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Abstract  

Parkinson’s disease (PD) is one of the most common progressive neurodegenerative disorders 

in modern society. The disease involves many genetic risk factors as well as a sporadic 

pathogenesis that is age- and environment-dependent. Of particular interest is the formation of 

intra-neural fibrillar aggregates, namely Lewy bodies (LBs), the histological hallmark of PD, 

which results from aberrant protein homeostasis or misfolding that results in neurotoxicity. A 

better understanding of the molecular mechanism and composition of these cellular inclusions 

will help shed light on the progression of misfolding-associated neurodegenerative disorders. 

Ubiquitin carbonyl-terminal hydrolase L1 (UCH-L1) is found to co-aggregate with 

α-synuclein (αS), the major component of LBs. Several familial mutations of UCH-L1, 

namely p.Ile93Met (p.I93M), p.Glu7Ala (p.E7A), and p.Ser18Tyr (p.S18Y), are associated 

with PD and other neurodegenerative disorders. Here, we review recent progress and 

recapitulate the impact of PD-associated mutations of UCH-L1 in the context of their 

biological functions gleaned from biochemical and biophysical studies. Finally, we summarize 

the effect of these genetic mutations and post-translational modifications on the association of 

UCH-L1 and PD in terms of loss of cellular functions or gain of cellular toxicity. 
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1. INTRODUCTION 

1. 1. ETIOLOGICAL FACTORS AND PATHOLOGICAL PROTEINS IN PD 

More than 90% of PD cases are sporadic in origin and progress with age over 65 years old. Two 

pathological hallmarks in the diagnosis are selective degeneration of dopaminergic neurons in 

substantia nigra (SN; located in the midbrain) and the presence of an intracellular protein 

inclusion, Lewy bodies (LBs). Although the etiological factors of sporadic PD remain elusive, 

several PD-monogenetic forms and susceptible genetic risk factors have been identified, 

including parkin, PTEN-induced protein kinase 1 (PINK1), DJ-1, lysosomal P-type ATPase 

(ATP13A2), leucine-rich repeat kinase 2 (LRRK2) and presynaptic nerve terminal protein 

SNCA (α-synuclein precursor) (Table 1) [1, 2]. Most of these PD risk factors are involved in 

regulation of a variety of physiological roles that contribute to nigral dopaminergic cell death 

via mitochondrial dysfunction, abnormal response to oxidative stress and inflammation, and 

altered protein homeostasis [3]. In addition, a number of studies have reported associated 

non-genetic environmental factors or endogenous toxins such as 1-methyl-4-phenyl-1, 2, 3, 

6-tetrahydropyridine (MPTP) neurotoxin, rotenone, paraquat (1, 19-dimethyl-4, 

49-bipyridinium dichloride), and 6-hydroxydopamine (6-OHDA), which can induce PD-like 

symptoms in mice [4-7]. All these molecules are oxidative stress inducers that directly or 

indirectly modify biomolecules, thereby disrupting their normal cellular functions. 

Ubiquitin carbonyl-terminal hydrolase L1 (UCH-L1), which is also known as protein 

gene product 9.5 (PGP9.5), has been suggested to be a risk factor of PD, and indeed, a number 

of familial mutations have been reported to be associated with increased risk of PD [8]. In 

addition to the familial mutations in UCH-L1, post-translational modifications (PTMs) of 

UCH-L1 may play an important role in PD and other neurodegenerative diseases [9, 10]. 

Nevertheless, despite its abundance in neuronal cells, the molecular basis of the functional 

implications of the familial mutations and PTMs of UCH-L1 in the context PD has not been 

firmly established [11]. In this review, we shall discuss the current structural, biochemical and 

functional understandings of the association of UCH-L1 with PD and neurodegenerative 

diseases. 

1. 2. BIOLOGICAL FUNCTIONS OF UCH-L1 

UCH-L1 is one of the most abundant proteins, expressed specifically and highly in brain 

neurons, accounting for about 2% of total soluble protein content [12-14]. It is a member of the 

human ubiquitin carbonyl-terminal hydrolases (UCHs), one of the four families of 
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deubiquitinases (DUBs), namely UCHs, ubiquitin-specific proteases (USPs), 

Machado-Josephin domain proteases (MJDs) and ovarian tumor proteases (OTUs). Together, 

there are in total 95 DUBs in the human genome [15]. Many DUBs are implicated in malignant 

transformation because of their important role in regulating cell proliferation [16]. Indeed, 

UCH-L1 has been suggested to be an oncogene for various forms of cancer [17], potentially 

because of its involvement in the ubiquitin-proteasome system (UPS) [18]. For example, 

UCH-L1 was found up-regulated in colorectal cancer [19] and breast cancer [20], and has been 

suggested to promote the development of lymphoma [21, 22] and prostate cancer [23]. 

UCH-L1 is also implicated in the development of lung carcinoma [24]. Indeed, suppression of 

the DUB activity of UCH-L1 by small molecule inhibitor promotes proliferation of H1299 

lung cancer cell line [25]. Using the same inhibitor, a recent study using cell cultures has 

demonstrated that UCH-L1 promotes metastases as a deubiquitinating enzyme for HIF-1α 

[26]. The underlying molecular mechanism of UCH-L1-associated metastasis may be linked to 

its association with adhesion complexes that promote cell migration and 

anchorage-independent growth [27]. Recently, UCH-L1 was found to regulate the activities of 

a number of cyclin-dependent kinases (CDKs), which may in turn enhance cancer cell 

proliferation independent of its DUB activity [28]. Conversely, in prostate cancer and HeLa 

cell, UCH-L1 is a potential tumor suppressor whose promoter is usually silenced by 

methylation in these cancer cells, but not in normal cells [29, 30]. 

