	VPS35
	VPS35 endosomal protein-sorting factor-like



	v-SNARE
	Vesicular SNARE



	WASH
	Wiskott–Aldrich syndrome protein and SCAR homologue



	WIPI2
	WD repeat domain phosphoinositide-interacting protein 2
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Figure 1. The Role of α-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 α-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 α-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 α-synuclein is critical for synaptic plasticity by recycling synaptic vesicles post-exocytosis. Afterwards, (6) α-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 (VMAT2), yielding vesicular dopamine. Iron has also been suggested to permeate voltage-gated calcium channels (VGCCs), increasing the intracellular iron pool that may drive α-synuclein synthesis via a controversial and atypical 5′ iron-responsive element (IRE) in the untranslated region of α-synuclein mRNA. However, in the absence of lipid membrane vesicles, excessive iron-induced α-synuclein synthesis can yield disordered species that readily fibrillate (2) upon calcium exposure. The α-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 α-synuclein aggregates block vesicles docking at the dopamine transporter (DAT). 
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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. 
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Figure 3. Mechanisms of Iron Uptake and Intracellular Trafficking. Iron influx through transferrin-bound or non-transferrin-bound pathways (1), with the latter including potentially unregulated entry through voltage-gated calcium channels in dopaminergic neurons (1a). Transferrin receptor 1 (TFR1) and DMT1 (1b) and the cytosolic iron chaperones, poly-r(C)-binding proteins (PCBPs), play key roles in iron uptake and intracellular trafficking. High levels of iron in the labile iron pool leads to its storage in ferritin (2). PCBP1 participates (3a) in iron delivery to iron sulfur clusters (4Fe:4S) for proteins such as iron regulatory protein 1 (IRP1), while also directly trafficking iron to enzyme active sites. PCBP2 regulates intracellular iron concentrations by chaperoning the metal towards the iron efflux pump, ferroportin (3b). PCBP2 also chaperones iron after its transport across the endosomal membrane, with this occurring by its direct binding to DMT1 binding. All known PCBPs (1–4) can deliver iron to ferritin nanocages (4). Ferritin releases its stored iron by the process of ferritinophagy. Made with BioRender.com. 
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Figure 4. Ferritin Heavy Chain (FtH1) Ferroxidase Active Site for Iron Entry into the Ferritin Cage. The FtH1 ferroxidase active site. Ferrous (Fe2+) iron enters through the pore-like domains and is delivered to glutamate (Glu) 27 and then to Glu62. Histidine (His) 65 prevents back flow and transfers iron towards the carboxyl group of Glu62. Ferrous iron is then converted into ferric (Fe3+) iron passing via Glu62, Glu107, and glutamine (Gln) 141. All bond lengths are in angstroms (Å). Green chains represent amino acid carbon backbone structures, red represents oxygen groups, and blue represents nitrogen groups. Red FEE) orbs infer iron atoms while purple (O) infers free oxygen ions. Created using PyMOL2 and RCSB PDB: 1FHA. 
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Figure 5. Autophagy Signaling, Phagophore Biogenesis, and Autophagosome Maturation. The phosphorylation of ULK1 assembles the ULK1/ATG complex (1) which in turn, phosphorylates ATG9 (2) to promote retromer trafficking to omegasomes and (3) Beclin-1 for Class III PI3K complex construction. ULK1-dependent phosphorylation of AMBRA1 is inhibitory and releases the Class III PI3K complex upon omegasome arrival. WIPI2 houses two subsequent complexes that form on the first internal phagophore surface. The first involves (4) the ATG7–ATG10 dimer that exhibits E1–E2 mechanisms to covalently conjugate ATG12 and ATG5, binding ATG16L afterwards (5) for a structural scaffold. Cytosolic Pro-LC3 (ATG8) is C-terminally cleaved by the ATG4 protease to yield LC3-I (6). It is then prenylated to internal PE segments for receptor-cargo delivery (8). Once saturated, ATG16L can form homodimer complexes (9) to constrict segments for closure. ATG16L may also form coiled-coil heterodimers with FIP200 on the external surface to facilitate outer membrane closure. 
