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Abstract 
 
Parkinson's disease (PD) is the second most common neurodegenerative disease after 
Alzheimer’s disease (AD), and the most prevalent movement disorder. PD is 
characterized by dopaminergic neurodegeneration in the substantia nigra, but its etiology 
has yet to be established. Among several genetic variants contributing to PD 

pathogenesis, -synuclein and leucine-rich repeat kinase (LRRK2) are widely associated 
with neuropathological phenotypes in familial and sporadic PD. α-Synuclein and LRRK2 
found in Lewy bodies, a pathogenetic hallmark of PD, are often posttranslationally 
modified. As posttranslational modifications (PTMs) are key processes in regulating the 
stability, localization, and function of proteins, PTMs have emerged as important 
modulators of pathogenic mechanisms of α-synuclein and LRRK2. Aberrant PTMs 
altering phosphorylation, ubiquitination, nitration and truncation of these proteins promote 
PD pathogenesis, while other PTMs such as sumoylation may be protective. Although the 
causes of many aberrant PTMs are unknown, environmental risk factors may contribute 
to their aberrancy. Environmental toxicants such as rotenone and paraquat have been 
shown to interact with these proteins and promote their abnormal PTMs. Notably, 
manganese (Mn) exposure leads to PD-like neurological disorder referred to as 
manganism—and induces pathogenic PTMs of α-synuclein and LRRK2. In this review, 
we highlight the role of PTMs of LRRK2 and α-synuclein in PD pathogenesis and discuss 
the impact of environmental risk factors on their aberrancy.  
 
 
Key words:  α-synuclein, LRRK2, Parkinson’s disease, manganese, posttranslational 

modifications 

 

Highlights 

 PTMs of α-synuclein play a critical role in its aggregation and neurotoxicity 

 PTMs of LRRK2 are disrupted by its genomic mutations which cause autosomal 

dominant PD 

 Environmental toxicants such as rotenone and Mn alter PTMs of both α-synuclein 

and LRRK2 
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Introduction  
 
Parkinson’s disease (PD) is the second most common neurodegenerative disorder in the 
United States, characterized by the progressive loss of dopaminergic neurons in the 
substantia nigra pars compacta (SNpc) and the presence of protein aggregates known 
as Lewy bodies [1]. The primary components of Lewy bodies are α-synuclein and, often, 
leucine-rich repeat kinase 2 (LRRK2), whose genetic mutations have been historically 
implicated in cases of autosomal dominant PD [2, 3]. There are various genetic factors 
contributing to the pathogenesis of PD, but only mutations in α-synuclein and LRRK2 
cause clinical and neuropathological phenotypes closely resembling the sporadic cases 
[3].   
 
In addition to the genetic mutations of α-synuclein and LRRK2, an increasing body of 
evidence implicates that posttranslational modifications (PTMs) are also critically involved 
in PD pathogenesis [4, 5] (Fig. 1). While PTMs serve to facilitate the normal functions of 
α-synuclein and LRRK2 in the healthy brain [6, 7], abnormal modifications may be 
associated with PD pathogenesis. Additionally, environmental toxicants such as 
rotenone, paraquat, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 
manganese (Mn) have been shown to interact with α-synuclein and LRRK2 and cause 
pathogenesis [8, 9]. Mn is particularly of interest since chronic exposure to Mn causes a 
neurological disorder resembling idiopathic PD, referred to as manganism [10]. Although 
the underlying mechanisms of aberrant PTMs are not well understood, pathogenic 
modifications following environmental exposure are known to promote aggregation and 
oligomerization of α-synuclein [11] and abnormal increases in LRRK2 kinase activity [12].  
 
Therefore, elucidating the mechanisms of PTMs that influence pathogenesis may greatly 
expand our understanding of PD and leads to the identification of therapeutic targets.  
This review will discuss the PTMs of α-synuclein and LRRK2, the impact of the aberrant 
PTMs on PD pathogenesis and the influence of environmental toxins on pathogenic 
modifications.  
 
α-Synuclein structure and its genetic variants  
 
α-Synuclein is an acidic protein of 140 kD encoded by the SNCA gene, consisted of 3 
domains: the N-terminal amphipathic (AMP), non-amyloid component (NAC), and acidic 
(ACID) domains (Fig. 1A) [13]. α-Synuclein is abundant in the human brain, comprising 
nearly 1% of all cytosolic neuronal proteins [14]. Despite its abundance, the physiological 
function of α-synuclein is not well understood. Alternately, cytoplasmic- or membrane-
associated α-synuclein is localized primarily in the presynaptic nerve terminals and is 
thought to modulate vesicular trafficking, serving as a chaperone during SNARE complex 
formation [15]. Its pleiotropic functions are supported by a dynamic conformation—an 
unstructured, monomeric form or an α-helical oligomer with three domains [4]. As the first 
protein discovered to be causally linked to PD, studies have indicated a distinct role for 
each domain of α-synuclein in PD pathogenesis [16]. Though the mechanisms are poorly 
understood, all currently known mutations occur in the N-terminal AMP domain (A53T, 
G46L, G51A, etc.) and result in an autosomal dominant syndrome resembling sporadic 
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PD [17]. The N-terminal domain also contains four repeats with a mitochondrial targeting 
signal, potentially underscoring the mitochondrial dysfunction seen in PD [17]. The 
second NAC domain is a hydrophobic core strongly associated with α-synuclein 
aggregation and fibrillization [18]. The third, acidic C-terminal domain is thought to 
facilitate protein-protein interactions and promote the formation of pathogenic fibrils [19]. 
  
