
1Scientific RepoRts | 7:44558 | DOI: 10.1038/srep44558

www.nature.com/scientificreports

S-nitrosylation of UCHL1 induces 
its structural instability and 
promotes α-synuclein aggregation
Roshan Kumar1,2, Deepak K. Jangir1, Garima Verma3, Shashi Shekhar4, Pranita Hanpude1,2, 
Sanjay Kumar1,2, Raniki Kumari1, Nirpendra Singh5, Neel Sarovar Bhavesh3,  
Nihar Ranjan Jana4 & Tushar Kanti Maiti1

Ubiquitin C-terminal Hydrolase-1 (UCHL1) is a deubiquitinating enzyme, which plays a key role in 
Parkinson’s disease (PD). It is one of the most important proteins, which constitute Lewy body in PD 
patient. However, how this well folded highly soluble protein presents in this proteinaceous aggregate 
is still unclear. We report here that UCHL1 undergoes S-nitrosylation in vitro and rotenone induced PD 
mouse model. The preferential nitrosylation in the Cys 90, Cys 152 and Cys 220 has been observed which 
alters the catalytic activity and structural stability. We show here that nitrosylation induces structural 
instability and produces amorphous aggregate, which provides a nucleation to the native α-synuclein 
for faster aggregation. Our findings provide a new link between UCHL1-nitrosylation and PD pathology.

Parkinson’s disease (PD), one of the most common neurodegenerative movement disorders, is known to cause 
abnormal motor neuron functions like rigidity, resting tremor and postural instability. It is characterized by a pro-
gressive loss of dopaminergic neurons in midbrain particularly substantia nigra1,2. Majority of PD cases reported 
are sporadic. However, almost 10% PD cases are familial in nature3. Several genes have been identified to cause a 
familial PD and among them α -synuclein, PINK1, Parkin, DJ-1 and LRRK2 have been well studied4–6. Clinical as 
well as experimental observations support the hypothesis that increased expression of α -synuclein is important 
for PD pathogenesis. Increased cytoplasmic expression of α -synuclein in aged human brain is one of the major 
risk factors for PD development7. Genome wide association studies reveal that single nucleotide polymorphisms 
associated with α -synuclein are linked to increase the risk of PD8. α -synuclein is a major component of cytoplas-
mic inclusions called Lewy body (LB) in sporadic PD patient brain. It indicates that α -synuclein plays a decisive 
role in the pathogenesis of PD9,10. However, the mechanism underlying the formation of LB remains poorly 
understood. Mass spectrometry analysis of LB has identified almost 40 proteins of different families11. The ques-
tion remains unclear how other LB proteins regulate or influence α -synuclein aggregation leading to the loss of 
neuronal function.

Ubiquitin C-terminal hydrolase-L1 (UCHL1) is a deubiquitinating enzyme which is largely expressed in 
neuron, comprising almost 1–5% of total brain protein and its absence in mice due to intragenic deletions pro-
duces neurodegenerative phenotypes12,13. It is also one of the major components identified in LB of sporadic PD 
patient11. Immunohistochemistry of midbrain section of patient with sporadic PD has shown that α -synuclein 
and UCHL1 are double positive in LB in nigral DA neurons. It suggests a physical or functional interaction 
among themselves14. The I93M polymorphism of UCHL1 is linked to an increased risk of PD whereas the S18Y 
polymorphism in UCHL1 reduces susceptibility to PD and Alzheimer’s disease (AD)15. The lower stability and 
loss of catalytic activity of the I93M mutant may be predisposed to enhance oxidative modification of UCHL116. 
It has also been demonstrated that S18Y mutation confers antioxidant function of UCHL1 and could be protec-
tive in PD17. Recent studies have demonstrated that farnesylation of UCHL1 induces its association with neu-
ronal or endoplasmic reticulum membrane and regulates intercellular α -synuclein and neurotoxicity18. Chemical 
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inhibition of UCHL1 farnesylation reduces the cellular level of α -synuclein and thus improves neuronal cell via-
bility. Biochemical studies have suggested that chemical modification of UCHL1 caused by 4-hydroxyl-2 nonenal 
(HNE), a lipid hyper oxidation product or modification of prostaglandin metabolites (Δ 12 prostaglandin J2)  
alters the secondary structure and thereby compromises the enzymatic activity of UCHL1. The cysteine resi-
due in crossover loop (Cys-152) is the major target site for prostaglandin modification which has been demon-
strated by mutational and NMR spectroscopy studies19,20. Recent data have demonstrated that mutation of 
C152A inhibits cyclopentanone prostaglandins modification and conserves hydrolase activity of UCHL1 after 
treatment of 15d PGJ2. C152A mutant mice show resistant to 15d PGJ2 toxicity compared to wild type mice21. 
1,2,3,4-tetrahydroisoquinoline (DHBnTIQ) is an endogenous parkinsonism-inducing dopamine derivative that 
binds to UCHL1 specifically at Cys152 in vitro. This modification increases the amount of UCHL1 in the insol-
uble fraction of SH-SY5Y cells and inhibited its hydrolase activity to 60%, reducing the level of ubiquitin in the 
soluble fraction of SH-SY5Y cells22. S-mercuration of UCHL1 through Cys152 by methylmercury causes inhi-
bition of its catalytic activity and reduction of monoubiquitin level in SH-SY5Y cells23. All these observations 
indicate that Cys152 has an important role in neuronal survival in stress condition. Despite several biochemical 
and structural analysis of UCHL1 function the question remains unclear of its involvement in PD pathogenesis.

Studies in human post-mortem brain indicate that reactive oxygen/nitrogen species are important in the 
pathogenesis of sporadic PD. Increasing evidences have indicated that excessive nitric oxide (NO) production 
contributes to aging and PD development. The mRNA and protein expression of neuronal nitric oxide synthase 
(nNOS) are age dependent in brain cortex in rat model24. Higher levels of nNOS and inducible nitric oxide 
synthase (iNOS) have been observed in the substantia nigra of PD patient and in animal model25. Recent data 
have suggested that proteins like Parkin, DJ-1, protein disulphide isomerase (PDI), MAP1B, PTEN, GAPDH and 
Drp-1 undergo S-nitrosylation which is a post translational modification by NO at the cysteine residue of the 
target protein and protein nitrosylation plays a decisive role in neuronal function. Parkin is involved in ubiquit-
ination of proteins that are important in survival of dopaminergic neurons. Nitrosylation of parkin enhances its 
E3 ligase activity and promotes its autoubiquitination and subsequently regulates ubiquitination and clearance 
of parkin substrate26. DJ-1 is known to regulate the activity of PTEN which plays a crucial role in neuronal 
cell death in response to various insults. PTEN phosphatase activity is regulated by trans-nitrosylation where 
nitrosylated DJ-1 transfers its NO group to PTEN27. S-nitrosylation of PDI inhibits its enzymatic property and 
activates unfolded protein response and thereby attenuates neuronal cell death triggered by ER stress28. During 
the last few years there is an accumulation of evidences where S-nitrosylation of proteins like cdk5, p53, GAPDH, 
MMP9 MAP1B, MEF2 and XIAP regulates neurodevelopment and neurodegenerative condition29–35.

In the present study, we report that UCHL1 is S-nitrosylated in in vitro condition on treatment of 
S-nitrosogluthione (GSNO). Rotenone treated SH-SY5Y cells enhance NO production thereby promoting 
S-nitrosylation of UCHL1. We have shown that S-nitrosylation of UCHL1 disrupts its deubiquitinase activity and 
structural fold which eventually produces amorphous protein aggregates in vitro. We have also demonstrated that 
UCHL1 S-nitrosylation provides seeding for faster aggregation of α -synuclein. Finally, the in vitro nitrosylation 
of UCHL1 was corroborated with rotenone induced mouse model of PD. Our study collectively reveals a new 
mechanism where we have provided the missing link in UCHL1, Lewy body composition and α -synucleinopathy.

Results
S-nitrosylation of UCHL1 in SH-SY5Y cells and in vitro. To investigate the effect of nitrosative stress 
on UCHL1 function and its impact on cellular regulation, we exposed SH-SY5Y cells with 1 μ M of rotenone, a 
herbicide that disrupts mitochondrial complex I function and generates ROS/RNS species36. It has been shown 
earlier that rotenone treatment to SH-SY5Y cells induces cellular NO production which subsequently leads to 
the S-nitrosylation of different proteins37. We measured the NO content within the cells by using 4-Amino-5-
Methylamino-2′ ,7′ -Difluorofluorescein Diacetate (DAF-FM DA), a reagent that reacts with NO to form a fluo-
rescent benzotriazole that could be detected using fluorescence activated cell sorting (FACS). Rotenone treated 
cells showed almost 10 fold enhanced NO production compared to untreated cells (Supplementary Fig. S1). 
Using the biotin switch technique (BST) followed by LC-MS/MS analysis in rotenone treated cells revealed that 
UCHL1 was one of the proteins targeted for nitrosylation (Supplementary Table S1). S-nitrosylation of UCHL1 
in rotenone-induced condition was further validated by western blot analysis. The rotenone treated SH-SY5Y 
cell showed UCHL1 nitrosylation whereas the control cell did not show any nitrosylation. This indicates that the 
S-nitrosylation of UCHL1 occurred in a nitrosative stress condition only (Fig. 1a).