In the context of neurobiology, intragenic deletion of UCH-L1 results in the gracile axonal 

dystrophy (gad) mouse that shows early-onset sensory ataxia followed by motor ataxia [31]. 

The UCH-L1 null mutation in mice also leads to progressive paralysis and premature death 

[32]. UCH-L1 and its homolog UCH-L3 appear to have redundant functions [33]. Double 

knock-out of UCH-L1 and -L3 in mice led to weigh loss and early lethality due to dysphagia, 

lending support to the hypothesis that UCH-L1 and -L3 have both separate and overlapping 

functions in the maintenance of neurons [33]. Overexpression of α-synuclein (αS) in gad mice 

results in early-onset motor deficits and forebrain astrogliosis [34], although it dose not support 

a clear role in regulating αS-induced toxicity. At the molecular level, it has been shown that 

down-regulation of UCH-L1 in mouse neuron and embryonic cell (MES) can decrease the 

level of monoubiquitin (monoUb) without significant alteration of the mRNA levels of Ub 

precursor genes. Hence UCH-L1 has been proposed to be a monoUb stabilizer [35]. Despite 

being a relatively inefficient DUB, the DUB activity as well as the monoUb stabilization 
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capacity of UCH-L1 are implicated in regulating synaptic functions at glutamatergic synapses 

[32, 36]. Specifically, treatment of N-methyl-D-aspartate (NMDA), which is a neuron 

transmitter, resulted in increased activation of UCH-L1 and increased levels of monoUb in 

cultured hippocampal neurons. In contrast, pharmacological inhibition of UCH-L1 activity 

using UCH-L1-specific inhibitor LDN-5744 resulted in a decreased level of monoUb and 

slowed down proteasome-mediated degradation [36]. Interference of Ub pool in neurons was 

accompanied by defects in synapse structures, including decreased spine density, increased 

spine size, and increased accumulation of pre- and post-synaptic proteins [36]. Taken all 

together, these results suggest that homeostasis of monoUb level and activation of UCH-L1 in 

neurons is critical for maintaining synaptic functions and that loss of the DUB activity of 

UCH-L1 has a direct impact on synaptic integrity and plasticity. 

 As far as a DUB is concerned, UCH-L1 is not an effective DUB compared to other UCHs 

such as UCH-L3, which is ubiquitously expressed in human tissues [37]. It cannot hydrolyse 

isopeptidic linkages within polyubiquitin (poly-Ub) chains in vitro because of the short 

active-site crossover loop that prevents access of large ubiquitinated substrates into its catalytic 

site; by grafting the crossover loop of UCH-L5 (also known as UCH37), which is six-residues 

longer than that of UCH-L1, the chimeric UCH-L1 could then bind to and hydrolyse 

Lys48-linked di-ubiquitin (diUb) [38]. Although UCH-L1 cannot hydrolyse poly-Ub chains, it 

has been reported to be involved in the process of preubiquitin (preUb) with a C-terminal 

extension in order to complete maturation of monoUb and of small ribosomal proteins (Figure 

1) [39]. The monoUb stabilizing function of UCH-L1 may be associated with its strong binding 

affinity for Ub, which has a dissociation constant Kd of tens of nanomolarity (nM) [40]. 

UCH-L1 covers nearly half of the solvent accessible surface area of ubiquitin (Ub) upon 

complex formation, and this may therefore protect Ub from proteolysis as a way to stabilize 

monoUb. 

 Being a DUB and a potential monoUb stabilizer, UCH-L1 plays an important role in the 

UPS. Ardley et al. used immunofluorescence microscopy to observe a higher amount of 

PD-associated I93M variant (UCH-L1I93M) aggregates in COS-7 cell compared to wild-type 

and the p.S18Y variant even without perturbing the UPS. Introduction of a proteasome 

inhibitor (MG132) lead to overall increase of all UCH-L1 variants and co-localized punta of 

UCH-L1, parkin and αS [41]. There results showed that UCH-L1 is implicated in UPS and that 

down-regulation of UPS will results in aggregation of several PD risk factors, including 
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UCH-L1. Furthermore, the naturally-occurring autosomal-dominant p.I93M variant, 

UCH-L1I93M, exhibits increased aggregation propensity without UPS interference. While UPS 

is the major pathway for clearance of misfolded proteins for proteostasis, clearance of αS 

aggregates can also be achieved by chaperone-mediated autophagy (CMA), which is 

independent of UPS [42]. It has been demonstrated that UCH-L1I93M exhibits aberrant 

molecular interactions with heat shock proteins Hsp90 and Hsc70, which are involved in CMA, 

thereby reducing αS clearance [42]. Such aberrant interactions are shared by 

post-translationally modified UCH-L1 due to oxidative modifications by a reactive lipid 

metabolite, 4-hydroxyl-(2E)-nonenal (HNE), which could be implicated in sporadic PD [43]. 

