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Ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) has been impli-
cated in Parkinson’s disease (PD) and is present in neurofibrillary
tangles or Lewy bodies. However, the molecular basis for UCH-L1s
involvement in proteinacious fibril formation is still elusive, espe-
cially in regard to the pathogenicity of the I93Mmutation. Here we
show that modification of UCH-L1 by cyclopentenone prostaglan-
dins causes unfolding and aggregation. A single thiol group on
Cys152 reacts with the α,β-unsaturated carbonyl center in the
cyclopentenone ring of prostaglandins, resulting in a covalent
adduct. We also show that the PD-associated I93M mutant of
UCH-L1 is well-folded, structurally similar to the wild-type protein,
and aggregates upon conjugation by cyclopentenone prostaglan-
dins. Our findings suggest a possible mechanistic link between
UCH-L1 modification by cyclopentenone prostaglandins and the
etiology of neurodegeneration.
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The cellular activity of proteins is often regulated through
posttranslational modifications that include phosphorylation,

acetylation, methylation, glycoslylation, sumoylation, and
ubiquitination (1). During the inflammatory response and in
response to oxidative stress, proteins can also be modified by
various lipid-derived mediators, predominantly arachidonic acid
metabolites (2). Covalent Michael adduct formation between the
α,β-unsaturated carbonyl center of the cyclopentenone ring with
nucleophilic amino acid side-chains of transcription factors and
other key proteins can cause potent biological effects, including
abrogation of cell proliferation and antiinflammatory and antivir-
al activities (3–6).

UCH-L1 (also called PARK5 or PGP9.5) is exclusively loca-
lized in the brain, where it constitutes ∼2% of the total soluble
protein (7, 8). Its 3D structure comprises two lobes, a mainly
α-helical domain (α1, α3, α4, α5, and α6), hereafter referred to
as the left lobe, and a β-sheet domain that is flanked by two
α-helices (α2, β1–β6, α7), hereafter referred to as the right lobe
(see orientation in Fig. 1A) (9). It functions predominantly during
monoubiquitin recycling in the ubiquitin-proteosome system
(UPS), safeguarding balanced protein levels in the cell. The role
of UCH-L1 in Parkinson’s (PD) and Alzheimer’s (AD) diseases is
still not well understood, although a mutant (I93M) is apparently
linked to PD (10, 11), and UCH-L1 is found as a component of
Lewy bodies and neurofibrillary tangles of patient brains (12).
Biochemical studies suggested the involvement of chemical
modification of UCH-L1 caused by neuronal inflammation and
oxidative stress, because 4-hydroxy-2-nonenal (HNE) (13, 14),
an endogenous neurotoxin and product of lipid hyperoxidation,
or Δ12-prostaglandin J2 (Δ12-PGJ2) (15), a dehydrated form of
PGJ2 (16, 17) and metabolite of Cyclooxygenase 2 (COX2)
(18), reduces UCH-L1’s enzymatic activity. Assessment of the
structural differences between free and the HNE-modified
UCH-L1 by circular dichroism (CD) spectroscopy suggested loss

of α-helical content and increased β-sheet structure (14). In addi-
tion, it was suggested that the PD-associated I93M mutant of
UCH-L1 mimics HNE-modified UCH-L1 (14). However, no
detailed structural or biophysical characterization was carried
out, and the structural basis for the modification-mediated loss
in hydrolase activity is still unknown.

Prompted by previous studies that linked oxidative damage
to the neuronal ubiquitination/deubiquitination pathway and
reports of increased levels of cyclopentenone prostaglandins in
inflammatory fluids (19), we investigated the effects of cyclopen-
tenone prostaglandins, in particular 15-deoxy-Δ12,14-prostaglan-
din J2 (15d-PGJ2), on the highly abundant neuronal protein
UCH-L1. We suspected that the structure of UCH-L1 may be
influenced in a specific manner by the interaction with 15d-PGJ2.
We therefore reacted purified UCH-L1 protein with 15d-PGJ2,
identified the presence of singly 15d-PGJ2-modified UCH-L1,
determined the modified amino acid as well as the linked carbon
atom on 15d-PGJ2, and characterized the structural changes of
UCH-L1 upon 15d-PGJ2 conjugation. Our study revealed that
15d-PGJ2 modification of UCH-L1 completely destroyed the
folded, 3D structure of the protein and resulted in extensive
aggregation of the unfolded, modified polypeptide. Therefore,
our results on the destruction and aggregation of UCH-L1, a
major neuronal protein in the brain, caused by interaction with
the inflammatory response mediator 15d-PGJ2 may provide a
molecular explanation for the pathology seen in a number of
age-related neurodegenerative diseases, including AD and PD.