LRRK2 structure and its genetic variants  

LRRK2 is a multi-domain protein of 2,527 amino acids of approximately 280 kDa encoded 

by the PARK8 gene [20]. Alternately known as dardarin, LRRK2 functions both as a 

GTPase and kinase and is primarily localized in the cytoplasm and along the plasma 

membrane [21]. LRRK2 is highly expressed in the cortex and striatum, particularly in the 

pyramidal and medium spiny neurons [22], playing a role in vesicular trafficking, synaptic 

function and neurite development [23-25]. High levels of LRRK2 were also found in 

immune cells such as microglia and macrophages, indicating its role in inflammation, 

phagocytosis, and tissue repair [26, 27].  

LRRK2 contains several domains: (1) armadillo (ARM), (2) ankyrin (ANK), (3) leucine-rich 

repeats (LRR), (4) Ras of complex (ROC), (5) C-terminal of ROC (COR), (6) kinase (KIN) 

and (7) WD40 domains [28] (Fig. 1B). The ROC-COR (ROCO) and KIN domain are critical 

for GTPase binding and kinase activity, respectively. Among 2,527 amino acid sequences 

of LRRK2, 20 amino acid substitutions are reported to be pathogenic, while other amino 

acids substitutions are associated with polymorphisms [28]. Most pathogenic mutations 

occur within the ROCO or KIN domain and result in a pathology resembling sporadic PD 

[29] (Fig. 1B). Mutations in the LRRK2 gene are the greatest genetic contributors to PD 

and cause autosomal-dominant PD, accounting for 13% of all familial PD cases and up 

to 40% of familial PD in some populations [30]. LRRK2 mutations have also been 

implicated in late-onset PD, constituting 1-2% of all sporadic cases [31].  

The amino acid substitution of glycine for serine at position 2019 (G2019S) is the most 

common pathogenic mutation of LRRK2 [32]. Lewy body pathology is not present in all 

patients with LRRK2 mutations, but the G2019S is the most common mutation found in 

Lewy body-associated LRRK2 [29]. Other pathogenic mutations are found within the KIN 

(I2020T, I2012T) and ROCO domains (R1441C, R1441G, R1441H, Y1699C) [28]. 

Mutations within these domains affect the GTPase and kinase activity of LRRK2 and 

cause pathogenic inflammation [33] and neurodegeneration [34]. These mutations are 

also associated with abnormal PTMs such as phosphorylation and ubiquitination, leading 

to atypical LRRK2 localization and pathogenic instability [35].  

 
The interplay of α-synuclein and LRRK2  

 

The genetic mutations of α-synuclein and LRRK2 in autosomal dominant PD have been 
extensively characterized [36], but their interplay in sporadic PD is not well understood. 
Lewy bodies, the pathogenic hallmark of PD, are comprised primarily of phosphorylated 
α-synuclein—though LRRK2 is often found accumulated within their core [37]. This may 
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indicate that beyond genetic mutations, aberrant PTMs of α-synuclein and LRRK2 may 
contribute to their pathogenicity. 
 

Despite their co-localization in Lewy bodies, few studies have found direct interactions 
between α-synuclein and LRRK2 under physiological conditions [3]. In addition, α-
synuclein and LRRK2 may interact indirectly through [34] their common pathways and 
functions. Both α-synuclein and LRRK2 complex with the 14-3-3 protein family after 
phosphorylation, a PTM contributing to pathogenesis of both α-synuclein and LRRK2 [38, 
39]. α-synuclein and LRRK2 also modulate the dynamic cytoskeleton [3] and mediate 
vesicular transport [2], suggesting a common functionality that could be disrupted in PD 
pathogenesis. 
 

Although their interactions under physiological conditions are currently unknown, α-

synuclein and LRRK2 have been co-immunoprecipitated in postmortem PD brain 

samples [40]. It appears that LRRK2 regulates localization and clearance of α-synuclein 

in the brain via lysosomal degradation and microglial endocytosis [41-45]. G2019S 

LRRK2 mutation increases the formation of α-synuclein aggregates and exacerbates α-

synuclein pathology [46], indicating that LRRK2 regulates the expression and proper 

clearance of α-synuclein. LRRK2 knockout attenuated α-synuclein aggregation in a 

transgenic mouse model as well as in vitro cell culture model [40]. Interestingly, one study 

reported that knockdown of LRRK2 resulted in the aggregation of α-synuclein [34]. This 

indicates that the interplay between LRRK2 and α-synuclein might be complex and 

regulated by many factors.  