Excitotoxic damage is a common pathway that is observed in most neurodegenerative disorders and is largely 
caused by over stimulation of N-methyl -D-Aspartate (NMDA) receptor38. Excessive influx of Ca2+ ion through 
the receptor associated ion channel triggers a detrimental enzymatic reaction and generates harmful reactive 
oxygen and nitrogen species39. We treated SH-SY5Y cells with NMDA, an agonist of NMDA receptor, calcium 
ionophore (A23187) which induces nNOS and also with L-NAME which is an inhibitor of nitric oxide syn-
thase (NOS)28,40,41. UCHL1 nitrosylation was observed in both calcium ionophore and NMDA treated condition. 
However, this nitrosylation was quenched by addition of L-NAME (Fig. 1b). To identify whether UCHL1 was 
S-nitrosylated in vitro the purified recombinant UCHL1 (2 mg/ml) was treated with GSNO (10 molar excess). We 
have quantified the nitrosylation of UCHL1 wild type by DAN assay. DAN assay showed almost 10 folds protein 
S-nitrosylation upon GSNO treatment of UCHL1 wild type (Fig. 1c). The western blot also confirms recombinant 
UCHL1 nitrosylation upon treatment with GSNO (Fig. 1d). Nitrosylated site identification was done using biotin 
switch assay coupled with mass spectrometry. Trypsin digested biotinylated peptides were purified by streptavi-
din agarose resin. The eluted peptides were analyzed by LC-MS/MS analysis. MS/MS analysis confirmed that 
Cys 90, 152 and 220 of UCHL1 were modified by biotin (Fig. 1e–g) on GSNO treatment. To validate this data, a 
triple alanine mutant (TM) of these cysteine residues was made. The triple alanine mutant protein (C90A, C152A 
and C220A) was purified and in vitro nitrosylation experiment was performed. TM does not show any signal in 
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Figure 1. S-nitrosylation of UCHL1 in neuroblastoma SH-SY5Y cells and in recombinant UCHL1.  
(a) Biotin switch assay was performed after 16 h exposure of rotenone (1 μ M) to SH-SY5Y cells. Lower panel 
represents loading control. For specificity of this assay sodium ascorbate (20 mM) was omitted in right lane. 
MMTS was used for effective blocking of free thiols to minimize background biotinylation and false signal  
(b) nNOS was activated in SH-SY5Y cells by NMDA (50 μ M) and calcium ionophore A23187  
(5 μ M) separately and in presence and absence of NOS inhibitor L-NAME. (c) Nitrosylation quantification was 
done by incubating UCHL1 (10 μ M) with GSNO (10 molar excess) for 15 min at 37 °C. S-nitrosylated UCHL1 
generated was analyzed by release of NO, causing the conversion of NO to NAT. Values are mean ±  s.e.m., 
n ≥  3; ***P <  0.0001 by one way analysis of variance with Bonferroni post hoc test. (d) Nitrosylation in 
recombinant UCHL1. Biotin switch assay was performed after incubating 2 mg/ml UCHL1 with 10 molar 
excess GSNO. Lower panel represents loading control. UCHL1 protein is detected by anti-UCHL1 antibody 
after streptavidin pull down. (e–g) Mass spectrometry (MALDI MS) analysis identifies C90, C152 and C220 as 
nitrosylation site. MS/MS spectra of trypsin digested peptide fragments (e) QTIGNSCGTIGLIHAVANNQDK 
(f) NEAIQAAHDAVAQEGQCR and (g) FSAVALCK were shown to be modified with HPDP Biotin. (h) Crystal 
structure of UCHL1 (PDB 2ETL), nitrosylated cysteine shown as yellow spheres and unmodified cysteine as 
brown spheres. Uncropped western blots were presented in Supplementary Fig. S9.
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DAN assay and in western blot. S-Methyl methanethiosulfonate (MMTS) is an alkylating agent and blocks free 
thiol group. Effective blocking of free thiols is necessary to minimize background biotinylation and maximize 
assay sensitivity42. Collectively, above findings indicated that increase of cellular nitric oxide promoted UCHL1 
nitrosylation of three critical cysteine residues (Fig. 1h).

S-nitrosylation lowers the enzymatic activity and ubiquitin binding of UCHL1. To test whether 
the ubiquitin hydrolase activity of UCHL1 was impaired on S-nitrosylation, an in vitro hydrolase activity assay 
was performed using Ub-AMC as a model substrate43. UCHL1 was incubated with varying concentration of 
GSNO at 37 °C for 30 min and then Ub-AMC substrate was added to each of the reaction. The fluorescence 
intensity of AMC was monitored which was released from Ub-AMC due to hydrolysis. The activity of UCHL1 
was almost abolished on treatment of 10 and 50 molar excess of GSNO (Fig. 2a). There was not much change 
in rate of hydrolysis in 1eqv GSNO treated condition. However, significant change in rate was observed in 10 
and 50 molar excess conditions (Fig. 2b). We also checked the reversibility of UCHL1 activity after nitrosyl-
ation by irradiating nitrosylated UCHL1 with UV light for 30 min. Figure 2a demonstrated that the UCHL1 
nitrosylation is irreversible in nature. The mass spectrometry data demonstrated that S-nitrosylation of UCHL1 
occurred in a dose dependent manner. In one molar excess concentration only Cys 152 residue was nitrosylated, 
while in 10 molar excess and 50 molar excess conditions Cys 152 and Cys 90 and Cys 220 were nitrosylated 
(Supplementary Table S2). The loss of catalytic activity of UCHL1 on nitrosylation may be due to the modifica-
tion of Cys 90 residue or due to compromised ubiquitin binding. To check if the ubiquitin binding was impaired, 
binding experiments were performed using surface plasmon resonance. UCHL1 C90A and TM were incubated 
with 50 molar excess of GSNO for 2 h and the treated samples were passed through ubiquitin immobilized CM-5 
chip. The varying UCHL1 concentrations ranging from 0–50 μ M were used to determine the equilibrium binding 
constant (Fig. 2c). The binding constant for untreated sample was 0.13 μ M, which was very similar to the binding 
constant observed earlier in isothermal titration calorimetry (ITC). To our surprise equimolar, 10 and 50 molar 
excess of GSNO treated UCHL1 C90A showed almost 30 fold loss of ubiquitin binding (4.9 μ M) compared to wild 
type (Fig. 2d). The untreated TM also showed a significant loss of binding (almost 20 fold) compared to C90A 
mutant. But TM mutant did not show any loss of binding on treatment of 50 molar excess of GSNO (Fig. 2e). Our 
observation unambiguously demonstrated that nitrosylation of these three critical residues prevented Ub-AMC 
hydrolysis and ubiquitin binding.

S-nitrosylation of UCHL1 impairs its native structure. To address the structural change, we used cir-
cular dichroism spectroscopy to estimate the secondary structural component analysis. UCHL1 wild type and 
TM were treated with different concentrations of GSNO and the reaction mixture was incubated at 37 °C for 
2 h. The CD spectra of all treated condition were measured over the wavelength range from 190 nm to 240 nm 
(Supplementary Fig. S2a,b). The spectra were analyzed using DICHROWEB online server. The CD spectroscopic 
data shows that structural changes between WT and TM are within 5% (Helix 40.3% for WT and 42.5% for 
TM; Strands 15.66% for WT and 18.5% for TM; disordered structure 44% for WT and 39% for TM). There is 
significant structural change in WT treated with different concentration of GSNO but TM showed resistance 
to GSNO treatment (Fig. 3a,b). Our observation confirmed that structural destabilization was associated with 
S-nitrosylation.

To understand the structural change at the molecular level, 2D [15N,1H] HSQC NMR experiments were car-
ried out with UCHL1 wild type (WT) and TM with 50 molar excess of GSNO and the results were compared 
with untreated condition. The 2D [15N,1H] HSQC spectra of WT and TM showed well dispersed resonances with 
uniform line-widths which is indicative of structurally well folded proteins. Overlay of the 2D [15N,1H] HSQC 
spectra of wild type and TM confirmed that the mutations did not change structural conformation (Fig. 3c). On 
treatment with 50 molar excess of GSNO to wild type caused a dramatic change in 2D [15N,1H] HSQC spectrum 
which was an indication of partial unfolding and aggregation of protein (Fig. 3d). In contrast, the overlay 2D [15N, 
1H] HSQC spectrum of TM untreated and 50 molar excess treated conditions did not show any significant change 
(Fig. 3e). The residue-wise chemical shift perturbation (CSP) is shown in (Supplementary Fig. S3) which indicates 
there is significant overall structural change in WT compared to TM. The conclusion from CD and NMR analysis 
proved that nitrosylation induced structural destabilization.