PTMs of UCH-L1 are prevalent, and these include O-glycosylation [44], farnesylation [45], 

monoubiquitination [46], nitroxylation [47] and the N-terminal truncated isoform (Figure 1) 

[48]. The biological implications of these PTMs will be discussed in the following sections. 

The increased aggregation propensity of UCH-L1 variants, which may lead to the 

formation of toxic species, may be more biomedically relevant. DUB activity-independent 

functions of UCH-L1 may also play an important role regulating physiological functions. 

Recently, Wada and co-workers showed that UCH-L1 could regulate cell proliferation via 

physical interactions with tubulins and CDKs that are involved in the cell cycle [28]. UCH-L1 

p.R63A and p.H185A mutants showed increased interactions with α- and β-tubulin. 

Importantly, all these mutants showed stronger binding to LAMP-2A, a lysosome receptor 

pivotal in CMA (Figure 1) [42]. Of note, Arg63 and His185 are highly conserved in the UCH 

family (Figure 2). 

Unlike most DUBs, UCH-L1 has been reported to exhibit an unusual Ub ligase activity 

that is associated with the formation of non-covalent dimers and poly-ubiquitination of αS [49]. 

As well, the p.S18Y variant of UCH-L1 (UCH-L1S18Y) reduces the ability for dimerization, 

which in turn suppresses the ligase activity of UCH-L1I93M in trans. Note that the Ub ligase 

activity was only observed when Ub-AMC was used together with a Lys-to-Arg Ub variant to 

form a linearized Lys63-linked diUb (Figure 1). The molecular machineries of UCH-L1 

dimerization as an ubiquitinyl ligase in regulating biological function remain elusive to date. If 

dimeric UCH-L1 transfers acyl monoUb from the catalytic Cys90 to the side-chain of Lys63 of 

the proximal Ub, an alternative proximal Ub binding site may be introduced upon UCH-L1 

dimerization. The molecular basis of such a process remains to be established. Recently, a 

study showed that dimeric UCH-L1 overexpressed in lymphoid and epithelial cells could be 
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coimmunoprecipitated with α- and β-tubulin, providing biochemical evidence of the 

involvement of dimeric UCH-L1 in regulating microtubule dynamics in vivo [50]. Additionally, 

dimerization of UCH-L1 was also observed in vitro by small-angle neutron scattering and 

analytical ultracentrifugation [49, 51]. 

1.3. BIOCHEMICAL AND STRUCTURAL PROPERTIES OF UCH-L1 

  UCH-L1 is a single domain protein with 223 amino acids in length. It belongs to a α/β fold 

with five β-strands inside the hydrophobic core, which is surrounded by seven α-helices 

(Figure 3). The tertiary structure and catalytic residues of the UCH domains are highly 

conserved (Figures 2 and 3b) [52]. While most DUBs contain a Ub interacting motif (UIM) in 

addition to their catalytic domains to achieve substrate specificity and selectivity [53], UCHs 

utilize the same domain for Ub binding and hydrolysis. Indeed, structural mapping of the 

sequence conservation of the UCH family shows that the most highly conserved residues are 

located at the Ub binding interface (Figure 2 and 3a), which supports the functional 

importance of monoUb stabilization upon UCH binding. As mentioned in the previous section, 

UCH-L1 contains a flexible crossover loop, corresponding to residues 150 to 160, which is the 

shortest among the four human UCHs (Figure 2). The length and sequence composition of the 

crossover loop may affect the internal dynamics and more importantly substrate specificity. 

To characterize the enzyme mechanism of UCHs, Ub carbonyl-terminal 

7-amido-4-methylcoumarin (Ub-AMC) has been developed as a fluorogenic substrate for 

UCHs [54]. The use of Ub-AMC has enabled detailed characterization of the enzyme 

mechanisms of UCH-L1, -L3 and -L5 [37, 55,56]. UCH-L1 turns out to be an inefficient DUB 

despite its abundance in brain neurons (Table 2). This therefore raised the question of whether 

the loss of the DUB function of UCH-L1 could potentially be compensated by other DUBs, 

such as UCH-L3, and hence the loss of function may not be responsible for the disease 

associations of the UCH-L1 variants. Regardless of the issue of functional redundancy of 

DUBs, the effects of pathogenic mutations as well as the functional role of conserved residues 

around the catalytic sites of UCHs have been elucidated with the aid of Ub-AMC (Table 2). 

Furthermore, a number of potent UCH inhibitors have been developed with the aid of a 

high-throughput screen based on similar used of Ub-AMC [25, 57, 58]. Of special note here, 

the use of Ub-AMC should be treated with caution, as it is not a real physiological substrate for 

UCHs and other DUBs. To address this issue, isopeptide linkage-conjugated ubiquitinated 
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peptides have been developed as models for physiological substrates of DUBs [59, 60].  

1.4. GENETIC ASSOCIATIONS BETWEEN UCH-L1 AND PD 

Despite its lower DUB activity, UCH-L1 is closely associated with neurodegenerative diseases 

[61]. The expression level of UCH-L1 was found to be elevated in the hippocampal proteome 

in Alzheimer’s disease (AD) [62]. UCH-L1 is known as PARK5, which reflects its genetic 

association with PD [63-65]. Immunohistochemistry staining showed that UCH-L1 frequently 

co-aggregates with αS in LBs [66]. The gad mouse has an intragenic deletion of the UCH-L1 

gene, which leads to typical neurodegenerative phenotypes, including sensory and motor 

ataxia in addition to the “dying-back” type of axonal degeneration [67] and formation of 

protein inclusions in nerve terminals [31]. In cell cultures, the aggregation of UCH-L1 and its 

PD-associated variants, namely UCH-L1I93M and UCH-L1S18Y, is elevated in response to the 

inhibition of the UPS, which provides a functional link between PD and the UPS [41]. In the 

following sections, we discuss the current understanding of disease-associated mutations in 

UCH-L1. 