 

A recent study has shown that LRRK2 promoted α-synuclein aggregation by 

phosphorylating RAB35 [43], a RAB GTPase known to regulate vesicular trafficking and 

sorting [47]. This relationship was observed in both in vitro and in vivo settings [43]. 

Moreover, G2019S LRRK2 mutant kinase activity correlated with RAB35 

hyperphosphorylation, resulting in α-synuclein aggregation, altered endosomal trafficking 

and lysosomal degradation in the brains of PD patients and in mice [43]. Alternately, 

studies found that α-synuclein overexpression increased LRRK2 kinase activity, with 

concomitant dopaminergic neurodegeneration in mice [44], while inhibition of LRRK2 

attenuated α-synuclein toxicity in rats [48, 49]. 

 

Taken together, these findings suggest that LRRK2 kinase activity and α-synuclein are 

regulated bi-directionally in PD pathogenesis. Moreover, much of the PD-associated 

pathogenicity seen in α-synuclein and LRRK2 involve aberrant PTMs. For example, 

studies have shown that aberrant phosphorylation of both proteins has been associated 

with PD pathogenesis [38], indicating that understanding the role of PTMs on α-synuclein 

and LRRK2 is critical in furthering our knowledge of PD pathogenesis. 

 
Posttranslational modifications of α-synuclein 
 
Phosphorylation  
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An increasing body of evidence links phosphorylation of α-synuclein to Lewy body 
formation [50]. α-Synuclein phosphorylated at the S129 residue has been identified as 
the primary component of Lewy bodies [51]. Though phosphorylation of other serine (S87) 
[52] and tyrosine (Y125, Y133, Y136) [53] residues has been observed, phosphorylation 
of S129 remains the predominant PTMs associated with aggregated α-synuclein [51] (Fig. 
1A).   
 
Phosphorylation of S129 is mediated by kinases such as Polo-like kinase 2 (PLK2) [54]. 
Studies have shown increased PLK2 expression in the brains of aging primates, with 
concomitant increases in phosphorylated S129 [55]. In transgenic mice overexpressing 
WT α-synuclein, PLK2 was found to co-localize with phosphorylated α-synuclein [54]. 
Further, phosphoprotein phosphatase 2A (PP2A), a phosphatase which 
dephosphorylates residue S129, has been shown to attenuate the formation of 
pathogenic aggregates in the aging mouse brain. [56]. In the human brain and in vitro 
studies, α-synuclein accumulation was associated with a reduction in PP2A activity [57]. 
These findings suggest a significant role of S129 phosphorylation in the formation of α-
synuclein aggregates. 
 
The effects of α-synuclein phosphorylation extend beyond inclusion body formation. 
While the mechanisms of pathogenicity remain unclear, S129 phosphorylation has been 
implicated in other pathogenic hallmarks of PD [58]. Phosphorylation of S129 accelerated 
neuronal loss and axonal degeneration in transgenic mice expressing α-synuclein as 
compared to wild-type and phosphorylation-deficient mice [50, 59]. It has been reported 
that S129 phosphorylation of α-synuclein is linked to the formation of reactive oxygen 
species (ROS), superoxide formation and mitochondrial dysfunction [60]. Other studies 
have shown that S129 phosphorylation is associated with neuronal cell death, 
mitochondrial damage and potential endoplasmic reticulum-Golgi trafficking disruption 
[61, 62]. Together, these studies demonstrate the importance of α-synuclein 
phosphorylation in PD-associated pathogenicity. 
 
Ubiquitination  
Despite extensive characterization of phosphorylated α-synuclein within Lewy bodies, 
studies demonstrate that synucleinopathic lesions also contain monoubiquitinated α-
synuclein [63], and phosphorylated α-synuclein polypeptides migrate with ubiquitinated 
α-synuclein in vitro [64]. Yet the mechanisms of α-synuclein ubiquitination are not well 
understood. Only a small fraction of aggregated α-synuclein is ubiquitinated, despite the 
presence of ubiquitin chains in Lewy body inclusions [64]. Instead, ubiquitination of α-
synuclein in vitro induces significant aggregation [65], suggesting that ubiquitination is not 
directly responsible for the formation of Lewy bodies, but may instead promote the 
aggregative properties of α-synuclein. In the healthy brain, soluble α-synuclein is 
degraded via the ubiquitin-proteasome system, while insoluble aggregates are degraded 
by autophagy [66]. α-synuclein is thought to be targeted for degradation by the addition 
of a ubiquitin chain covalently linked at lysine residues [67]. The conjugation of ubiquitin 
chains is facilitated by E3 ubiquitin ligases, which have decreased activity in patients with 
sporadic PD [68]. Further, mutation of the Parkin gene, which encodes the E3 ligase 
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Parkin [69], and ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) have been strongly 
associated with sporadic PD [70].  
 