UCHL1 undergoes amorphous aggregates formation via aberrant nitrosylation. To verify the 
structural destabilization of UCHL1, l-Anilinonaphthalene-8-sulphonate (ANS) binding experiment was per-
formed. ANS measures the surface hydrophobicity in the proteins. The quantum yield of ANS increased signifi-
cantly after binding to the hydrophobic portions of proteins and suggested the use of ANS as a hydrophobic probe 
for the study of conformational changes in a given protein. The fluorescence dye ANS is a valuable probe for the 
detection and analysis of conformational changes in proteins44. UCHL1 was treated with equimolar, 10 and 50 
molar excess of GSNO and the hydrophobic surface exposure was monitored. Untreated UCHL1 and equimolar 
GSNO treated UCHL1 did not show any change of ANS binding whereas 10 and 50 molar excess of GSNO treated 
UCHL1 showed a very high ANS binding (Fig. 4a), indicating a hydrophobic collapse due to nitrosylation.

To confirm if structural destabilization induced UCHL1 aggregation due to nitrosylation, 50 molar excess of 
GSNO treated sample was subjected to size exclusion chromatography. Untreated UCHL1 behaved like a mono-
meric protein which appeared in molecular weight range of 26 kDa whereas treated sample exhibited a new peak 
near void volume in elution chromatogram which indicates the presence of higher molecular weight aggregated 
species (Fig. 4b). In order to evaluate whether our in vitro observations were compatible to cellular UCHL1 aggre-
gation, size exclusion chromatography of SH-SY5Y cells were performed with two different conditions. Cells were 
treated with rotenone for 24 h and harvested cells were loaded on to gel filtration column. In another condition, 
harvested SH-SY5Y cells were treated with 50 molar excess of GSNO for 2 h incubation at 37 °C and treated cells 
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Figure 2. S-nitrosylation of UCHL1 down regulates its catalytic activity and compromises ubiquitin 
binding. (a) Enzymatic activity of the nitrosylated UCHL1. UCHL1 and nitrosylated UCHL1 (2.5 nM) were 
incubated with Ub-AMC (450 nM). UV irradiation was used to check reversibility of UCHL1 activity after 
nitrosative modification. Hydrolysis was measured as an increase in fluorescence, indicating release of AMC, 
over time. (b) Values showing the rate of reaction catalyzed by control and nitrosylated UCHL1.  
(c,d) Sensograms correspond to the binding of UCHL1 (analyte) to an immobilized ubiquitin on CM5 
biosensor chips (~2200 RU). (c) UCHL1 C90A and (d) nitrosylated UCHL1 C90A ranging from 0.078 μ M to 
50 μ M were used. Inset represents steady state affinity curve and binding constant (KD) of UCHL1 C90A and 
nitrosylated UCHL1 C90A which were calculated to be 0.13 μ M and 4.90 μ M respectively using BIA evaluation 
software. Sensogram shown in different colors represent different concentrations (Red 50 μ M, black 25 μ M, 
purple 12.5 μ M, cyan 6.25 μ M, pink 3.12 μ M, orange 1.56 μ M and green 0.78 μ M). (e) Values showing binding 
constant (μ M) of nitrosylated and control UCHL1 C90A and TM.
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were loaded on to gel filtration chromatography (Fig. 4c). The presence of UCHL1 in each chromatography frac-
tions was tested using anti UCHL1 antibody in dot blot experiment. UCHL1 in the untreated cells was eluted in 
region of 26 kDa whereas UCHL1 was eluted mainly in void volume in both rotenone and GSNO treated condi-
tion (Fig. 4d). This observation indicated that rotenone or GSNO treatment induced cellular aggregation.

We have validated cellular aggregation of UCHL1 on rotenone treatment using confocal microscopy. SH-SY5Y 
cells were grown on a cover slip and cells were treated with rotenone for 24 h. UCHL1 in fixed cells was visualized 
by immunostaining using anti UCHL1 antibody. Rotenone treated cells showed increased cytoplasmic aggrega-
tion compared to untreated cells (40% in treated cells and 20% in normal cells) (Fig. 4e, Supplementary Fig. S4). 
Our in vitro and cellular results have unambiguously established that UCHL1 undergoes aggregation upon 
nitrosylation.

Amorphous UCHL1 aggregates promoted α-synuclein fibrillogenesis. As UCHL1 is one of the 
important components in LB it is pertinent to study if nitrosylation induces fibrillization of UCHL1 and whether 
nitrosylated UCHL1 influences/induces aggregation of α -synuclein. First, we tested the morphology of nitrosyla-
tion induced UCHL1 aggregates using atomic force microscopy (AFM). UCHL1 was treated with 50 molar excess 
of GSNO at 37 °C for 2 h in dark and the solution was centrifuged at 10,000 ×  g for 1 h. The protein pellet was 
washed with MiliQ water and the sample was placed on freshly cleaved mica. AFM image was taken in a noncon-
tact mode. AFM image of nitrosylated UCHL1 showed amorphous aggregates whereas untreated UCHL1 did not 
show any aggregation (Supplementary Fig. S5).

Figure 3. Structural destabilization of nitrosylated UCHL1. Circular dichroism spectroscopy, bars showing 
secondary structural content of (a) UCHL1 and nitrosylated UCHL1 (b) TM and nitrosylated TM (c,d,e) 2D 
[15N,1H] HSQC spectrum of UCHL1 (0.2 mM protein, 100 mM Tris-HCl, pH 7.4, 298 K) exhibiting expected 
number of resonances with excellent chemical shift dispersion, indicative of a well-folded protein. (c) Overlay 
of 2D [15N,1H] HSQC spectra of UCHL1 (blue) and TM (red). Substantial line broadening of resonances was 
observed and poor dispersion of amide proton resonances in a narrow spectral region around 7.5–9 ppm is 
indicative of partially unfolded/aggregated protein. (d) Overlay of 2D [15N,1H] HSQC spectra of nitrosylated 
UCHL1 (blue) and UCHL1 (red) (e) Overlay of 2D [15N,1H] HSQC spectra of nitrosylated TM (blue) 
overlapped with TM as control (red).
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To probe the influence of nitrosylated UCHL1 on aggregation propensity of α -synuclein we first investigated 
the interaction between nitrosylated UCHL1 and α -synuclein using Thioflavin T assay (ThT). The aggregation 
process was monitored over the period of 24 h. Samples at different time points were taken and ThT binding 

Figure 4. Nitrosative stress induces UCHL1 to undergo amorphous aggregates formation in vitro and 
in cellular condition. (a) 8-Anilino-1-naphthalenesulfonic acid (ANS, 20 μ M) binding showed hydrophobic 
surface exposure of UCHL1 with varying concentration of GSNO. (b) Size exclusion chromatographic 
(Superdex 200, 10/30) profile of nitrosylated UCHL1. The void region.is marked with line. (c) SH-SY5Y 
cells treated with GSNO and rotenone (1 μ M) for 16 h, lysed and supernatant was loaded to size exclusion 
chromatographic (Superose 6 10/300 GL) column. (d) Different fractions obtained from gel filtration 
chromatography were analyzed using dot blot analysis against anti-UCHL1 antibody. (e) Confocal images 
showing aggregates (marked with arrow) in rotenone treated neuroblastoma SH-SY5Y cells but not in control 
cells. Scale bar represents 20 μ m.
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assay was monitored by measuring the ThT fluorescence change. UCHL1 and nitrosylated UCHL1 did not show 
any change in ThT fluorescence. The α -synuclein mixed with UCHL1 and α -synuclein alone showed ThT flu-
orescence change after 8 h and reached saturation at 24 h. However, α -synuclein mixed with UCHL1 and 10 
molar excess of GSNO showed rapid change of ThT fluorescence (within 2 h) and reached saturation within 
10 h which was similar to A53T mutant of α -synuclein. When UCHL1 TM was incubated with α -synuclein and 
10 molar excess of GSNO, it showed similar kinetics to α -synuclein/UCHL1-α -synuclein without nitrosative 
stress condition (Fig. 5a). Thus our ThT binding data unequivocally prove that nitrosylated UCHL1 promotes 
α -synuclein aggregation and it behaves like its PD associated A53T mutant. ThT binding kinetics data was vali-
dated using time dependent AFM experiment. AFM image of all samples at 0 h, 8 h, 16 h, and 24 h were analyzed. 
Interestingly, fibril was observed in nitrosylated UCHL1-α -synuclein sample at 8 h time period which eventually 
formed condense fibril at 24 h. Both α -synuclein and α -synuclein -UCHL1 samples showed aggregation at 16 h 
which matured at 24 h (Fig. 5b). TM and GSNO treated TM showed similar behavior like wild type UCHL1 
(Supplementary Fig. S6). AFM data nicely corroborated with ThT results.