2. DISEASE-ASSOCIATED MUTATIONS IN UCH-L1 

2. 1. p.I93M MUTATION IS ASSOCIATED WITH INCREASED RISK OF PD 

The autosomal-dominant p.I93M mutation in UCH-L1 (UCH-L1I93M) was first identified in a 

German family with late-onset PD symptoms, but this report was the only case of 

this particular familial missense mutation that has been documented in the literature [8]. The 

human UCH-L1I93M transgenic mice also showed behavioral and physiological phenotypes of 

Parkinsonism, decreased spontaneous and voluntary movement, and dopaminergic neuronal 

loss in SN at about 20 weeks of age [68]. However, histological studies of gad mice show 

decreased monoUb level and formation of protein inclusion in vivo, without further 

development of Parkinsonism such as cell degeneration in SN [31]. The two results derived 

from animal models imply the UCH-L1I93M-associated neurotoxicity and its role as a risk factor 

in PD. At the molecular level, UCH-L1I93M features an increased aggregation propensity both 

in an UCH-L1I93M transgenic mouse model [68, 69] and transfection cell line [41]. The DUB 

activity is reduced by half as compared with the wild type (Table 2) [8, 43]. Recently, 

UCH-L1I93M was found to have aberrant molecular interactions with HSP90 and HSC70, 

involved in CMA [42]. Although UCH-L1 does not contain the conserved CMA-targeting 
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motif KFERQ [70] recognized by HSC70 in its primary sequence, a putative motif RKKQIE 

[71] that resembles the CMA-targeting motif exists in helix 2 of UCH-L1 but  not in UCH-L3. 

Nevertheless, we purified recombinant HSP90 and HSC70 to test their physical interactions 

with UCH-L1 in vitro, but the results were negative, which suggests that interactions between 

UCH-L1 and the molecular chaperones may be regulated by additional functions (Jackson SE, 

Werrel EF and Hsu STD, unpublished data). Because wild-type UCH-L1 also binds LAMP-2A 

of the CMA machinery, UCH-L1 variants may interfere in CMA to block αS clearance through 

a chaperone-independent pathway [72]. 

As mentioned in Section 1.2, HNE-modified UCH-L1 shares similar phenotype with 

UCH-L1I93M [43], suggesting that UCH-L1I93M might induce progressive neurodegeneration 

through altered interactions with other associated proteins such as the previously mentioned 

CMA components or increased population of toxic aggregates of UCH-L1I93M itself. Indeed, 

UCH-L1I93M shows increased protein aggregation propensity in different mammalian cell lines 

[41] (COS-7, Neuro2a and SH-SY5Y cells) and in brain tissues of UCH-L1I93M transgenic 

mice [68, 69]. The p.I93M mutation reduces the Ub hydrolase activity of UCH-L1 by 

approximately 50% (Table 2), which may be attributed to the conformation perturbations 

induced by the p.I93M substitution that is adjacent to the catalytic cysteine residue, Cys90, at 

the catalytic cleft (Figure 3b), but does not perturb monoUb binding affinity. In the same study, 

far-UV CD spectroscopy demonstrated reduced secondary structure content with p.I93M 

mutation as compared with the wild type. Nonetheless, superimposing the crystal structures of 

UCH-L1WT with those of the PD-associated variants, either in apo forms or in complex with 

ubiquitin vinyl methyl ester (Ub-VME), yielded a positional root mean square deviation 

(RMSD) of the backbone Cα atoms of < 0.3 Å, so the PD-associated mutations resulted in 

negligible structural perturbations in the crystalline states (Figure 4a) [40]. Recently, we 

reported on a comprehensive folding study of the impact of PD-associated mutations on 

UCH-L1 by solution-state NMR, intrinsic fluorescence and far-UV CD spectroscopy [73]. 

First, structural mapping of the observed chemical shift perturbations by the p.I93M mutation 

showed long-range structural perturbations beyond the mutation site (Figure 4c), which were 

subsequently confirmed side-chain methyl NMR chemical shift perturbations [74]. Second, 

NMR hydrogen-deuterium exchange (HDX) experiments showed that the observed backbone 

amide protection factors, which reflect the stability of the hydrogen bonds that prevents solvent 

exchange with the corresponding amide groups, are significantly reduced as a result of the 
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p.I93M mutation (Figure 5). Finally, the stopped-flow fluorescence analyses showed that 

UCHL1I93M exhibits accelerated global unfolding kinetics by approximately one order of 

magnitude compared with the wild type [73]. Therefore could be speculated that while the 

p.I93M mutation does not lead to significant unfolding of the solution structure of UCH-L1, 

the reduced folding stability, which marginally increases the partially unfolded intermediate 

populations. This situation could lead to accumulation of the aggregation-prone species over a 

long period of time leading eventually to cellular toxicity, with reduced ability to maintain 

proteostasis, which is consistent with the age-dependent onset of PD. 