As the levels of α-synuclein mRNA do not increase in PD as compared to control patients 
[71], it is plausible that the inhibition of degradation plays a role in the pathological 
accumulation of α-synuclein. In vitro studies have demonstrated that E3 ubiquitin ligases 
such as E6-associated protein (E6-AP) [72] and carboxyl terminus Hsp70-interacting 
protein (CHIP) [73] are localized in Lewy bodies. Additionally, the E3 ligase seven in 
absentia homolog 1 (SIAH1) has been shown to monoubiquitinate α-synuclein at lysine 
residues K12, K21, K23, K32, and K34, sites which were previously found to be 
ubiquitinated in Lewy bodies [65]. After mono-ubiquitination by SIAH1, α-synuclein 
aggregation increased significantly both in vitro and in vivo. Monoubiquitinated α-
synuclein showed increased aggregation and inclusion body formation in dopaminergic 
neurons [74].  
 
Though little is known about the pathogenic mechanisms of α-synuclein ubiquitination, 
recent studies have indicated a protective role for this PTM. Ubiquitination of α-synuclein 
by neuronal precursor cell-expressed, developmentally down-regulated gene 4 (Nedd4) 
promoted the degradation of α-synuclein via the endosomal-lysosomal pathway [63]. In 
support of this finding, transgenic mice expressing a form of α-synuclein unable to 
undergo Nedd4-associated ubiquitination showed increased α-synuclein aggregation and 
un-ubiquitinated synucleinopathy lesions [75]. Moreover, knockdown of ubiquitin 
carboxyl-terminal hydrolase 8 (USP8), which co-localizes with membrane-associated α-
synuclein and cleaves ubiquitin chains from K63, increased the rate of α-synuclein 
aggregate clearance both in vitro and in vivo [76]. However, WT deubiquitinase USP19 
promoted in vitro secretion of misfolded α-synuclein and protein “seeding” in a dose-
dependent manner [77]. Altogether, these findings underscore the need for elucidation of 
the mechanism and effects of ubiquitination on α-synuclein and PD pathology. 
 
Nitration  
Many genes associated with PD pathogenesis have been implicated in mitochondrial 

dysfunction. Lewy bodies isolated from patients with PD have been found to contain both 

nitrated and phosphorylated forms of α-synuclein [78], and the presence of nitrated α-

synuclein has been used as a biomarker of neurodegeneration [79]. Reactive nitrogen 

species (RNS), along with their oxygen counterparts, are thought to significantly 

contribute to neurodegeneration and pathogenicity of PD [80]. Studies have 

demonstrated that the oxidative stress associated with PD leads to the nitration of tyrosine 

residues on α-synuclein, primarily Y39, Y125, Y133, and Y136 [81]. Further, research has 

shown that nitration of Y39 decreases vesicular binding of α-synuclein [82] and promotes 

the formation of α-synuclein oligomers via tyrosine crosslinking [79]. α-Synuclein nitration 

has also been shown to induce both dopaminergic neuronal loss in the substantia nigra 

of rats and motor dysfunctions seen in sporadic PD [83].  

 

Interestingly, studies diverge on the role of nitration in α-synuclein pathogenicity. A recent 

study showed that nitration of α-synuclein induces the formation of soluble oligomers and 
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prevents its fibrillation [84]. On the other hand, nitrated Y125 has been shown to induce 

the dimerization of α-synuclein, which promotes its accumulation and eventual 

aggregation [82]. Additionally, incubation of Y125-nitrated α-synuclein with un-nitrated α-

synuclein resulted in the seeding of nitrated α-synuclein into previously un-nitrated fibrils 

[82]. While the consequences of α-synuclein nitration are not well understood, the 

diverging inhibition of fibrillation, oligomer stabilization, and neuronal loss indicate a 

potentially significant role of nitration in the α-synuclein modification. As the pathogenic 

effects of nitrated α-synuclein show similarities with the toxicity induced by the A30P point 

mutation [4], it remains to be determined whether nitration is the PTM partially responsible 

for pathogenicity or the downstream result of PD-associated oxidative stress and 

neuronal injury. 

 

Truncation 

Analysis of Lewy bodies has indicated the presence of truncated α-synuclein species [85]. 

Thus, a focus of recent research has been clarification of the role of truncation in α-

synuclein pathology. Truncation at the C-terminus has been associated with aggregation 

of α-synuclein [85], but the pathogenicity of this modification is still controversial. While 

the cleavage of α-synuclein has been shown to induce PD pathology in transgenic mice 

[86], in vitro fragmentation did not result in the formation of α-synuclein fibrils [87].  

Further, protein sequence studies have shown truncated α-synuclein bands in both 

control and PD patients, indicating a constitutive truncation in the normal human brain 

[85].  