Results
UCH-L1 is Modified by 15d-PGJ2. In order to determine whether
UCH-L1 is indeed conjugated by 15d-PGJ2, we reacted purified
recombinant UCH-L1 with excess of 15d-PGJ2. (Chemical struc-
tures of 15d-PGJ2 and related prostaglandins are provided in
Fig. 1B.) The reaction of purified recombinant UCH-L1 with
15d-PGJ2 (2x molar excess) was assessed by liquid chromatogra-
phy coupled with electrospray ionization mass spectrometry
(LC-ESI-MS), revealing the presence of unreacted UCH-L1 pro-
tein (experimental mass of 25,902; theoretical mass 25,903 Da—
Fig. 1C), as well as a second species with a deconvoluted mass of
26,218 Da, corresponding to the mass of a covalent adduct
between one molecule of UCH-L1 and one molecule of 15d-
PGJ2, (theoretical mass: 26,217 Da—Fig. 1D). Incubation of
UCH-L1 with a 10-fold molar excess of 15d-PGJ2 confirmed
the single site modification (only a single product corresponding
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to a single 15d-PGJ2 conjugation was observed) (Fig. 1D). These
data conclusively demonstrate that 15d-PGJ2 indeed covalently
reacts with UCH-L1 in a 1∶1 stoichiometry.

The Electrophilic Carbonyl Moiety in the Cyclopentenone Ring of 15d-
PGJ2 Is Responsible for UCH-L1 Modification. 15d-PGJ2 contains two
electrophilic centers (20), the α,β-unsaturated carbonyl moiety at
carbon atom 9 (C9) in the cyclopentenone ring and at carbon
atom 13 (C13) in one of the acyl chains (numbering with respect
to the first carbon atom of the carboxylic group at one of the acyl
chains of 15d-PGJ2—see Fig. 1B). In principle, both carbonyl
moieties can readily react with nucleophiles, such as cysteinyl
thiol groups of proteins (21). To elucidate which one of the
two possible electrophilic centers in 15d-PGJ2 is involved in
the reaction with UCH-L1, incubations with a variety of
15d-PGJ2 analogs were performed; CAY10410, 15d-PGD2, and
PGD2 (all analogs of 15d-PGJ2 comprising a fully saturated cy-
clopentenone ring) as well as PGA1 and Δ12-PGJ2 (both analogs
of 15d-PGJ2 comprising unsaturated cyclopentenone ring) and
arachidonic acid (the precursor in prostaglandin biosynthesis).
Reactions with CAY10410, PGD2, 15d-PGD2, and arachidonic
acid did not cause modification (only free protein was observed
by MS; Fig. S1). Reactions with Δ12-PGJ2 and PGA1 yielded
species with masses of 26,235 and 26,239 Da, corresponding
addition of a single molecule of Δ12-PGJ2 (mass ¼ 332 Da)
or PGA1 (mass ¼ 336 Da), respectively. This demonstrates that
only prostaglandin analogs with an α,β-unsaturated carbonyl
moiety in the cyclopentenone ring are capable of modifying

UCH-L1, confirming that the reactive carbon in 15d-PGJ2 is
indeed C9.