2.2. CONTROVERSIAL GENETIC LINK BETWEEN p.S18Y MUTATION AND PD 

The p.S18Y amino acid substitution was originally found to play a protective role in 

early-onset PD for Scandinavians [75]. The protective role of the p.S18Y variant was also 

reported for Chinese [76], Japanese [77-79], and German populations [80]. Recently, an 

international consortium has been established to survey the genetic link between the p.S18Y 

variant of UCH-L1 (UCH-L1S18Y) and PD: a similar conclusion about the protective role in PD 

has been reached [81]. Nevertheless, contradictory results have been reported for populations 

in Italy [82], Australia [83], European Caucasians in the United States [78], Han Chinese [84, 

85], and more recently Japanese [86], which is possibly due to differences in the ethnic 

population. Therefore, the implication of the p.S18Y variant in PD remains to be determined. 

Although a number of studies have suggested that UCH-L1S18Y may reduce susceptibility to 

PD [49, 87], little is known about the molecular mechanism of the neuroprotective functions of 

UCH-L1S18Y. One report linked UCH-L1S18Y to the UPS pathway, showing that although 

proteasome inhibitor treatment in the COS-7 cell culture significantly increased the 

aggregation of UCH-L1I93M, the number of cellular inclusions could be significantly reduced 

by co-transfection with UCH-L1S18Y, which suggests that UCH-L1S18Y could suppress the 

cellular toxicity of UCH-L1I93M in trans [41]. Despite no precedence of UCH-L1S18Y/I93M 

compound heterozygosity in humans as has been designed for the artificial cell biology study, 

the protective role of UCH-L1S18Y could also be manifested by its role in protecting against 

oxidative stress-related PD pathogenesis [87, 88]. In addition, the previously reported reduced 

dimerization tendency of UCH-L1S18Y that antagonizes the unusual Ub ligase activity may play 

a role in conferring the protective role against PD. 
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2.3. p.E7A MUTATION CAUSES AUTOSOMAL-RECESSIVE EARLY-ONSET 

NEURODEGENERATION 

Recently, p.E7A mutation in UCH-L1 (UCH-L1E7A) was identified in a Turkish family with 

autosomal-recessive early-onset of progressive neurodegeneration involving impaired eyesight 

in childhood, cerebellar ataxia, and spasticity with upper motor-neuron dysfunction [9]. While 

this disease shares little symptomatic overlap with PD, it does resemble some of the 

phenotypes of the gad mouse, such as ataxia. At the molecular level, UCH-L1E7A shows 

significant loss of Ub binding capacity thereby leading to nearly complete loss of DUB activity 

(Table 2). Such a loss of function can be rationalized structurally because Glu7 is highly 

conserved among all UCHs (Figure 2) and is located at the Ub binding interface to form 

electrostatic interactions with Arg42 and Arg72 of Ub (Figure 3). One the one hand, the loss of 

DUB activity of UCH-L1E7A may be related to early-onset neurodegeneration despite the fact 

that UCH-L1 is not a very effective DUB compared to other DUBs, such as UCH-L3. On the 

other hand, the loss of Ub binding affinity is the result of the inability of UCH-L1E7A to form 

stable complex with Ub. Therefore, it is plausible that the loss of monoUb stabilization effect is 

responsible for this form of neurodegeneration. The exact molecular mechanism underlying 

the neurodegeneration remains to be established. 

3. OXIDATIVE DAMAGE AND PTMS OF UCH-L1 

3.1. MEMBRANE-ASSOCIATED FARNESYLATION OF UCH-L1 PROMOTES 

ALPHA-SYNUCLEIN NEUROTOXICITY 

Membrane-associated UCH-L1 was found in mouse ova and brain cells [89] whose amount 

promotes intracellular αS induced neurotoxicity [45, 90]. The membrane-associated UCH-L1 

can be down-regulated by treatment with the farnesyltransferase inhibitor (FTI-277) and/or by 

introducing a p.C220S point mutation in UCH-L1, which suggests that the Cys220 site-specific 

farnesylation of UCH-L1 is responsible for its membrane association. Instead of the 

conventional sequence of protein farnesylation (CaaX motif consists of a cysteine residue 

followed by two aliphatic amino acids and an end residue X: S/M/Q/A/T) that was used for 

membrane association of small GTPase (Ras), UCH-L1 contains an atypical farnesylation 

sequence at its C-terminus (C220KAA-COOH). Coexpression of αS and the UCH-L1 variant 

that harbors an optimal farnesylated sequence, CIVM, at the C-terminal sequence resulted in 

increased cellular toxicity in SH-SY5Y human neuroblastoma cells [45]. However, another 

recent study reported that the amount of membrane-associated UCH-L1 is independent of 
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C-terminal farnesylation using different neuron cell types [90]. Given that inhibition of 

farnesylation did not alter the sub-localization of membrane-associated UCH-L1 in cultured 

cortical neurons and in the mouse Neuron2a cell line, the results suggest that UCH-L1 may 

exhibit intrinsic affinity towards cell membrane or membrane-associated proteins in different 

cell types. The connection between membrane-association and αS aggregation remains to be 

established with further experimental evidence. Nevertheless, these results suggest that 

altering sub-localization of UCH-L1 between membrane and cytosol is linked to αS induced 

cellular toxicity and could be served as a new therapeutic target of PD. 