S-nitrosylation of UCHL1 induces Parkinson’s disease phenotype in mouse model. Our in vitro 
and cell culture based studies demonstrated that S-nitrosylation of UCHL1 hindered its cellular function through 
destabilization of native structure and subsequent cellular aggregation. That may be one of the possibilities of 
being an important component of Lewy bodies in PD patient. To validate S-nitrosylation of UCHL1 in PD con-
dition we employed rotenone induced mouse model. Twelve mice were equally divided into two groups: one was 
control and other group was rotenone treated. Rota rod test demonstrated that all treated mice showed PD phe-
notype after 45 days of treatment (Supplementary Fig. S7). Biotin switch assay was performed with mice brain of 
control and treated samples. We observed that treated mice brain displayed a high level of UCHL1-SNO whereas 
control did not show any UCHL1-SNO (Fig. 6a). To revalidate S-nitrosylation in mice brain, the biotin-switch 
mouse brain sample was digested and streptavidin purified peptide sample was analyzed in LC MS/MS. The 
analyzed mass spectrometry data clearly confirmed S-nitrosylation of UCHL1 in vivo (Supplementary Table 1). 
Next, we attempted to validate our hypothesis if α -synuclein aggregation was induced by nitrosylated UCHL1 
in vivo. The control and treated mice hippocampus and cortex were immunostained with anti-UCHL1 and 
anti-α -synuclein antibodies. The rotenone treated mice hippocampus and cortex showed cytoplasmic pro-
tein aggregate where both α -synuclein and UCHL1 were present (Fig. 6b,c). It is noteworthy to mention that 
α -synuclein-UCHL1 aggregation axis may be the potential explanation for development of PD pathology in mice 
induced by environmental toxins like rotenone.

Discussion
In the present study we demonstrated that SH-SY5Y cell produces a high level of nitric oxide in the rotenone 
induced condition which subsequently S-nitrosylates the cysteine residue of UCHL1 and regulates its cellular 
function. Even in the excitotoxic condition UCHL1 is S-nitrosylated. In vitro nitrosylation of UCHL1 followed 
by mass spectrometry based identification reveals that three critical cysteines, Cys 90, Cys 152 and Cys 220 of 
UCHL1 were modified by NO. Earlier mass spectrometry based quantitative proteomics also have identified all 
these cysteine residues modification in different in vitro nitrosylating reagents in SH-SY5Y and HEK293 cells45,46. 
In the present study we address how UCHL1 nitrosylation impacts on UCHL1 cellular function and pathogenesis 
of PD. Among these three cysteine residues, Cys 152 which is present in the cross-over loop, plays a major role in 
the oxidative stress condition. The carbonyl modification by 4-hydroxy 2-nonenal has been observed only in the 
Cys 152 residue19. UCHL1 is also shown to be modified by 15d-PGJ2 (or other cyclopentenone prostaglandins) at 
specifically Cys 152 residue20. This modification does not happen to all cysteine-containing proteins. It indicates 
that Cys modification is a specific event for this protein’s functional regulation. Structural and biophysical studies 
of prostaglandin modification of UCHL1 are demonstrated to be completely destabilized from native structure. 
This is one of the rare examples where one amino acid modification in the loop residues destabilizes the protein 
structure, which eventually produces protein aggregates20. Additionally, a recent knock-In (KI) UCHL1 C152A 
study in mouse has also demonstrated that this KI mouse is resistant to 15d-PGJ2 neuronal cytotoxicity21. The 
sequence alignment of all four UCH members (UCHL1, UCHL3, UCHL5 and BAP1) reveals that Cys 152 is 
unique in UCHL1 and this residue is conserved among species (Supplementary Fig. 8a,b). As this protein is 
highly prevalent in brain, it could be one of the components to neutralize redox stress. In the present study we 
also have demonstrated that the nitric oxide modification which is likely to happen in nitrosative stress or excito-
toxicity condition destabilizes the UCHL1 structure and induces the aggregation of UCHL1. However, how this 
small NO residue modification has induced the aggregation is still not clear.

Oxidative modifications and down-regulation of UCHL1 is associated with idiopathic PD47. The loss of activ-
ity of UCHL1 is also correlated to structural destabilization indicated in our SPR binding studies. TM is resistant 
to nitrosative stress in vitro condition. Our solution-state NMR spectroscopy along with CD data has confirmed 
that the structural loss is due to nitrosylation. The protein aggregation diseases are primarily associated with the 
formation of beta amyloid aggregation, which causes neuronal toxicity. Our AFM data has demonstrated that 
nitrosylation induced aggregation of UCHL1 produces amorphous aggregates (Supplementary Fig. S4). Recent 
data have shown that amorphous protein aggregates can also cause cellular toxicity and induce disease progres-
sion. The proteomics analysis of LB from PD patient reveals that UCHL1 co-enriches with α -synuclein, a major 
constituent of LB and the role of α -synuclein in PD progression needs no clarification11. α -Synuclein mutations 
enhance membrane binding and aggregation rate which eventually produce amyloid aggregate. Lewy body com-
ponent DJ1, which is a redox dependent molecular chaperone, prevents α -synuclein aggregation and protects 
neurons from α -synuclein related toxicity48. S-nitrosylation of DJ1 in its critical residues (Cys46 and Cys53) in 
nitrosative stress condition inhibits its antioxidant function in dopaminergic neurons rendering them for highly 
susceptible in sporadic PD. Hsp 70 also works as a disaggregase and disassembles α -synuclein aggregates to 
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nontoxic component. There are only a few reports where enhanced aggregation of α -synuclein has been reported 
by the native proteins. The Peptidyl-Prolyl Isomerases (PPIases) namely FKBP12, FKBP52 and FKBP65 acceler-
ate the aggregation of α -synuclein in vitro and in a neuronal cell culture model for synucleinopathy49. Our work 
in in vitro aggregation assay (ThT binding and AFM) demonstrates that S-nitrosylation of UCHL1 induces the 

Figure 5. Cross seeding of nitrosylated UCHL1 to α-synuclein. Nitrosylated UCHL1 promoted surface 
assisted nucleation of α -synuclein and accelerated its fibrillation. (a) Time-course quantification of amyloid 
fibril formation by Thioflavin-T (ThT) binding assay. UCHL1 (200 μ M) with 10 molar excess of GSNO 
accelerated fibrillation of α -synuclein by decreasing the lag phase. TM in nitrosative stress condition behaved 
like UCHL1 wild type and showed no effect on lag phase, confirming that only nitrosylated UCHL1 promotes 
α -synuclein fibrillation. (b) Samples at 0 h, 8 h, 16 h, and 24 h at 37 °C were aliquoted and processed for atomic 
force microscopy. The nitrosylated UCHL1 showed fibrils at 8 h but monomeric or oligomeric structures were 
observed in other samples at same time point.
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Figure 6. Rotenone induced Parkinson’s mice model showed UCHL1 nitrosylation and aggregation. 
(a,b) C57BL/6 N mice treated orally for 45 days with rotenone (40 mg/kg) body weight. (a) Biotin switch assay 
performed with brain lysate showed UCHL1 nitrosylation in PD mice model brain but not in control brain. Lower 
panel represents loading control. For specificity of this assay sodium ascorbate (20 mM) was omitted in one of the 
sample. (b) Representative images of UCHL1 and α -synuclein double-immunofluorescence staining of 10-week-
old PD and control mice brain in hippocampus and cortex. Alexa Fluor-488-conjugated secondary antibody was 
used to label α -synuclein (green) and Alexa Fluor 594-conjugated secondary antibody was used to detect UCHL1 
(red). Magnified images of α -synuclein and UCHL1 co-localization marked by arrow. Square box represents 
magnified images. Scale bar: 50 μ m (c) Approximate number of α -synuclein and UCHL1 co-localized aggregates 
in hippocampus and cortex of PD and control mice. α -synuclein and UCHL1 co-localized aggregates were counted 
in 63X oil objective lens. Immunohistochemically stained images (0.2 ×  0.2 mm area) were obtained from three 
different fields in each region. Values were analyzed by two-way ANOVA followed by Benferroni’s post hoc test. 
*P ≤  0.01 in comparison with control mice. Uncropped western blots were presented in Supplementary Fig. S9.
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unfolding of structure and slowly transforms to amorphous aggregates which eventually provide a nucleation 
for α -synuclein to aggregate in a faster rate. Our findings have revealed a new mechanism why UCHL1 is one 
of the components present in Lewy bodies along with α -synuclein. The hippocampus and cortex region of rote-
none induced PD mice model have revealed that both UCHL1 and α -synuclein co-localize as protein aggregates. 
However, a detailed molecular as well as biochemical and biophysical work will be necessary to elucidate the 
complete mechanism.

In summary, in this study we have demonstrated that nitric oxide which is generated either in nitrosative 
stress or excitotoxicity conditions or due to mitochondrial dysfunction, S-nitrosylates UCHL1 and hinders its 
deubiquitinating activity and promotes α -synuclein aggregation promoting Parkinson’s disease (Fig. 7). Thus the 
elucidation of S-nitrosylation of UCHL1 and its impact on α -synuclein aggregation may provide a new therapeu-
tic target for PD in general.