 

Conversely, others have found that insoluble aggregates contain truncated α-synuclein 

variates that are toxic to neurons [88]. Overexpression of truncated α-synuclein led to 

increased α-synuclein aggregation and synucleinopathic lesions in transgenic mice [89] 

and cross-linking of α-synuclein fibrils in vitro [90]. Further, blocking of C-terminus 

truncation in mThy1-α-syn mouse model attenuated PD pathology and reversed 

accumulation of α-synuclein [91]. C-terminally truncated α-synuclein has been shown to 

seed the aggregation of full-length α-synuclein in vitro [92] and truncated variants show 

an increased rate of fibrillization compared to full-length α-synuclein [88]. Together, these 

findings demonstrate the need for further investigation of the role of truncation in α-

synuclein-associated pathogenesis.  

 

Sumoylation 

Though many PTMs result in a pathogenic phenotype, sumoylation of α-synuclein has 

been found to serve as a protective modification. In vitro, sumoylation reversed the 

accumulation and fibrillation of α-synuclein [93]. Inhibition of sumoylation in a His6-

SUMO2 transgenic mouse model resulted in α-synuclein inclusion body formation and 

neurotoxicity [93]. The protective effect of sumoylation is thought to be due to the 

enhancement of protein solubility, a finding consistent in studies of many aggregation-

prone proteins [94]. In contradiction to these findings, an in vitro study linked sumoylation 

to impaired α-synuclein ubiquitination and reduced proteasomal degradation [95]. 
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Increased sumoylation was also associated with α-synuclein aggregation in postmortem 

human brain samples [95]. These contradictory findings highlight the need for further 

exploration of the role of sumoylation in PD pathogenicity.  

 

Acetylation 

Studies have also indicated a protective role for acetylation against α-synuclein 

pathogenesis. N-terminal acetylation was found to induce helical folding of α-synuclein, a 

conformational change which decreased its propensity to aggregate [96]. Molecular 

simulation studies have also shown that N-terminal acetylation disrupted the internal 

hydrogen bonds of α-synuclein and reduced its aggregative properties [97], suggesting a 

possible mechanism of protection. Though most studies on the protective role of α-

synuclein acetylation are spectroscopy or simulation-based [97, 98], the protective role of 

α-synuclein acetylation may present an exciting avenue for future research.  

 

LRRK2 

Posttranslational modifications of LRRK2 

Phosphorylation 

Of the PTMs associated with LRRK2, phosphorylation is the most extensively studied. 

However, the mechanisms undergirding its pathogenicity are complex and not fully 

understood [99].  Under physiological conditions, LRRK2 is phosphorylated at multiple 

serine (S) and threonine (T) residues across several domains [100] (Fig. 1B). LRRK2 

phosphorylation can be classified into constitutive and auto-phosphorylation, both of 

which are modulated in LRRK2-associated PD [100]. 

Constitutive phosphorylation of LRRK2 has been identified at multiple residues located 

between the ANK and LRR domains [100] (Fig. 1B). Studies have shown that constitutive 

phosphorylation regulates the subcellular localization, stability, and function of LRRK2 

[101]. Mutations in the KIN and ROCO domains alter constitutive phosphorylation of 

LRRK2 and are associated with PD pathogenesis [102]. The G2019S mutation of LRRK2 

increased phosphorylation in dopaminergic cell lines, resulting in abnormal neurite growth 

and increased neuronal vulnerability [103]. Mutation in G2019S also increased LRRK2 

kinase activity [104, 105], while inhibition of kinase activity reduced its constitutive 

phosphorylation [103]. This indicates that G2019 mutations increase LRRK2 constitutive 

phosphorylation and promote LRRK2 kinase activity. Inflammation may also induce 

abnormalities in constitutive phosphorylation. Overexpression of LRRK2 in HEK293T 

cells increased constitutive phosphorylation and induced microglial inflammation in 

response to the inflammatory agent lipopolysaccharide (LPS) [106], implicating abnormal 

constitutive phosphorylation in inflammatory pathogenesis.  

Conversely, ROCO domain mutations decreased constitutive phosphorylation of LRRK2, 

particularly in R1441C, R1441G, and Y1699C mutations [107, 108]. These mutations also 

led to LRRK2 aggregation [101]. Decreased constitutive phosphorylation has been 

associated with LRRK2 aggregation in the substantia nigra of postmortem PD brains and 
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the presence of restricted Lewy bodies [38]. Moreover, decreased constitutive 

phosphorylation, particularly at the S935 residue, has been associated with abnormal 

localization of LRRK2 and clinical PD diagnosis [6]. Though the mechanisms are unclear, 

alterations in constitutive phosphorylation appear to promote LRRK2 pathogenicity. 

Interestingly, mutations in ROCO domains (such as G2019S) enhanced the kinase 

activity of LRRK2 but decreased its constitutive phosphorylation [109, 110]. These 

findings suggest a need for further investigation of the complex and bidirectional 

mechanisms of constitutive phosphorylation.  

LRRK2 kinase activity is also regulated by autophosphorylation [111]. 