3.2. N-TERMINALLY TRUNCATED UCH-L1 MIGHT PREVENT NEURONS FROM 

PD-ASSOCIATED DAMAGE 

The N-terminally truncated UCH-L1 (UCH-L1NT) isoform was first identified in human brain 

tissue in a proteomic study [91]. UCH-L1NT was subsequently identified in an SH-SY5Y cell 

line and lung cancer cell line (NCI-H157) and in whole mouse-brain tissue [48]. Mass 

spectrometry-based hydrogen-deuterium exchange analysis showed that the truncation of the 

first 11 residues at the N-terminus markedly decreased overall structural stability and DUB 

activity of UCH-L1 [48]. Interestingly, UCH-L1NT showed protective effects when it was 

recruited onto the mitochondrial outer membrane. On mitochondrial recruitment, UCH-L1NT 

self-dimerizes by forming a disulfide bond between the catalytic Cys90 side-chains. A 

suggestion was made that the self-dimerization could prevent cells from oxidative damage by 

inhibiting mitochondrial complex I. Such effect, however, was not observed for full-length 

UCH-L1 under the same oxidative condition. Furthermore, monoubiquitination of UCH-L1NT 

at position Lys15 or Lys157 could accelerate UCH-L1NT turnover rate, which competes with 

the UCH-L1NT function that prevents PD-associated oxidative damage. 

3.3. REVERSIBLE MONO-UBIQUITINATION OF UCH-L1 REGULATES 

MONO-UBIQUITIN BINDING 

Mono-ubiquitination is observed in UCH-L1NT and in overexpressed full-length UCH-L1 in 

COS-7 cells [46]. Mono-ubiquitination was identified for four conserved lysines in UCH-L1, 

namely, Lys4, Lys65, Lys71, and Lys157. Additionally, a p.K157R replacement at the 

crossover loop resulted in markedly reduced mono-ubiquitination level, which suggests that 

Lys157 may be the preferred ubiquitination site of UCH-L1. Given that UCH-L1 binds to and 

stabilizes monoUb, the mono-ubiqutination at Lys157 close to the monoUb binding interface is 
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expected to generate significant steric hindrance against substrate recognition of UCHs [38]. 

Moreover, the catalytically inactive mutations (p.C90S and p.D176N) as well as the mutation 

(p.D30K) in the monoUb binding interface change the basal level of mono-ubiquitinated 

UCH-L1, suggesting that the mono-ubiquitination of UCH-L1 could be tightly associated with 

DUB activity of UCH-L1. 

3.4. POST-TRANSLATION MODIFICATIONS OF UCH-L1 BY REACTIVE 

METABOLITES INDUCE UNFOLDING AND AGGREGATION OF UCH-L1 

During the inflammatory and oxidative response, various lipid-derived metabolites and 

reactive oxygen species can modify the side-chains of lysine and cysteine residues, thereby 

causing protein dysfunction. PTMs of UCH-L1 by these reactive lipid metabolites have been 

reported [92]. In particular, Gronenborn and co-workers demonstrated that cyclopentenone 

prostaglandin, 15-deoxy-Δ 12, 14-prostaglandin J2 (15d-PGJ2) specifically reacts with 

Cys152 on the crossover loop of UCH-L1 [93]. According to hetero-nuclear NMR 

spectroscopy analysis, 15d-PGJ2–modification resulted in significant NMR line broadening 

and chemical shift perturbations, thereby leading to partial unfolding and aggregation, which 

was subsequently confirmed by analytical size-exclusion chromatography. Such PTM 

resembles the effect of HNE modification (Sections 1.2 ad 2.1). Note that while prostaglandin 

primarily modifies Cys152 on the crossover loop, the small size of HNE enables its access to 

protein interiors for side-chain modifications. Systematic mutagenesis indicated that Cys90, in 

addition to Cys152, is the initial site for HNE modification [92], which is not surprising 

because Cys90 is the most reactive group of the catalytic triad within UCH-L1. In addition to 

lipid metabolites, a dopamine derivative 1-(3’,4’-dihydroxybenzyl)-1,2,3,4- 

tetrahydroisoquinoline (3’,4’ DHBnTIQ) can also modify Cys152 of UCH-L1 and result in 

similar effects as those induced by 15d-PGJ2 modification [94]. Together, these results 

indicate that UCH-L1 is highly susceptible to PTMs that can lead to partial unfolding and 

increased aggregation propensity resulting in similar phenotypes as that of UCH-L1I93M 

(Section 2.1). 

 

4. DISCUSSION 

DUBs are involved in multiple biological functions, including malignancy and 

neurodegenerative diseases [16, 95]. UCH-L1 is a highly expressed neuro-specific DUB that 

has been linked to PD, but little is known about its specific functions or the molecular 
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machineries that participate in cellular regulations. Because UCH-L1 cannot process 

isopeptide bonds within polyUb chains and possesses low hydrolase activity as compared with 

other DUBs, loss of UCH-L1 DUB activity due to mutations or PTMs could be compensated 

by other DUBs and may not significantly perturb the protein homeostasis involving the UPS. 

In other words, loss of DUB function is unlikely a major contributor to the UCH-L1 effect in 

the context of neurodegenerative diseases. 