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Figure 6. α-Synuclein may Inhibit Ferritinophagy by Blocking Autolysosome Fusion. Aggregated α-synuclein (PDB: 2N0A; 6FLT) binds to and blocks the function of v-SNAREs (I) such as VAMP2 in the case of synaptic function and VAMP7 and VAMP8 in the case of autophagy. Consequently, lysosomes are unable to fuse with engorged autophagosomes to facilitate the retrieval of iron from ferritin storage. As ferritin starts to breakdown within acidic vesicles, ferric iron (Fe3+) will be released within the vesicle where reduction can cause lipid peroxidation (II). Hydrogen peroxide is contained within ferritin (PDB: 1FHA) and will also be released upon denaturation. H2O2 will utilize ferrous iron as an electron donor for reduction events, potentially giving rise to a positive feedback loop within a vesicle that cannot be removed. 
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Figure 7. TFEB Regulation by Calcineurin and SUMO1-modification. Accumulated autophagosomes and the resultant lysosomal stress causes increases in cytosolic calcium concentrations. Calcium ions bind to activate the serine/threonine phosphatase calcineurin (PDB: 4OR9). Reversing TFEB phosphorylation causes the dissociation of the inhibitory 14-3-3 (PDB: 6A5Q) family of proteins to enhance nuclear translocation. However, conjugated SUMO1 prevents nuclear pore transport and requires cleavage by a sentrin-specific protease (SENP). Ginkgolic acid is a SUMOylation E1-E2-complex inhibitor that potently stimulates autophagy. Combining the high calcium concentrations indicative of PD and SUMOylation inhibition, TFEB would be free for nuclear translocation and promotion of lysosomal biogenesis. 
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Table 1. LIR Motif in known LC3 Targets Compared to NCOA4 and Potential LIR Domains.
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Comparison of LC3-interacting proteins that utilize a classical LIR motif (green) with the ferritinophagy-specific adaptor protein NCOA4 (yellow). LIRs are grouped depending upon the first residue (Y, F, or W). The NCOA4 region 71–74 (YEQV) and 428–431 (YKWL) has high homology to the canonical LIR Y-type motifs of (Y/F/W)-x-x-(L/I/V), including the flanking acidic residue. Additionally, the residues 99–102 (FNCL), 154–157 (FGSL), 328–331 (FKLL), and 486–489 (FQVI) area also homologous to the canonical LIR F-type motif. C-terminal regions 99–102 and 154–157 do not contain flanking acidic residues but upon cross-referencing, it was observed that neither Beclin1 nor DISC1 contained flanking acidic resides. N-terminal regions 328–331 and 486–489 do contain a flanking residue. In all, there are six independent regions that conform to the LIR stipulations. Mutational experiments are required to determine the functionality of the potential motif sequences. Green = confirmed LIR motif sequences, yellow = possible NCOA4 LIR motif regions based upon established criterion, pink = negatively charged residues, orange = positively charged residues, cyan = polarized residues, blue = non-polar residues. NCOA4: nuclear coactivator 4. Y-type motif positive, FUND1: FUN14 domain-containing protein 1, CRY1: Cryptochrome-1, MAVS: Mitochondrial antiviral-signaling protein, MAPK15: Mitogen-activated protein kinase 15, ULK1: Unc-51 like autophagy activating kinase 1, WDFY3: WD Repeat And FYVE Domain Containing 3, ATG2A: Autophagy protein 2A, ATG13: Autophagy protein 13, BECL1: Beclin1, DISC1: Disrupted in schizophrenia 1, ATX3: Ataxin 3, NEDD4: E3-ubiquitin protein ligase neuronal precursor cell-expressed developmentally downregulated 4, p62: Sequestosome 1, Htt: Huntingtin.
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