Autophosphorylation occurs along multiple residues (S1292, S1403, T1404, T1410, 

T1491), primarily in the ROCO domains (Fig. 1B). Although the function of 

autophosphorylation at each site is not yet known, autophosphorylation in this domain 

appears to be correlated with LRRK2 kinase activity [109, 110]. Accordingly, mutations in 

the ROCO domains such as R1441C or Y1699C increased autophosphorylation and 

LRRK2 kinase activity [28, 112, 113]. Changes in autophosphorylation and kinase activity 

resulted in defects in the lysosomal degradation pathway [114].  

Additionally, KIN domain mutations, such as G2019S and I2020T, also increased 

autophosphorylation and kinase activity of LRRK2 [113]. G2019S mutation induced 

autophosphorylation and kinase activity, resulting in altered lysosomal pH, lysosomal 

defects and elevated expression of the lysosomal ATPase ATP13A2, a gene linked to a 

parkinsonian syndrome (Kufor–Rakeb syndrome) in both in vivo and in vitro settings 

[114]. Inhibition of LRRK2 kinase activity rescued these pathogenic effects, indicating that 

the defects associated with these mutations are dependent on both kinase activity and 

autophosphorylation of LRRK2. 

Mutations in the KIN and ROCO domains of LRRK2 play a critical role in PD, exhibiting a 

wide range of effects through changes in LRRK2 phosphorylation. Thus, further 

investigation and analysis of LRRK2 phosphorylation may help to further our 

understanding of the complex pathways of LRRK2-associated PD pathogenesis. 

Ubiquitination of LRRK2 

The ubiquitination of LRRK2 regulates its stability and clearance  [100]. LRRK2 

ubiquitination occurs at multiple N-terminal ARM lysine (K) residues of LRRK2 (K27, K29, 

K48, K63) [100]. Ubiquitination at K48 and K63 residues signal the degradation of LRRK2 

by ubiquitin-proteasome and autophagy-lysosome pathways, respectively [100, 102]. 

Members of the 14-3-3 protein family bind to LRRK2 and regulate its ubiquitination, a 

process closely associated with constitutive phosphorylation [101]. Decreased 

constitutive phosphorylation of LRRK2 disrupted 14-3-3-LRRK2 binding both in vitro and 

in a mouse model, resulting in cytoplasmic accumulation of LRRK2 without disruption of 

kinase activity [101]. Additionally, PD-associated LRRK2 mutations such as R1441C, 

R1441G, Y1699C and I2020T decreased constitutive phosphorylation of LRRK2 in vitro, 

resulting in its hyperubiquitination and instability [115]. These unstable mutants formed 
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abnormal protein complexes [102] and promoted cytosolic aggregation of LRRK2 [115] 

as compared to the WT. Knockdown of LRRK2 impaired autophagy-lysosomal 

degradation in transgenic mice, resulting in increased protein ubiquitination, oxidative 

stress, inflammation and apoptosis [34]. Additionally, studies found that LRRK2 present 

in Lewy bodies is highly ubiquitinated [116]. Aggregated LRRK2 has been found to co-

localize with SOCS box-containing protein 1 (WSB1), a ubiquitinase also found in Lewy 

bodies, while co-expression of WSB1 and LRRK2 resulted in increased LRRK2 

aggregation and insolubility [116]. Taken together, these results suggest that that 

alteration in LRRK2 ubiquitination may significantly impact PD-associated pathogenesis, 

perhaps via inhibition of normal degradative pathways.  

Gene-environment interaction: α-synuclein, LRRK2, and environmental toxicants 
 
As only a small percentage of PD cases can be attributed to genetic mutations [2], 
researchers have begun to explore the contribution of environmental exposure to PD 
onset and pathogenesis. While many pathogenic PTMs occur sporadically, environmental 
toxins have been implicated in the pathogenic modification of α-synuclein and LRRK2.  
An increasing body of evidence links toxicants such as MPTP, rotenone, paraquat, and 
Mn to PD pathogenesis, though the mechanisms involved in pathogenesis remain to be 
elucidated.  
 
α-Synuclein and environmental toxins 
Perhaps the best known of all parkinsonian neurotoxins is MPTP, which induces 
dopaminergic neurodegeneration and inclusion body formation after its metabolism to 1-
methyl-4-phenylpyridinium (MPP+) in the brain [117-119]. MPTP toxicity mimics the 
hallmarks of sporadic PD in humans, primates, and some rodents via inhibition of 
mitochondrial complex I [118] as well as post-translational modifications [118]. In a non-
human primate model, exposure to MPTP resulted in S129-phosphorylation of α-
synuclein [55]. These modifications occurred alongside elevated neuronal levels of PLK2, 
a serine/threonine kinase known to phosphorylate α-synuclein [55]. Additionally, mice 
treated with MPTP showed nitration of α-synuclein in the striatum and midbrain [120]. 
Moreover, α-synuclein null mice were resistant to the effects of MPTP [121], suggesting 
that MPTP preferentially targets α-synuclein to exert its neurodegenerative effects. These 
findings contradict previous in vitro studies, which implicated dysfunctional dopamine 
transporters in MPTP toxicity [122].  
 