15d-PGJ2 Modification Destroys the Native Structure of UCH-L1. The
structural effects of 15d-PGJ2 modification on UCH-L1 were
investigated by NMR spectroscopy. The 2D 1H-15N HSQC spec-
trum of free UCH-L1 displays dispersed resonances, indicative of
a well-folded protein (Fig. 2A). Addition of 15d-PGJ2 (2x molar
excess) caused a dramatic change in the spectrum (Fig. 2B), sug-
gesting partial unfolding and/or formation of aggregates, based
on the presence of severe line broadening for several resonances
and their shift into the central, random coil region of the spec-
trum. It should be noted that identical treatments with CAY10410
(Fig. S2A) and 15d-PGD2 (Fig. S2B) caused no spectral changes
whereas 15d-PGA2, a 15d-PGJ2 isomer, also caused similar ef-
fects as 15d-PGJ2 (Fig. S2C). This observation is in agreement
with the MS results, confirming that UCH-L1 can be modified
by any cyclopentenone prostaglandin that contains an electrophi-
lic α,β-unsaturated carbonyl moiety in the ring (prostaglandin J or
A series). Addition of excess 15d-PGJ2 (10x molar ratio) resulted
in complete unfolding/aggregation as judged by NMR (Fig. 2C),
suggesting that the UCH-L1 structure had been completely
destroyed by 15d-PGJ2 modification.

Aggregation of the modified UCH-L1 protein was confirmed
by subjecting the NMR samples to size exclusion chromatography
with in-line multiangle light scattering (SEC-MALS, Fig. 2D).
Unmodified UCH-L1 protein behaves as a single monomeric spe-
cies with a molecular mass of ∼26 kDa (Green). The 15d-PGJ2
modified protein sample exhibits a new peak in the elution profile
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Fig. 1. 3D structure of UCH-L1, chemical structures of prostaglandins and ESI-MS analysis of UCH-L1 modification by 15d-PGJ2. (A) Crystal structure of human
UCH-L1 (PDB:2ETL) (9) in ribbon representation (strands:Magenta; helices: Yellow; irregular loops: Teal). The a-helical and b-sheet domains are located on the
left and right hand side of the active site cleft, respectively. Side chains for the six Cys residues are depicted in purple ball and stick representation. (B) Pros-
taglandins used in the present study; molecules containing the α,β-unsaturated carbonyl moiety in the cyclopentenone ring are depicted on the left, those with
saturated rings on the right, and arachidonic acid at the bottom. (C–D) ESI-MS analysis of free (C) and 15d-PGJ2 conjugated UCH-L1 (D).
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(Blue), close to the void volume of the column, confirming the
presence of high molecular mass aggregates. In the sample that
was treated with a 10x molar excess of 15d-PGJ2 only a very small
fraction of the protein remained monomeric while the predomi-
nant species were high molecular weight aggregates (Red).

In order to evaluate whether our in vitro observations are
compatible with in vivo effects caused by 15d-PGJ2, cell-based
experiments using midbrain neuronal cells were carried out. Cells
were treated with 12 μM biotinylated-15d-PGJ2 (and with PBS as
a control), and the endogenous UCH-L1 distribution was exam-
ined after 12 h and 24 h (Fig. S3). In untreated cells, no biotin
staining (Green) was detected and the UCH-L1 protein (Red) was
evenly distributed inside the cells. In the biotinylated-15d-PGJ2
treated cells, colocalization of biotinylated 15d-PGJ2 and
UCH-L1 was observed, associated with a dramatic change in
the normal distribution of UCH-L1. These effects are even more
pronounced at 24 h. Thus, it is very likely that modification and
aggregation may also occur in the cellular context during an
upsurge of cyclopentenone prostaglandin biosynthesis, such as
inflammation or oxidative stress of neuronal cells.

UCH-L1 Modification Involves a Single Cysteine—Cys152. UCH-L1
contains six cysteines in its amino acid sequence, only one of
which appears to be involved in modification based on our MS
analysis. We therefore created individual Cys-to-Ala mutants
and tested their interaction with 15d-PGJ2. Each of the C47A,
C90A, C132A, C152A, C201A, and C220A variants was subjected
to titration with 15d-PGJ2 and the reaction was followed by 2D
1H-15N HSQC spectroscopy. Spectra for two representative
mutants, C90A and C152A, in the absence and presence of
15d-PGJ2 (10x molar excess) are provided in Fig. 3 A and B.
(Spectra for the other four mutants are provided in Fig. S4.)
For all but the C152A mutant, very similar behavior to wild-type
UCH-L1 was observed. For the C152A variant, however, the
spectrum appeared essentially unperturbed, and only very minor
differences were seen. This suggests that removal of the C152