Materials and Methods
Cloning, expression and purification of UCHL1. Flag-HA tagged full length UCHL1 was obtained from 
Addgene, USA. Full length UCHL1 was sub-cloned into pGEX-6P-1 vector using standard cloning procedure. 
Mutants of UCHL1 were generated by site directed mutagenesis using Quick-change site directed mutagenesis 
kit (Stratagene, USA). Wild type UCHL1 and all mutants were expressed in E. coli Rosetta 2 cells (Novagen, USA) 

Figure 7. Schematic model. The schematic describes the proposed model for involvement of UCHL1 in 
ubiquitin proteasome system impairment and acceleration of α -synuclein fibrillation.
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and proteins were purified according to the standard GST purification protocol. Briefly, Rosetta 2 cells containing 
pGEX-6P-1 UCHL1 plasmid were grown to 0.6 O.D. in LB medium and then induced with 1 mM of IPTG at 18 °C 
for 18 h. Cells were then harvested and pellet was resuspended in 1x PBS and 400 mM KCl buffer, pH 7.4 and 
homogenized. The homogenized cells were centrifuged at 16,000 ×  g for 45 min and the clear supernatant was 
loaded onto a GST affinity column (GE Healthcare, USA). Protein was eluted in elution buffer (50 mM Tris-HCl, 
pH 8.0, 500 mM NaCl and 20 mM reduced glutathione) and dialyzed extensively with 1x PBS and 400 mM KCl 
buffer, pH 7.4. The GST tag was removed using Pre-scission protease (GE Healthcare, USA). Finally the protein 
was purified in superdex-75 16/600 gel filtration column. The purity of protein was assessed using SDS-PAGE.

Rotenone induced Parkinson mice model. All animal experiments were conducted in accordance to the 
guidelines of animal care facility of National Brain Research Centre and were approved by the animal ethics com-
mittee at NBRC. Eight weeks old C57BL/6 N mice (20–28 g) were acclimated to 12 h light/dark cycle and main-
tained at 23 °C. Mice were housed in standard laboratory cages and had free access to food and water throughout 
the study. Rotenone (40 mg/ml) was suspended in 0.5% carboxymethyl cellulose sodium salt and administered 
orally at a volume of 5 ml/kg body weight, once daily for 45 days50. Mice were either anesthetized and transcardi-
ally perfused with PBS containing 4% PFA (w/v) or sacrificed by cervical dislocation and brain parts were stored 
at − 80 °C for further experiments.

In vivo S-nitrosylation assay. S-nitrosylated proteins were analyzed by biotin-switch assay51. Briefly, 1 g 
of brain tissue sample was homogenized in 2 ml of ice-cold HEN buffer (250 mM Hepes, pH 7.7, 1 mM EDTA) 
containing 0.1 mM neocuproine and halt protease inhibitor (Thermo Fisher Scientific, USA). The protein extract 
was clarified by centrifugation at 16,000 ×  g for 20 min at 4 °C. The protein concentration was estimated by BCA 
method and the protein extract was diluted to final concentration of 1 mg/ml with HEN buffer. The free sul-
phydryl group in protein was modified by addition of alkylating reagent (250 mM Hepes, pH 7.7, 1 mM EDTA, 
0.1 mM neocuproine, 2.5% SDS and 25 mM S-methyl-methanethiosulphonate) and incubated at 50 °C with fre-
quent vortexing. Alkylated protein was precipitated by adding three volume of acetone. The pellet was washed 
twice with 70% acetone and dissolved in HEN buffer (240 μ l, 250 mM) supplemented with 1% SDS, sodium ascor-
bate (30 μ l, 200 mM) and HPDP biotin (30 μ l, 2.5 mg/ml). The biotin labeling reaction was quenched after 90 min 
by precipitating the protein with three volumes of ice cold acetone. Mass spectrometry based nitrosoproteome 
analysis of mouse brain was carried out by alkylating biotin switch assay (Supplementary methods).

In vitro S-nitrosylation assay. GSNO was chemically synthesized according to published literature52. 
Briefly, reduced glutathione (1.5 g) dissolved in 5.9 ml of 1 M HCl and NaNO2 (0.3 g, freshly dissolved in 1 ml 
water) was mixed with it. The mixture was incubated at room temperature in dark for 30 min and pH of the 
solution was adjusted to 7.4 using 10 M NaOH. Purified recombinant protein (0.5–2 mg) was incubated with 
1, 10 and 50 molar excess of GSNO at 37 °C in dark for 30 min and protein was precipitated by adding three 
volume of ice cold acetone. The sample was alkylated and biotinylated according to the procedure used for in 
vivo S-nitrosylation assay. These modified protein samples were subjected to MALDI MS/MS nitrosylation site 
identification and immuno-blot analysis.

MALDI MS/MS of biotinylated UCHL1. Biotinylated protein pellet was resuspended in 50 mM ammonium 
bicarbonate buffer pH 8.0 and treated with 1:20 μ g trypsin: protein at 37 °C for 18 h. Trypsinized protein was mixed 
with streptavidin beads and incubated overnight at 4 °C and washed five times with washing buffer (25 mM Hepes, 
pH 7.5, 600 mM NaCl, 1 mM EDTA and 0.5% Triton X-100) and biotinylated peptides were eluted with elution 
buffer (100 mM NaCl, 20 mM Hepes, pH 7.7, 1 mM EDTA and 100 mM 2-mercaptoethanol). Eluted peptides were 
diluted in 500 μ l of water and desalted using C18 tip (Pierce, Thermo scientific) following manufacturer’s instruc-
tions. Desalted peptides were mixed with CHCA (1:1) MALDI matrix and spotted on a MALDI plate. For MALDI 
peptide mass fingerprinting (PMF) and MS/MS analysis, samples were processed in ABSciex 5800 MALDI TOF/
TOF mass spectrometer in positive ion reflector mode with ion acceleration voltage 25 KV for MS acquisition and 
1 KV for MS/MS. The normalized collision energy was set to 35% for precursor ion fragmentation. The MS and MS/
MS spectrum were analyzed in MASCOT (version 2.3). The search parameters to detect differential modification 
were set to 57 amu for carboxyamido methylation, 428 amu for biotinylation and 16 amu for methionine oxidation.

Immuno-blot assay. The protein pellet after biotin switch assay was resuspended in HENS buffer (250 μ l  
per mg of protein) and mixed with 3 volume of neutralization buffer (25 mM Hepes, pH 7.5, 100 mM NaCl, 
1 mM EDTA and 0.5% Triton X-100). Streptavidin agarose beads were added to the protein solution (50 μ l of 
streptavidin agarose beads per mg of protein) and incubated for overnight at 4 °C. Beads were washed five times 
with washing buffer (25 mM Hepes, pH 7.5, 600 mM NaCl, 1 mM EDTA and 0.5% Triton X-100) and protein was 
eluted with 20 μ l of elution buffer (20 mM Hepes, pH 7.5, 1 mM EDTA, 100 mM NaCl and 2-mercaptoethanol). 
The eluted protein was mixed with equal volume of 2X SDS-PAGE sample buffer and was loaded onto 15% 
SDS-PAGE. The protein was transferred to PVDF membrane using Trans-Blot turbo apparatus (Bio-Rad, USA). 
The PVDF membrane was blocked with 5% skimmed milk for 2 h and further incubated with anti-UCHL1 pri-
mary antibody (1:2,000) for overnight at 4 °C. Subsequently, it was probed with anti-mouse secondary antibody 
(1:10,000) for 45 min. The membrane was developed using Luminata Forte reagent (Millipore, USA) and visual-
ized under chemiluminescence system Image Quant (GE Healthcare, USA).

2,3-Diaminonapthalene (DAN) assay. DAN reacts with NO to form napthotriazole (NAT) which can 
be quantified by fluorescence spectroscopy53. In vitro nitrosylation of UCHL1 and TM was carried out by incu-
bating equal volume of protein (20 μ M) and GSNO solution (1 mM) in 1:50 molar ratio at 37 °C for 30 min. After 
nitrosylation, excess GSNO was removed by passing the sample through Bio-spin P6 column (Bio-Rad, USA). 
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Nitrosylated protein sample was divided into two equal parts: one part was treated with DAN (150 μ M) and other 
part was treated with DAN (150 μ M) and copper acetate solution (150 μ M). The reaction mixture was incubated 
for 30 min in dark and finally the volume was adjusted to 200 μ l by adding 0.1 M NaOH. The fluorescence data was 
collected using Spectramax plate reader M5 (Molecular device, USA) with excitation wavelength at 375 nm and 
emission at 450 nm. GSNO was used to prepare standard curve for quantification of NO release.

Enzymatic activity assay. UCHL1 (25 μ l, 1 μ M) was treated with different molar ratio of GSNO (1:1, 1:10 
and 1:50) in 50 mM Tris-HCl, pH 7.4 and 1 mM EDTA for 30 min at 37 °C. Ub-AMC (450 nM, 75 μ L) was incu-
bated with control and nitrosylated UCHL1 (2.5 nM) and the rate of Ub-AMC hydrolysis was monitored for 
30 min at 30 °C using Spectramax plate reader i3x (Molecular devices, USA). The excitation and emission wave-
lengths were 360 nm and 485 nm respectively. The amount of AMC release was quantified using 7-aminomethyl 
coumarin (Sigma, USA) as a standard43.