Although emerging reports have suggested that UCH-L1 has important functions 

independent of its DUB activity, including Ub ligase activity, membrane association, 

subcellular localization, interactions with CDKs and aberrant interactions with CMA 

components, the molecular details of these interactions are lacking. Because a PD-associated 

variant such as UCH-L1I93M displays increased aggregation propensity both in vivo and in vitro, 

the impact of PD-related mutations and endogenous reactive molecule modifications on 

UCH-L1 may be rationalized as a misfolding-related disorder. Indeed, the familial p.I93M 

mutation, HNE modification and oxidation to catalytic Cys90, which resides in helix 3, and 

cyclopentenone prostaglandin modification to Cys152 on the crossover loop decrease the 

global protein stability and dynamics of UCH-L1. These modifications are located near the 

catalytic site or at the Ub binding interface. However, the p.S18Y mutation at the surface of 

UCH-L1 does not significantly perturb the structural stability of UCH-L1 but reduces the 

suggested function of Ub ligase relying on UCH-L1 dimerization. Reduction of UCH-L1 

ligase activity affects the clearance of Lys63 linkage-specific polyubiquitination of 〈S?, which 

might be the major mechanistic part involved in PD. p.E7A mutation is a high risk factor in the 

autosomal-recessive early-onset neurodegenerative disorder and also a highly conserved 

residue in the monoUb-binding interface (Figure 3). Reducing monoUb binding is the primary 

effect of UCH-L1E7A and resembles that of the p.D30K mutation at the Ub binding interface. In 

contrast to the wealth of biochemical insights, much less is understood structurally in terms of 

the impact of p.E7A mutation in neurodegenerative diseases. In light of the close genetic link 

between UCH-L1E7A and neurodegenerative disorders, further insights into how the p.E7A 

mutation affects neurological functions are necessary. 

The proposed function of UCH-L1 as a monoUb stabilizer [35] deserves further 

investigation given that Ub is one of the most stable proteins, it can withstand very harsh 

physico-chemical conditions and it is involved in direct interactions with the proteasome for 

protein degradation. The molecular basis of such a stabilization effect remains elusive because 
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UCH-L1 is chemically and thermally much less stable than Ub [73]. Nevertheless, UCH-L1 

binds to Ub with very high affinity, slow-off rate [37] and an extensive binding interface. The 

sequestered solvent accessible surface area is 2732 Å2 according to the crystal structure of 

UCH-L1 in complex with Ub (PDB entry: 3kw5). Given the cellular abundance of the 

molecules, the mechanism by which Ub is released from UCH-L1 to carry out its physiological 

functions along the UPS and signaling pathways in neurons remains elusive. Understanding 

the importance of Ub binding independent of its DUB activity may also shed light on the 

underlying mechanism of neurodegeneration associated with the p.E7A mutation. Finally, little 

is known about the proportion of post-translationally modified UCH-L1 by HNE, 

3’,4’DHBnTIQ, cyclopentenone prostaglandin, and ubiquitination under physiological 

conditions. Although in vitro and cellular characterizations have established that most of these 

PTMs can lead to misfolding and aggregation as well as perturbation of important cellular 

machineries such as CMA [28, 42, 96], whether these aberrant interactions, which also 

resemble those of the p.I93M familial mutation, actually lead to gain of toxicity associated with 

Parkinsonism remains to be addressed in molecular detail. 
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Table 1. Summary of genetic PD risk factors and their biological functions. 

Functional roles Protein Name Gene Loci Biological functions Familial mutations Reference 

Mitochondria 

integrity 

maintenance 

Parkin PARK2 
RING-between-RING type Ub E3 

ligase 
About 170 mutations [97] 

PINK1 (PTEN induced 

putative kinase 1) 
PARK6 Serine/threonine protein kinase About 70 mutations [98] 

LRRK2 (Leucine-rich 

repeat kinase 2/Dardarin) 
PARK8 

GTPase/Protein-Protein 

interaction/protein kinase 

p.G2019S, p.G2385R 

and p.R1628P 
[99] 

Proteostasis 

maintenance 

UCH-L1 (Ubiquitin 

C-terminal hydrolase L1) 
PARK5/PGP9.5 

Deubiquitinase/mono-Ub 

stabilizer/Ub ligase 

p.S18Y, p.I93M and 

p.E7A 
[8] [9] 

Oxidative stress 

response 
DJ-1 PARK7 

Antioxidative stress 

reaction/chaperone/mitochondrial 

regulation 

About 23 mutations [100] 

Presynaptic nerve 

terminal protein 

SNCA (α-synuclein 

precursor) 
PARK1/PARK4 Trafficking neurotransmitters 

p.A30P, p.E46K and 

p.A53T 
[101] 

Lysosomal 

functions 

ATP13A2 PARK9 Lysosomal P-type ATPase p.F182L, p.G504R [102] 

GBA Not assigned β-Glucocerebrosidase p.L444P, p.D406H [103, 104] 
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Table 2. Enzyme kinetics parameters of UCH-L1 variants using Ub-AMC as the model substrate. kcat is the enzymatic turnover number of 

UCH-L1 derived from Vmax of Michaelis-Menten steady-state enzyme kinetic model. KM is Michaelis-Menten constant that is associated with 

substrate-binding specificity with UCH-L1. 