thiol group by mutation renders the protein refractory to attack
by 15d-PGJ2. The spectral results for all other mutants also con-
firm that 15d-PGJ2 indeed induces unfolding and aggregation of
UCH-L1. Note that the Cys-to-Ala mutations do not alter the
structures of the mutants, as evidenced by very similar 1H-15N
HSQC spectra compared to the wild-type protein (Fig. S5). In
a complementary mutant, all Cys residues, except Cys152, were
replaced by Ala (denoted as UCH-L1 A47A90A132C152A201A220).
The spectral behavior of this variant in response to titration with
15d-PGJ2 is very similar to wild-type UCH-L1 (Fig. 3C). Again,
LC-ESI-MS (Fig. S6) confirmed the single prostaglandin modi-
fication. Altogether, our MS and NMR data validate that a single
thiol modification at position Cys152 by 15d-PGJ2 of UCH-L1
results in unfolding and aggregation of the modified protein.

The UCH-L1 I93M Mutant Is Well-Folded, Structurally Similar to the
Wild-Type Protein, and Aggregates Upon Conjugation to Cyclopente-
none Prostaglandins.The presence of the I93M mutation has been
linked to familial PD (10). Molecular properties of the mutant
protein were investigated, and it has been suggested that the
mutant exhibits similar properties to HNE-modified wild-type
protein (14). We prepared I93M mutant protein and analyzed
its biophysical properties. As shown in Fig. 4A, the 2D 1H-15N
HSQC spectrum of this mutant is well dispersed, indicative of
a well-folded protein. Superposition of the wild-type and mutant
2D 1H-15N HSQC spectra reveals no significant changes, demon-
strating that the two proteins are structurally very similar
(Fig. 4B). Only very minor resonance shifts were observed for
residues surrounding the mutation site. We also recorded a 2D
1H-15N HSQC spectrum of the I93M mutant in the presence
of 2 fold molar excess of 15d-PGJ2. As illustrated in Fig. 4C, ad-
dition of 15d-PGJ2 caused a dramatic change in the spectrum,
similar to what was observed for the wild-type protein. This shows
that the mutant is also modified by 15d-PGJ2, followed by unfold-
ing and aggregation of the protein.
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Fig. 2. UCH-L1 aggregation initiated by 15d-PGJ2 modification. (A) 2D 1H-15N HSQC spectrum of UCH-L1 (0.2 mM protein, PBS buffer, pH 7.6, 298 K) exhibiting
the expected number of resonances with excellent chemical shift dispersion, indicative of a well-folded protein. (B–C) 2D 1H-15N HSQC spectra of UCH-L1 in the
presence of 2 molar (B) and 10 molar (C) excess of 15d-PGJ2, recorded under identical conditions as in A. Substantial resonance broadening is observed and the
location of resonances in a narrow spectral region around 8–9 ppm (for 1H) is indicative of unfolded/aggregated protein. (D) Size exclusion chromatographic
profiles and light scattering data obtained on the NMR samples whose spectra are shown in A, B, and C. The square symbols are the extracted molar masses
based on the light scattering for each fraction during the elution.
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Discussion
We have shown that UCH-L1 can be modified by 15d-PGJ2 (or
other cyclopentenone prostaglandins) at Cys152 only, irrespec-
tive of the presence of five other Cys residues in the protein. This
also holds true for the I93M mutant that has been linked to
familial PD (10) and was thought to exhibit altered structural
properties (14). It appears that the observed 15d-PGJ2 modifica-
tion of UCH-L1 is a rather specific event, not commonly observed
with every Cys-containing protein. This is indicated by our results
with the Cys-to-Ala UCH-L1 mutants and two other completely
unrelated cysteine-containing proteins (Fig. S7). The most strik-
ing finding of our study is the complete unfolding of the native 3D
UCH-L1 structure upon modification, causing aggregation of the
polypeptide chain. Such a dramatic effect caused by a single
amino acid modification seems unusual and, to the best of our
knowledge, has not been reported previously. All earlier studies
of 15d-PGJ2 interactions with proteins reported effects on
functional properties (22–25) or computationally modeled con-
formational effects (26). The only experimental structural report
pertains to the recently solved x-ray structure of the 15d-PGJ2/
PPARγ complex (27). In that case, the observed conformational
changes, however, are small, very different from the complete loss
of the native structure observed here for UCH-L1. Similar to
PPARγ, treatment of Thioredoxin (Trx), another protein found
to be modified by 15d-PGJ2 (28), did not result in major struc-
tural pertubations of the Trx structure nor protein aggregation

(Fig. S8). Therefore, 15d-PGJ2-mediated unfolding/aggregation
seems to be unique to UCH-L1.