Ubiquitin binding assay by surface plasmon resonance. UCHL1-ubiquitin binding experiments were 
performed on a BIAcore T200 instrument (GE Healthcare Life Sciences, USA) at 25 °C. Ubiquitin was immobi-
lized on CM5 chip in a solution of 10 mM sodium acetate, pH 4.5 by amine coupling which gave a response of 
2400 response units (RUs). The binding assay was performed in running buffer (50 mM Tris-HCl, 150 mM NaCl, 
pH 7.4) at a rate of 30 μ L/min. UCHL1 C90A (300 μ L, 0.1 mM) was treated with varying concentrations of GSNO 
(300 μ L, 0.1 mM, 1 mM and 5 mM) at 37 °C for 30 min. The final protein concentration was 50 μ M after GSNO 
treatment, which was further diluted with 50 mM Tris-HCl, 150 mM NaCl, pH 7.4 to make different concentra-
tions ranging from 0.078 μ M to 50 μ M. Varying concentrations of UCHL1 C90A and TM were passed through the 
chip to get the equilibrium steady state binding affinity54. The binding affinity (KD) was calculated using steady 
state affinity binding model, BIAcore T200 evaluation software (v.1.0).

Solution-state NMR spectroscopy. The NMR sample contained 0.2 mM UCHL1-15N-labeled protein in 
100 mM Tris-HCl buffer pH 7.4, 100 mM NaCl, 5% D2O (v/v), 0.02% NaN3 (w/v). All NMR spectra were meas-
ured at 298 K on Bruker AvanceIII spectrometers equipped with 5 mm cryogenic triple resonance TCI probes, 
operating at field strengths of 500 and 700 MHz. The spectrum was acquired with 16 scans per t1 increment in 15N 
dimension. Acquisitions times for 15N (SW =  1520 Hz) and 1H (SW =  7002 Hz) dimension were 105.2 ms (t1max) 
and 146.2 ms (t2max) respectively. All spectra were referenced to DSS55, processed with Topspin 2.1 (Bruker AG) 
and data was analyzed using CARA56. To identify the possible structural changes on the protein upon addition 
of GSNO, chemical shift perturbations (CSP) were calculated from the unbound and bound 2D [15N,1H] HSQC 
spectra using the following equation57;

δ
δ

δ∆ =





∆ 



+ ∆

5
( )N H

N
H,

2
2

H
N H N15

15

where, Δ δ(1HN) and Δ δ(15N) are the changes in backbone amide chemical shifts for 1HN and 15N respectively.

Circular dichroism spectroscopy. UCHL1 was treated with varying molar ratios of GSNO (1:1, 1:10 and 
1:50) and the samples were diluted with 50 mM phosphate buffer, pH 7.2 to reach a final concentration of 10 μ M. 
Circular dichroism spectra were recorded from 190 nm to 260 nm wavelength range using JASCO J815 CD spec-
trophotometer. The spectra were analyzed by DICHROWEB server for secondary structure content58,59.

Size exclusion chromatography and dot blot analysis. Recombinant UCHL1 (200 μ l, 250 μ M) was 
treated with different concentrations of GSNO for 2 h and loaded onto a Superdex 200, 10/30 (GE Healthcare Life 
Sciences, USA) gel filtration column. In case of cellular UCHL1 study, SH-SY5Y cells were treated with GSNO 
(500 nM) and rotenone (1 μ M) for 16 h. Harvested cells were lysed in RIPA buffer (Sigma, USA) containing 1x 
Halt protease (Thermo Fisher Scientific, USA) and centrifuged at 16,000 ×  g for 20 min. The supernatant (200 μ L, 
1.5 mg/mL) was loaded onto a Superose 6 10/300 GL (GE Healthcare, USA) gel filtration column. Each chroma-
tographic fraction was spotted on a nitrocellulose membrane using Bio-Rad dot blot apparatus. The membrane 
was incubated in 5% skimmed milk for 1 h. After blocking, membrane was incubated with anti-UCHL1 antibody 
(1:2,000) (Pierce, USA) for overnight. Finally, membrane was incubated with anti-mouse secondary antibody 
(1:10,000) for 45 min and was developed using Luminata Forte reagent (Millipore, USA) and immuno reactivity 
of protein was visualized under chemiluminescence system Image Quant (GE Healthcare Life Sciences, USA).

Atomic Force Microscopy. UCHL1 was treated with 1, 10 and 50 molar excess of GSNO and diluted with 
50 mM Tris-HCl pH 7.4, 50 mM NaCl to a final concentration of 10 μ M. For induction of α -synuclein fibrillation, 
UCHL1 and TM at concentration of 200 μ M were treated with 10 molar excess of GSNO and were co-incubated 
with 800 μ M of α -synuclein and α -synuclein mutant A53T at 37 °C and 300 rpm60. Samples were aliquoted at 
0, 8, 16 and 24 h and were placed on freshly cleaved mica and then air-dried. Samples were imaged in tapping 
mode by JPK Nano Wizard III atomic force microscope (JPK instrument, Berlin, Germany). The drive frequency 
of silicon cantilever was between 300–320 kHz and the scan rate was between 0.8–1 Hz with a spring constant 
of 13–77 N/m. The size of amorphous aggregates was measured from the topographic AFM images with JPK 
software.

ANS binding Assay. ANS (8 anilino-1-naphthalene sulfonic acid) (20 μ M) was mixed with 10 μ M of control 
and nitrosylated protein in 50 mM Tris-HCl, 150 mM NaCl, pH 7.4 at 37 °C. Increase of ANS fluorescence was 
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monitored at different time intervals using Hitachi F-7000, fluorescence spectrophotometer. The excitation wave-
length was 372 nm and the emission wavelength scan was carried out between 400 to 600 nm61.

Thioflavin T (ThT) binding assay. Protein solution was dissolved in 50 mM phosphate, 100 mM NaCl. 
UCHL1 at concentration of 200 μ M was treated with 10 molar excess of GSNO and was co-incubated with 800 μ M  
of α -synyclein at 37 °C and 300 rpm. Readings were taken from these samples after incubating 20 μ M of protein 
with 20 μ M of ThT for 5 min. Three independent measurements were performed and subsequently averaged for 
each sample. ThT fluorescence was recorded using Hitachi F-7000, fluorescence spectrophotometer with excita-
tion at 442 nm and emission scan was recorded from 450 to 600 nm62.

Immunofluorescence microscopy and image analysis. SH-SY5Y cells were treated with rotenone (1 μ M)  
for 16 h and processed for immunostaining. Briefly, cells were fixed in 4% paraformaldehyde solution for 10 min 
and were blocked with 1% BSA and probed using mouse anti-UCHL1 (1:2,000) antibody (Thermo Fisher 
Scientific, USA). Secondary antibody, Alexa 488 (Thermo Fisher Scientific, USA) was used at a dilution of 1:1,000. 
For confocal imaging of mice brain, paraformaldehyde fixed brains of control and rotenone treated mice were 
processed for cryo-sectioning to obtain 20 μ m thick sections. Sections were then processed for immunostaining 
using reagents from Vector Laboratories, USA. Briefly, after antigen retrieval for 45 min at 70 °C, sections were 
blocked with 1% BSA and probed using mouse anti-UCHL1 (1:500) and rabbit anti-α -synuclein (1:200) primary 
antibodies (Santa Cruz, USA). Secondary antibodies, Alexa 590 anti-mouse and Alexa 488 anti-rabbit, were used 
at a dilution of 1:500. All the fluorescence images were taken as Z-stacks on a confocal microscope (Leica SP5, 
Germany). Control and experimental samples were imaged with same laser setting and Z-stack thickness. Total 
numbers of co-localized UCHL1 and α -synuclein positive aggregates were counted using LAS AF Lite software.

Statistical analysis. Statistical analysis was performed using Graph pad prism software. Values were 
expressed as standard error of mean (SEM). Data were analyzed using one or two-way ANOVA followed by 
Bonferroni post hoc test. P-value of <  0.05 was considered statistical significant.

References
1. Anglade, P. et al. Apoptosis and autophagy in nigral neurons of patients with Parkinson’s disease. Histol Histopathol 12, 25–31 

(1997).
2. Samii, A., Nutt, J. G. & Ransom, B. R. Parkinson’s disease. Lancet 363, 1783–1793, doi: 10.1016/S0140-6736(04)16305-8 (2004).
3. Klein, C. & Westenberger, A. Genetics of Parkinson’s disease. Cold Spring Harb Perspect Med 2, a008888, doi: 10.1101/cshperspect.

a008888 (2012).
4. Jones, R. The roles of PINK1 and Parkin in Parkinson’s disease. PLoS biology 8, e1000299, doi: 10.1371/journal.pbio.1000299 (2010).
5. Abou-Sleiman, P. M., Healy, D. G., Quinn, N., Lees, A. J. & Wood, N. W. The role of pathogenic DJ-1 mutations in Parkinson’s 

disease. Ann Neurol 54, 283–286, doi: 10.1002/ana.10675 (2003).
6. Li, J. Q., Tan, L. & Yu, J. T. The role of the LRRK2 gene in Parkinsonism. Mol Neurodegener 9, 47, doi: 10.1186/1750-1326-9-47 

(2014).
7. Kim, H. J. Alpha-Synuclein Expression in Patients with Parkinson’s Disease: A Clinician’s Perspective. Exp Neurobiol 22, 77–83, doi: 

10.5607/en.2013.22.2.77 (2013).
8. Tan, E. K. et al. Analysis of GWAS-linked loci in Parkinson disease reaffirms PARK16 as a susceptibility locus. Neurology 75, 

508–512, doi: 10.1212/WNL.0b013e3181eccfcd (2010).
9. Baba, M. et al. Aggregation of alpha-synuclein in Lewy bodies of sporadic Parkinson’s disease and dementia with Lewy bodies. The 

American journal of pathology 152, 879–884 (1998).
10. Spillantini, M. G. et al. Alpha-synuclein in Lewy bodies. Nature 388, 839–840, doi: 10.1038/42166 (1997).
11. Xia, Q. et al. Proteomic identification of novel proteins associated with Lewy bodies. Frontiers in bioscience: a journal and virtual 

library 13, 3850–3856 (2008).
12. Saigoh, K. et al. Intragenic deletion in the gene encoding ubiquitin carboxy-terminal hydrolase in gad mice. Nat Genet 23, 47–51, 

doi: 10.1038/12647 (1999).
13. Wilkinson, K. D. et al. The neuron-specific protein PGP 9.5 is a ubiquitin carboxyl-terminal hydrolase. Science 246, 670–673 (1989).
14. Pukass, K. & Richter-Landsberg, C. Inhibition of UCH-L1 in oligodendroglial cells results in microtubule stabilization and prevents 

alpha-synuclein aggregate formation by activating the autophagic pathway: implications for multiple system atrophy. Front Cell 
Neurosci 9, 163, doi: 10.3389/fncel.2015.00163 (2015).