Rotenone is an insecticide that preferentially targets the brain and exerts PD-like 
neuropathology in experimental animal models [123]. Like MPTP, rotenone contributes 
to mitochondrial dysfunction and is associated with increased α-synuclein 
phosphorylation and aggregation in in vitro settings [124]. Moreover, tandem mass 
spectrometry and pull-down assays have indicated that rotenone exposure induces 
nitration of α-synuclein [125]. Paraquat, an herbicide, also induces significant fibrillation 
and aggregate formation in α-synuclein after exposure [126]. Interestingly, mice 
overexpressing α-synuclein showed α-synuclein aggregation and inclusion body 
formation after paraquat exposure, but they did not show signs of the neurodegeneration 
associated with these pathogenic hallmarks [127]. These divergent results suggest a 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

need for continued exploration of the mechanisms undergirding environmentally-
associated pathogenesis.  
 
α-Synuclein and Mn 
Chronic exposure to Mn has been linked to a parkinsonian-like syndrome known as 
manganism, which is characterized by motor symptoms resembling parkinsonism [128]. 
Mn exposure has been associated with α-synuclein aggregation, oligomerization and 
oxidative stress in vitro and in transgenic mouse models [129]. Studies have also found 
that Maneb, a fungicide containing Mn, increased α-synuclein aggregation, oxidative 
stress and proteasomal dysfunction in vitro [130].  
 
α-Synuclein contains several metal binding sites in the C-terminal region [131]. While α-
synuclein demonstrates a low binding affinity for Mn [132], Mn exposure significantly 
increased α-synuclein aggregation [133]. These findings may indicate that Mn does not 

directly interact with -synuclein, but instead may induce aberrant PTMs of α-synuclein 
leading to aggregate. Studies have shown that Mn induces nitrosylation and cleavage of 
α-synuclein, resulting in oligomerization and fibrillation in a rat brain model [77]. In support 
of these findings, it has been demonstrated that WT α-synuclein protected against Mn-
induced neurodegeneration and oxidative stress in a C. elegans model of PARK2- and 
PARK7-homolog knockout [134]. As WT α-synuclein attenuated Mn neurotoxicity in this 
model, suggesting that Mn exerts its toxic effects in part by inducing aberrant 
PTMs. These findings suggest that Mn may induce pathogenic PTMs of α-synuclein 
similar to those seen in sporadic PD, underscoring a need for further investigation.   

LRRK2 and environmental toxins 
The G2019S mutation of LRRK2 is heavily linked to PD pathogenesis. Intriguingly, MPTP 
exacerbated dopaminergic neuronal loss in G2019S-transgenic mice [8], suggesting the 
potential interaction of environmental toxins with PD-associated genes. LRRK2 mutation 
increased mitochondrial dysfunction in C. elegans after exposure to rotenone and 
paraquat [135]. LRRK2 G2019S transgenic flies also showed dopaminergic 
neurodegeneration and mitochondrial defects after exposure to rotenone [136]. 
Conversely, LRRK2 knockout mice did not exhibit dopaminergic neurodegeneration after 
MPTP exposure, despite its known inhibition of mitochondrial complex I [137]. This may 
suggest that environmental toxins exert pathogenic effects via different mechanisms. 
 
Importantly, mounting evidence demonstrates that LRRK2 is involved in neural 
inflammation [138] although the role of PTMs in the LRRK2-inflammation process is not 
much studied. Knockdown of LRRK2 attenuated LPS-induced expression of inflammatory 
cytokines such as TNF-α and IL-1β in murine microglia [106]. Given that inflammatory 
processes are a risk factor for PD [139], the involvement of LRRK2 in the brain 
inflammation process would lead to a neuroinflammatory risk of developing PD. LRRK2 
is also known to play a role in the apoptotic pathway by triggering the extrinsic cell death 
pathway and FADD/caspase-8 signaling [140]. The exact mechanisms of LRRK2 in 
mitochondrial dysfunction and inflammation and how its deletion or mutation modulates 
environmental toxins in PD pathogenesis are currently under intensive investigations as 
the gene-environment interactions aggravate and enhance PD pathology. 
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LRRK2 and Mn  
Mn causes neurotoxicity by several mechanisms including inflammation [141]. Notably, 
studies demonstrate that LRRK2 plays a role in Mn toxicity.  Studies demonstrated that 
Mn increased LRRK2 protein levels in microglia, regulating the autophagy process by 
increasing autophagy-related proteins such as Atg5 and Beclin-1 [12]. Moreover, 
inhibition of LRRK2 attenuated the Mn-induced autophagy dysfunction and inflammation, 
suggesting that LRRK2 activity exacerbates Mn-induced inflammation [12].   Interestingly, 
G2019S mutation of LRRK2 enhanced KIN domain-Mn interactions, prolonging and 
increasing LRRK2 kinase activity [142]. In contradiction to these findings, studies showed 
that Mn-induced oxidative stress and neurotoxicity are exacerbated after LRRK2 
downregulation in HEK293 cells, suggesting a protective role of LRRK2 in Mn toxicity 
[143]. These findings indicate that Mn toxicity may involve alterations in the kinase activity 
of LRRK2 and its regulation of the autophagy-lysosomal pathway, warranting further 
exploration of the gene-environmental interaction in pathogenic PTMs. 
 