Can the location of the modification site in the 3D structure
provide clues as to the cause of the dramatic destabilization by
the prostaglandin addition? The amino acid sequence of human
UCH-L1 differs only by 10 residues from mouse UCH-L1 (used
here), suggesting that the x-ray structure of human UCH-L1 (9)
(Fig. 1A) is a good model for the mouse structure. Numerous hy-
drophobic residues are surrounding Cys152. They are conserved
between mouse and human UCH-L1. The side chains of these
residues are located between the two lobes of the protein, stabi-
lizing the domain interaction in the native, unmodified protein.
Upon 15d-PGJ2 conjugation, it is easily possible that the attach-
ment of the prostaglandin to Cys152 (Fig. S9B) will position the
acyl chains of 15d-PGJ2 into this interface. The insertion of such
a lipophilic moiety may act as a wedge and disrupt the hydropho-
bic network between the two lobes, initiating the unfolding event.
The unfolded chains (partial or fully) will readily interact and
form the aggregate. Destruction of the tertiary fold and aggrega-
tion of UCH-L1 will abrogate UCH-L1 function, such as enzy-
matic activity or interactions with other proteins (29).

It is tempting to speculate about UCH-L1’s function in neuro-
nal cells, given its overabundance and widespread distribution.
Although an enzymatic function for UCH-L3 has clearly been
established, the low hydrolase activity reported for UCH-L1
(30) cast doubts onto its function as an enzyme. Additionally,
it was proposed that UCH-L1 acts as a stabilizing factor for
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monoUb, independent of enzymatic activity (31). Therefore, we
hypothesize that, in addition to previously proposed activities of
this protein (8, 31, 32), UCH-L1 could operate as a scavenger for
highly reactive prostaglandin species, direct metabolites of
COX2, or other lipid hyperoxidation products in neuronal cells.
In this manner UCH-L1 could contribute to reduce any possible
damage caused by oxidative stress or inflammation, endowing
neurons with some special protection. If, on the other hand, the
level of damage is too great, aggregation and accumulation of
insoluble proteinacious material will overwhelm the proteosomal
degradation pathway, resulting in the well-known protein
deposits that are the hallmark of age-related neurodegenerative
diseases including AD and PD.

Furthermore, inflammatory processes that are associated with
the activation of COX2 in the brain have been implicated in the
pathogenesis of numerous neurodegenerative conditions (33, 34).
Unlike oxidative stress that leads to the generation of lipid hyper-
oxidation byproducts, COX2 activation triggers cyclopentenone
prostaglandin production. As shown above, this class of prosta-
glandins reacts readily with UCH-L1, causing unfolding and

aggregation of the protein. We have also shown that the
UCH-L1 I93M mutant protein, a mutation reported to be cau-
sally associated with PD, exhibits the same fold, has comparable
stability, and behaves very similar upon conjugation with
15d-PGJ2 as the wild-type protein. Therefore, this mutation
may not be responsible for causing PD. Instead, our results
suggest that modification of UCH-L1 by cyclopentenone prosta-
glandins could be one mechanism by which COX2 contributes to
the pathogenesis of PD and other neurodegenerative diseases.

Materials and Methods
Materials. 15d-PGJ2, Δ12-PGJ2, PGA1, CAY10410, PGD2, 15d-PGD2, arachido-
nic acid, and 15d-PGA2 were obtained from Cayman Chemicals (Ann Arbor,
MI). The protein concentration was measured using the NanoDrop ND-1000
spectrophotometer (Thermo Scientific, DE). Human recombinant Trx (hrTrx)
was previously purified as described in Qin et al. (35) and was available in the
AMG laboratory.