15. Liu, Y., Fallon, L., Lashuel, H. A., Liu, Z. & Lansbury, P. T. Jr. The UCH-L1 gene encodes two opposing enzymatic activities that affect 
alpha-synuclein degradation and Parkinson’s disease susceptibility. Cell 111, 209–218 (2002).

16. Setsuie, R. et al. Dopaminergic neuronal loss in transgenic mice expressing the Parkinson’s disease-associated UCH-L1 I93M 
mutant. Neurochem Int 50, 119–129, doi: 10.1016/j.neuint.2006.07.015 (2007).

17. Kyratzi, E., Pavlaki, M. & Stefanis, L. The S18Y polymorphic variant of UCH-L1 confers an antioxidant function to neuronal cells. 
Hum Mol Genet 17, 2160–2171, doi: 10.1093/hmg/ddn115 (2008).

18. Liu, Z. et al. Membrane-associated farnesylated UCH-L1 promotes alpha-synuclein neurotoxicity and is a therapeutic target for 
Parkinson’s disease. Proceedings of the National Academy of Sciences of the United States of America 106, 4635–4640, doi: 10.1073/
pnas.0806474106 (2009).

19. Kabuta, T. et al. Aberrant molecular properties shared by familial Parkinson’s disease-associated mutant UCH-L1 and carbonyl-
modified UCH-L1. Hum Mol Genet 17, 1482–1496, doi: 10.1093/hmg/ddn037 (2008).

20. Koharudin, L. M. et al. Cyclopentenone prostaglandin-induced unfolding and aggregation of the Parkinson disease-associated 
UCH-L1. Proceedings of the National Academy of Sciences of the United States of America 107, 6835–6840, doi: 10.1073/
pnas.1002295107 (2010).

21. Liu, H. et al. The point mutation UCH-L1 C152A protects primary neurons against cyclopentenone prostaglandin-induced 
cytotoxicity: implications for post-ischemic neuronal injury. Cell Death Dis 6, e1966, doi: 10.1038/cddis.2015.323 (2015).

22. Contu, V. R. et al. Endogenous neurotoxic dopamine derivative covalently binds to Parkinson’s disease-associated ubiquitin 
C-terminal hydrolase L1 and alters its structure and function. Journal of neurochemistry 130, 826–838, doi: 10.1111/jnc.12762 
(2014).

23. Toyama, T., Abiko, Y., Katayama, Y., Kaji, T. & Kumagai, Y. S-Mercuration of ubiquitin carboxyl-terminal hydrolase L1 through 
Cys152 by methylmercury causes inhibition of its catalytic activity and reduction of monoubiquitin levels in SH-SY5Y cells. The 
Journal of toxicological sciences 40, 887–893, doi: 10.2131/jts.40.887 (2015).

24. Luo, Z. D. et al. Neuronal nitric oxide synthase mRNA upregulation in rat sensory neurons after spinal nerve ligation: lack of a role 
in allodynia development. J Neurosci 19, 9201–9208 (1999).



www.nature.com/scientificreports/

1 5Scientific RepoRts | 7:44558 | DOI: 10.1038/srep44558

25. Dias, V., Junn, E. & Mouradian, M. M. The role of oxidative stress in Parkinson’s disease. J Parkinsons Dis 3, 461–491, doi: 10.3233/
JPD-130230 (2013).

26. Chung, K. K. et al. S-nitrosylation of parkin regulates ubiquitination and compromises parkin’s protective function. Science 304, 
1328–1331, doi: 10.1126/science.1093891 (2004).

27. Choi, M. S. et al. Transnitrosylation from DJ-1 to PTEN attenuates neuronal cell death in parkinson’s disease models. J Neurosci 34, 
15123–15131, doi: 10.1523/JNEUROSCI.4751-13.2014 (2014).

28. Uehara, T. et al. S-nitrosylated protein-disulphide isomerase links protein misfolding to neurodegeneration. Nature 441, 513–517, 
doi: 10.1038/nature04782 (2006).

29. Zhang, P., Fu, W. Y., Fu, A. K. & Ip, N. Y. S-nitrosylation-dependent proteasomal degradation restrains Cdk5 activity to regulate 
hippocampal synaptic strength. Nat Commun 6, 8665, doi: 10.1038/ncomms9665 (2015).

30. Hernlund, E. et al. Cisplatin-induced nitrosylation of p53 prevents its mitochondrial translocation. Free radical biology & medicine 
46, 1607–1613, doi: 10.1016/j.freeradbiomed.2009.03.015 (2009).

31. Hara, M. R. et al. S-nitrosylated GAPDH initiates apoptotic cell death by nuclear translocation following Siah1 binding. Nat Cell Biol 
7, 665–674, doi: 10.1038/ncb1268 (2005).

32. Stroissnigg, H. et al. S-nitrosylation of microtubule-associated protein 1B mediates nitric-oxide-induced axon retraction. Nat Cell 
Biol 9, 1035–1045, doi: 10.1038/ncb1625 (2007).

33. Okamoto, S. et al. S-nitrosylation-mediated redox transcriptional switch modulates neurogenesis and neuronal cell death. Cell Rep 
8, 217–228, doi: 10.1016/j.celrep.2014.06.005 (2014).

34. Tsang, A. H. et al. S-nitrosylation of XIAP compromises neuronal survival in Parkinson’s disease. Proceedings of the National 
Academy of Sciences of the United States of America 106, 4900–4905, doi: 10.1073/pnas.0810595106 (2009).

35. Gu, Z. et al. S-nitrosylation of matrix metalloproteinases: signaling pathway to neuronal cell death. Science 297, 1186–1190, doi: 
10.1126/science.1073634 (2002).

36. Li, N. et al. Mitochondrial complex I inhibitor rotenone induces apoptosis through enhancing mitochondrial reactive oxygen 
species production. The Journal of biological chemistry 278, 8516–8525, doi: 10.1074/jbc.M210432200 (2003).

37. Yin, L. et al. The S-nitrosylation status of PCNA localized in cytosol impacts the apoptotic pathway in a Parkinson’s disease 
paradigm. PLoS One 10, e0117546, doi: 10.1371/journal.pone.0117546 (2015).

38. Dawson, V. L., Dawson, T. M., Bartley, D. A., Uhl, G. R. & Snyder, S. H. Mechanisms of nitric oxide-mediated neurotoxicity in 
primary brain cultures. J Neurosci 13, 2651–2661 (1993).

39. Nicholls, D. G. Mitochondrial dysfunction and glutamate excitotoxicity studied in primary neuronal cultures. Curr Mol Med 4, 
149–177 (2004).

40. Fang, J. & Silverman, R. B. A cellular model for screening neuronal nitric oxide synthase inhibitors. Analytical biochemistry 390, 
74–78, doi: 10.1016/j.ab.2009.04.004 (2009).

41. Przygodzki, T., Sokal, A. & Bryszewska, M. Calcium ionophore A23187 action on cardiac myocytes is accompanied by enhanced 
production of reactive oxygen species. Biochimica et biophysica acta 1740, 481–488, doi: 10.1016/j.bbadis.2005.03.009 (2005).

42. Forrester, M. T., Foster, M. W., Benhar, M. & Stamler, J. S. Detection of protein S-nitrosylation with the biotin-switch technique. Free 
radical biology & medicine 46, 119–126, doi: 10.1016/j.freeradbiomed.2008.09.034 (2009).

43. Boudreaux, D. A., Maiti, T. K., Davies, C. W. & Das, C. Ubiquitin vinyl methyl ester binding orients the misaligned active site of the 
ubiquitin hydrolase UCHL1 into productive conformation. Proceedings of the National Academy of Sciences of the United States of 
America 107, 9117–9122, doi: 10.1073/pnas.0910870107 (2010).

44. Schonbrunn, E., Eschenburg, S., Luger, K., Kabsch, W. & Amrhein, N. Structural basis for the interaction of the fluorescence probe 
8-anilino-1-naphthalene sulfonate (ANS) with the antibiotic target MurA. Proceedings of the National Academy of Sciences of the 
United States of America 97, 6345–6349, doi: 10.1073/pnas.120120397 (2000).