Advances and limitations in studying PTMs   
 

Although studying PTMs is critical to understanding the pathogenic processes of -

synuclein and LRRK2 for developing strategies and therapeutics of PD, it is 

extremely challenging due to limitations in the scope of current technology and the 

availability of resources. 

Methods such as Western blotting and radiolabeling provide specific and quantitative 

information regarding PTMs, but require knowledge of the exact PTM of interest [144]. 

Further, these assays are often limited by a lack of antibody availability and/or 

specificity[144]. Advances in mass spectrometry (MS)-based proteomics, such as 

orbitrap based high-resolution MS or quadrupole/time-of-flight (Q-TOF) MS, allow for 

analysis without prior knowledge of the PTMs [145]. Additionally, these methods allow for 

the simultaneous detection of all PTM sites within a target protein. Advances in the field 

now enable researchers to use MS-based proteomics to understand not only the sites of 

PTMs but to better characterize the dynamics and consequences of these modifications 

[146, 147]. In PD pathogenesis, MS-based methods may also serve as a tool for 

examining the protein-protein interactions of LRRK2 and α-synuclein [39, 146]. Further, 

combining MS with additional assays such as the pull-down assay may further detect the 

protein-protein interactions undergirding PD pathogenesis [145]. 

Although MS-based methods have significantly improved the study of PTMs, several 

limitations remain. First, spectrometric assays require a robust cell sample for optimal 

analysis, limiting opportunities for sampling among PD patients of animal models with 

significant neurodegeneration. Moreover, PTMs are dynamic and extremely complex, 

limiting the analytical power of mass spectrometry to only a brief ‘snapshot’ of a rapidly 

changing system [145]. Proximity ligation assays and proximity ligation imaging cytometry 

have been developed to counter this limitation, allowing for the direct analysis of PTMs 

and protein-protein interactions in situ [44, 148], However, the development of additional 
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advanced strategies will allow for the further examination of the aberrant PTMs and 

protein-protein interactions of α-synuclein and LRRK2 involved in PD pathogenesis.  

 
Conclusion 
Whether genetically-, sporadically- or environmentally-induced aberrant PTMs of α-
synuclein and LRRK2 have been strongly linked to PD pathogenesis (Fig. 2). While PTMs 
support the diversity and pleiotropic functions of α-synuclein and LRRK2 in the healthy 
brain, pathogenic PTMs contribute to the onset and progression of PD. Pathogenic PTMs 
such as phosphorylation, ubiquitination, nitration and/or truncation can affect the 
structure, localization, and function of α-synuclein and LRRK2, while others, such as 
sumoylation in α-synuclein, may protect against PD pathogenesis. Altogether, the 
findings presented in this review suggest a need for the ongoing examination of PTMs. 
Likewise, the impact of gene-environment interactions in aberrant PTMs constitutes an 
exciting direction for exploration—extending our understanding of PD pathogenesis and 
identifying potential therapeutic targets.  
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Legends 

 

Figure 1. Schematic diagram of the protein domains and posttranslational modification 

sites of α-synuclein (A) and LRRK2 (B). Pathogenic mutations are italicized, whereas 

posttranslational modification sites are in bold. (A) The domains of α-synuclein are N-

terminal amphiphatic (AMP), non-amyloid component (NAC) and acidic (ACID) domains. 

(B) The domains of LRRK2 are armadillo (ARM), ankyrin (ANK), leucine-rich repeats 

(LRR), Ras of complex (ROC), C-terminal of ROC (COR), kinase (KIN) and WD40. 

Posttranslational modification sites are depicted in red for phosphorylation and blue for 

ubiquitination. Other posttranslational modifications in α-synuclein are labelled (#) for 

nitration and (@) for acetylation. Truncation of α-synuclein occurs in its C-terminal (ACID) 

domain. Autophosphorylation sites in LRRK2 are underlined. 

 

Figure 2. Schematic representation of the potential interplay of genetic and 

environmental factors influencing aberrant posttranslational modification of LRRK2 and 

α-synuclein in PD. 
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Highlights 

 PTMs of α-synuclein play a critical role in its aggregation and neurotoxicity 

 PTMs of LRRK2 are disrupted by its genomic mutations which cause autosomal 

dominant PD 

 Environmental toxicants such as rotenone and Mn alter PTMs of both α-synuclein 

and LRRK2 
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