Protein Expression and Purification. The mouse UCH-L1 gene was cloned into
the pET-22b(+) expression vector (Novagen), using NdeI and XhoI restriction
sites at the 5′ and 3′ ends, respectively, using primers 5′-GGGAATTCCATATG-
CAGCTGAAACCGATGGAGATTAACC-3′ (forward) and 5′-AAATTTCTCGAGT-
TAGGCTGCTTTGCAGAGAGCCAC-3′ (reverse), resulting in a protein with
eight additional residues (LEHHHHHH) at its C terminus. Cys-to-Ala and I93M
mutants of UCH-L1 were generated by Quickchange site directed mutagen-
esis (Stratagene). The UCH-L1 A47A90A132C152A201A220 mutant was created
using sewing PCR techniques in a similar manner as described for
LKAMG (36).

For protein expression, Escherichia coli Rosetta (DE3) cells (Novagen) were
transformed with pET-22b-UCH-L1 (or any UCH-L1 mutant) vector. Cells were
initially grown at 37 °C, induced with 1 mM IPTG at 16 °C, and grown for
further ∼18 h. Isotopic labeling was carried out by growth in modified M9
minimal medium, containing 15NH4Cl and/or

13C-glucose as sole nitrogen
and/or carbon sources, respectively. For unlabeled samples, cells were
cultured in LB medium. Proteins were purified on a Ni2þ affinity column
(GE Healthcare), followed by gel filtration on Superdex75 or Superdex200
(GE Healthcare), in PBS buffer, pH ∼ 7.6.

Preparation of Prostaglandins for NMR and Mass Spectroscopy. Prostaglandins
from Cayman Chemicals (in methyl acetate or ethanol solution) were gently
dried under argon and dissolved in PBS buffer, pH 7.6. Given their chemical
instability, freshly prepared prostaglandin solutions were used for all studies.

Mass Spectrometry. All LC-ESI MS analyses were performed on an Agilent
1100 series (Agilent Technologies) single quadruple electrospray ionization
mass spectrometer. Proteins were separated on a Zorbax SB-C3 column
(3.0 × 150 mm) using a water acetonitrile gradient with 0.1% formic acid
and data were analyzed using Agilent Chemstation.

NMR Spectroscopy. All NMR spectra were recorded at 298 K on Bruker
AVANCE700 and AVANCE600 spectrometers, processed with NMRPipe (37),
and analyzed using NMRView (38). All structural figures were generated with
Chimera (39).

Cell Cultures and Immunocytochemistry. Neuronal and glial primary cell cul-
tures were prepared from the midbrain tissue of an embryonic Sprague–
Dawley rat, immediately plated into 24-well plates, and grown in 97%
Neurobasal Medium (Invitrogen), 2% B-27 (Invitrogen), 0.1% Glutamine
(Invitrogen), 0.1% bovine serum albumin (Invitrogen) and 106 U/l penicil-
lin-streptomycin. After 11 days, cells were subjected to either PBS or
15d-PGJ2 treatment. 12 and 24 h after treatment, cells were fixed and
washed, and immunocytochemistry (ICC) was performed according to
standard procedures. Images were acquired using a laser scanning confocal
microscope (Fluoview1000, Olympus), equipped with a spectral detector
technology that provides precise wavelength separation of the emitted light.
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Fig. 4. The structure of the I93M mutant is similar to wild-type protein and
undergoes 15d-PGJ2 modification, unfolding and aggregation. (A) 2D 1H-15N
HSQC spectrum of the UCH-L1 I93M mutant exhibits excellent chemical shift
dispersion, demonstrating a well-folded protein. In the inset a ribbon of the
x-ray structure (9) is displayed, with the location of the mutated residue
marked in cyan. (B) Superposition of the 2D 1H-15N HSQC spectra of wild-type
UCH-L1 (Black) and the I93M mutant (Red). Only very small changes in reso-
nance positions were observed, indicating that no significant structural
changes between I93M mutant and wild-type proteins are caused by the
mutation. (C) 2D 1H-15N HSQC spectrum of the I93M mutant in the presence
of 2 fold molar excess of 15d-PGJ2. All spectra were recorded for 0.2 mM
protein samples in PBS buffer (pH 7.6) at 298 K.
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