45. Paige, J. S., Xu, G., Stancevic, B. & Jaffrey, S. R. Nitrosothiol reactivity profiling identifies S-nitrosylated proteins with unexpected 
stability. Chemistry & biology 15, 1307–1316, doi: 10.1016/j.chembiol.2008.10.013 (2008).

46. Foster, M. W., Forrester, M. T. & Stamler, J. S. A protein microarray-based analysis of S-nitrosylation. Proceedings of the National 
Academy of Sciences of the United States of America 106, 18948–18953, doi: 10.1073/pnas.0900729106 (2009).

47. Choi, J. et al. Oxidative modifications and down-regulation of ubiquitin carboxyl-terminal hydrolase L1 associated with idiopathic 
Parkinson’s and Alzheimer’s diseases. J Biol Chem 279, 13256–13264, doi: 10.1074/jbc.M314124200 (2004).

48. Shendelman, S., Jonason, A., Martinat, C., Leete, T. & Abeliovich, A. DJ-1 is a redox-dependent molecular chaperone that inhibits 
alpha-synuclein aggregate formation. PLoS biology 2, e362, doi: 10.1371/journal.pbio.0020362 (2004).

49. Deleersnijder, A. et al. Comparative analysis of different peptidyl-prolyl isomerases reveals FK506-binding protein 12 as the most 
potent enhancer of alpha-synuclein aggregation. The Journal of biological chemistry 286, 26687–26701, doi: 10.1074/jbc.
M110.182303 (2011).

50. Inden, M. et al. Parkinsonian rotenone mouse model: reevaluation of long-term administration of rotenone in C57BL/6 mice. Biol 
Pharm Bull 34, 92–96 (2011).

51. Jaffrey, S. R., Erdjument-Bromage, H., Ferris, C. D., Tempst, P. & Snyder, S. H. Protein S-nitrosylation: a physiological signal for 
neuronal nitric oxide. Nat Cell Biol 3, 193–197, doi: 10.1038/35055104 (2001).

52. Balchin, D., Wallace, L. & Dirr, H. W. S-nitrosation of glutathione transferase p1-1 is controlled by the conformation of a dynamic 
active site helix. The Journal of biological chemistry 288, 14973–14984, doi: 10.1074/jbc.M113.462671 (2013).

53. Cook, J. A. et al. Convenient colorimetric and fluorometric assays for S-nitrosothiols. Analytical biochemistry 238, 150–158, doi: 
10.1006/abio.1996.0268 (1996).

54. Katsamba, P. S. et al. Kinetic analysis of a high-affinity antibody/antigen interaction performed by multiple Biacore users. Analytical 
biochemistry 352, 208–221, doi: 10.1016/j.ab.2006.01.034 (2006).

55. Wishart, D. S. et al. 1H, 13C and 15N chemical shift referencing in biomolecular NMR. J Biomol NMR 6, 135–140 (1995).
56. Poyraz, O. et al. Protein refolding is required for assembly of the type three secretion needle. Nat Struct Mol Biol 17, 788–792, doi: 

10.1038/nsmb.1822 (2010).
57. Williamson, M. P. Using chemical shift perturbation to characterise ligand binding. Prog Nucl Magn Reson Spectrosc 73, 1–16, doi: 

10.1016/j.pnmrs.2013.02.001 (2013).
58. Whitmore, L. & Wallace, B. A. DICHROWEB, an online server for protein secondary structure analyses from circular dichroism 

spectroscopic data. Nucleic Acids Res 32, W668–673, doi: 10.1093/nar/gkh371 (2004).
59. Whitmore, L. & Wallace, B. A. Protein secondary structure analyses from circular dichroism spectroscopy: methods and reference 

databases. Biopolymers 89, 392–400, doi: 10.1002/bip.20853 (2008).
60. Angelova, P. R. et al. Ca2+  is a key factor in alpha-synuclein-induced neurotoxicity. J Cell Sci 129, 1792–1801, doi: 10.1242/

jcs.180737 (2016).
61. Hawe, A., Sutter, M. & Jiskoot, W. Extrinsic fluorescent dyes as tools for protein characterization. Pharm Res 25, 1487–1499, doi: 

10.1007/s11095-007-9516-9 (2008).
62. Volkova, K. D. et al. Cyanine dye-protein interactions: looking for fluorescent probes for amyloid structures. J Biochem Biophys 

Methods 70, 727–733, doi: 10.1016/j.jbbm.2007.03.008 (2007).



www.nature.com/scientificreports/

1 6Scientific RepoRts | 7:44558 | DOI: 10.1038/srep44558

Acknowledgements
We thank Dr. Chittaranjan Das for providing us UCHL1 expression plasmid and Dr. Hilal Lashuel for α -synuclein 
plasmid (Addgene). We acknowledge a generous gift of SH-SY5Y cells from Dr. Ranjit K. Giri, NBRC, Manesar. 
We appreciate the critical help from Dr. Bhoj Kumar for schematic model (Fig. 7). We appreciate continuous 
support by RCB Technical staffs of RCB mass spectrometry facility, microscopy facility and biophysical facilities 
in data collection. Special thanks to Mrs Saswati Maiti for English editing and proofreading. T.K.M. thanks 
Regional Centre for Biotechnology for funding. We thank Department of Biotechnology, Government of India, 
ICGEB, New Delhi and NII New Delhi for providing financial support for the High Field NMR spectrometers 
at the ICGEB, New Delhi and NII, New Delhi. G.V. and P.H. thank University Grant Commission (UGC) for 
junior research fellowship and senior research fellowship respectively. R.K., S.K. and R.K. thank Department of 
Biotechnology (DBT) for senior research fellowship. D.J. thanks Indian Council of Medical Research (ICMR) for 
research associateship.

Author Contributions
T.K.M. and R.K. conceived the project and designed the experiment. R.K., D.J., P.H., S.K. and R.K. performed 
biochemical and cellular experiments. G.V. and N.S.B. performed NMR experiment and analyzed NMR data. 
S.S., R.K. and N.R.J. performed animal experiment. T.K.M., R.K. and N.S. analyzed the data and wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Kumar, R. et al. S-nitrosylation of UCHL1 induces its structural instability and 
promotes α-synuclein aggregation. Sci. Rep. 7, 44558; doi: 10.1038/srep44558 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	S-nitrosylation of UCHL1 induces its structural instability and promotes α-synuclein aggregation
	Results
	S-nitrosylation of UCHL1 in SH-SY5Y cells and in vitro. 
	S-nitrosylation lowers the enzymatic activity and ubiquitin binding of UCHL1. 
	S-nitrosylation of UCHL1 impairs its native structure. 
	UCHL1 undergoes amorphous aggregates formation via aberrant nitrosylation. 
	Amorphous UCHL1 aggregates promoted α-synuclein fibrillogenesis. 
	S-nitrosylation of UCHL1 induces Parkinson’s disease phenotype in mouse model. 

	Discussion
	Materials and Methods
	Cloning, expression and purification of UCHL1. 
	Rotenone induced Parkinson mice model. 
	In vivo S-nitrosylation assay. 
	In vitro S-nitrosylation assay. 
	MALDI MS/MS of biotinylated UCHL1. 
	Immuno-blot assay. 
	2,3-Diaminonapthalene (DAN) assay. 
	Enzymatic activity assay. 
	Ubiquitin binding assay by surface plasmon resonance. 
	Solution-state NMR spectroscopy. 
	Circular dichroism spectroscopy. 
	Size exclusion chromatography and dot blot analysis. 
	Atomic Force Microscopy. 
	ANS binding Assay. 
	Thioflavin T (ThT) binding assay. 
	Immunofluorescence microscopy and image analysis. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	Figure 1.  S-nitrosylation of UCHL1 in neuroblastoma SH-SY5Y cells and in recombinant UCHL1.
	Figure 2.  S-nitrosylation of UCHL1 down regulates its catalytic activity and compromises ubiquitin binding.
	Figure 3.  Structural destabilization of nitrosylated UCHL1.
	Figure 4.  Nitrosative stress induces UCHL1 to undergo amorphous aggregates formation in vitro and in cellular condition.
	Figure 5.  Cross seeding of nitrosylated UCHL1 to α-synuclein.
	Figure 6.  Rotenone induced Parkinson’s mice model showed UCHL1 nitrosylation and aggregation.
	Figure 7.  Schematic model.



 
    
       
          application/pdf
          
             
                S-nitrosylation of UCHL1 induces its structural instability and promotes α-synuclein aggregation
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44558
            
         
          
             
                Roshan Kumar
                Deepak K. Jangir
                Garima Verma
                Shashi Shekhar
                Pranita Hanpude
                Sanjay Kumar
                Raniki Kumari
                Nirpendra Singh
                Neel Sarovar Bhavesh
                Nihar Ranjan Jana
                Tushar Kanti Maiti
            
         
          doi:10.1038/srep44558
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep44558
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep44558
            
         
      
       
          
          
          
             
                doi:10.1038/srep44558
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44558
            
         
          
          
      
       
       
          True
      
   