UCH variants kcat (s-1) KM (μM) kcat/KM 106 (M-1 s-1) Reference 

UCH-L1WT 0.010 0.034 0.31 [37] 

UCH-L1WT 0.02 0.040 0.50 [105] 

UCH-L1WT 0.035 0.047 0.74 [55] 

UCH-L1WT 0.174 0.12 1.45 [43] 

UCH-L1Q84A 0.0011 0.056 0.02 [55] 

UCH-L1I93M 0.079 0.11 0.72 [43] 

UCH-L1S18Y 0.196 0.136 1.44 [43] 

UCH-L1E7A 0.017 - < 0.01 [9] 

UCH-L3 5.9 0.02 277.3 [105] 

UCH-L3 18.6 0.077 241.4 [55] 

UCH-L51-240 33.67 21.5 15.7 [55] 
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Table 3. Effects of PTMs on UCH-L1 

Type of modification Modification site Effects of modification Reference 

Farnesylation Cys220 Membrane association and promotion of 

αS accumulation 

[45] 

Monoubiquitination Lys4 and Lys157 Reduced ubiquitin binding [46] 

N-terminal truncation Eleven residue-truncation at 

the N-terminus 

Prevent oxidative damage by 

Cys90-linked dimer associated with 

mitochondria. 

[48] 

4-hydroxyl-(2E)-nonenal (HNE) Cys90 and Cys152 Protein aggregation and unfolding [43] 

1-(3’,4’-dihydroxybenzy)-1,2,3,4-tetrahydroisoqin

oline (3’,4’DHBnTIQ) 

Cys152 Protein aggregation and unfolding [94] 

Cyclopentenone prostaglandin Cys152 Protein aggregation and unfolding [93] 
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FIGURE LEGENDS 

Figure 1. Schematic overview of UCH-L1 functions and regulations. The functions 

of UCH-L1 were suggested to involve in hydrolysis of ubiquitin C-terminal adducts 

and maturation of monoUb. The clearance of α-synuclein (αS) and other misfolding 

proteins can be achieved by the UPS and/or CMA. UCH-L1I93M exhibits increased 

aggregation propensity compared to other UCH-L1 variants while all UCH-L1 variants 

become aggregation-prone as a result of down-regulation of UPS. UCH-L1I93M exhibits 

aberrant interactions with HSP90 and HSC70 that are involved in CMA. Interference of 

CMA can therefore lead to accumulation of misfolded proteins.  

 

Figure 2. Sequence alignment of the catalytic domains of selected UCHs. The 

sequences were selected from the BLAST Assembled RefSeq Genomes. The sequence 

alignment and coloring were prepared by ESPript 3.0. The gene IDs are shown for each 

entry followed by the names of the proteins and species. The solvent accessibility (acc) 

of individual residues is colored black, grey or white at the bottom of the sequence 

alignment based on the crystal structure of UCH-L1 (PDB ID: 2ETL). Residues that are 

located in β-strand, α-helix or turn in the crystal structures of UCH-L1, -L3 and –L5 are 

shown in arrows, helices or T, respectively, in the top panels. 

 

Figure 3. Structural mapping of sequence conservation and sites of 

neurodegeneration-associated mutations of UCH-L1. a. Structural mapping of the 

highly conserved residues onto the structure of ubiquitin-bound UCH-L1, shown in 

surface representation. The residues are color-ramped from dark grey to white 

according to their sequence conservation from high to low, respectively. The crossover 

loop of UCH-L1 is shown in tube representation. Ubiquitin is shown cartoon 

representation and is colored in grey. b. Structural mapping of the disease-associated 

mutations. The mutations sites of p.E7A, p.S18Y and p.I93M are shown in spheres and 

their identities are labeled respectively. The crystal structure of apo UCH-L1 (dark grey) 

is superimposed with that of ubiquitin-bound UCH-L1 (light grey) (PDB entries: 2ETL 

and 3KW5, respectively). While most of the structures of apo- and ubiquitin-bound 

UCH-L1 are very similar, ubiquitin binding does induce significant conformational 
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change in the relative orientation of the helix 2 of UCH-L1 (indicated in rectangular 

boxes with an arrow showing the direction of the movement induced by ubiquitin 

binding). Ubiquitin is shown in semi-transparent grey surface representation with 

cartoon representation within. Inset: Enlarged view of the catalytic triad. The 

side-chains of Cys90 (C90), His161 (H161), and Asp176 (D176) are shown in 

ball-and-stick representation. Glu60 (E60) is a conserved residue that is involved in 

hydrogen bonding with H161. The side-chains of the apo- and ubiquitin-bound forms 

are shown in dark and light grey, respectively. 

 

Figure 4. Structural comparison of UCH-L1 variants. a. The crystal structures of 

UCH-L1I93M (dark grey) and UCH-L1S18Y (light grey) are aligned with the structure of a 

suicide complex of wild-type UCH-L1 in complex Ub-VME (black). Ub is shown in 

grey surface representation. The mutations associated with neurodegenerative diseases, 

i.e., p.I93M (b), p.S18Y (c) and p.E7A (d), are shown in sticks. Structural mapping of 

NMR chemical shift perturbations; the size of chemical shift perturbations are shown in 

different radii of the backbone amide nitrogen atoms using the crystal structure of 

wild-type UCH-L1 (PDB ID: 2ETL) as template.  

 

Figure 5. NMR HDX analysis of UCH-L1 variants. The amide nitrogen atoms are 

shown in spheres and are color-ramped from light grey to white to dark grey according 

to the scale bar for the NMR HDX-derived protection factors. The radii of the spheres 

are proportional to the magnitudes of the observed protection factors.  
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