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Abstract The ubiquitin–proteasome system (UPS) is the
primary proteolytic complex responsible for the elimination
of damaged and misfolded intracellular proteins, often
formed upon oxidative stress. Parkinson’s disease (PD) is
neuropathologically characterized by selective death of do-
paminergic neurons in the substantia nigra (SN) and accu-
mulation of intracytoplasmic inclusions of aggregated
proteins. Along with mitochondrial dysfunction and oxida-
tive stress, defects in the UPS have been implicated in PD.
Glutathione S-transferase pi (GSTP) is a phase II detoxify-
ing enzyme displaying important defensive roles against the

accumulation of reactive metabolites that potentiate the ag-
gression of SN neuronal cells, by regulating several process-
es including S-glutathionylation, modulation of glutathione
levels and control of kinase-catalytic activities. In this work
we used C57BL/6 wild-type and GSTP knockout mice to
elucidate the effect of both MPTP and MG132 in the UPS
function and to clarify if the absence of GSTP alters the
response of this pathway to the neurotoxin and proteasome
inhibitor insults. Our results demonstrate that different com-
ponents of the UPS have different susceptibilities to oxida-
tive stress. Importantly, when compared to the wild-type,
GSTP knockout mice display decreased ubiquitination ca-
pacity and overall increased susceptibility to UPS damage
and inactivation upon MPTP-induced oxidative stress.

Keywords Ubiquitin–proteasome system . Oxidative
stress . Proteasome inhibition . MPTP .

Glutathione S-transferase pi . Parkinson’s disease

Introduction

The ubiquitin–proteasome system (UPS) is the major non-
lysosomal protein degradation pathway within cells [1, 2].
Besides being the primary route for degradation of mis-
folded intracellular proteins, through the regulation of pro-
tein turnover, the UPS is critical for numerous cellular
functions including regulation of cell cycle and division,
survival and cellular response to stress, apoptosis and intra-
cellular signaling [1, 2].

The degradation of proteins by the UPS is a sequential
process involving an initial step of ubiquitin conjugation to
the protein substrate followed by the degradation of the
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tagged protein through the 26S proteasome complex with
release of free ubiquitin [1, 3]. In this pathway the ubiquitin-
activating enzyme (E1) activates ubiquitin through the for-
mation of a high-energy thiol ester bond between the C-
terminal glycine residue of ubiquitin and a specific cysteine
in the active site of the E1 enzyme, in an ATP-dependent
reaction [3–5]. Subsequently, ubiquitin is transferred to one
of several ubiquitin-conjugating enzymes (E2) to which
ubiquitin is also linked via a thiol ester bond [6, 7]. Some
E2 enzymes catalyze the covalent attachment of ubiquitin to
a lysine residue in the substrate proteins directly, whereas
other E2 enzymes act in concert with ubiquitin protein
ligases (E3) [8]. The combination of E2s and E3s deter-
mines the substrate specificity. The ubiquitinated proteins
can then be recognized and degraded by the proteasome.

Many neurodegenerative diseases are characterized by
accumulation of misfolded protein deposits in affected brain
regions, suggesting a failure in the cellular protein degrada-
tion pathways [9]. Parkinson’s disease (PD) is neuropatho-
logically characterized by selective death of dopaminergic
neurons in the substantia nigra (SN) and by the accumula-
tion of intracytoplasmic inclusions of aggregated proteins
[10]. Although the molecular mechanisms underlying neu-
rodegeneration in sporadic PD are still unclear, solid evi-
dence has accumulated implicating mitochondrial
dysfunction, oxidative stress and neuro-inflammation in
the pathogenesis of the disease [11]. Moreover, defects in
the UPS with failure to degrade misfolded and aggregated
proteins have been implicated in both familial and sporadic
forms of PD [12–15]. Evidences for UPS dysfunction in PD
include the mutations in genes associated with protein pro-
cessing and degradation, namely parkin [16] and ubiquitin
C-terminal hydrolase-L1 [17] found in patients with familial
PD (reviewed by Dawson and Dawson [13]). Moreover,
impairment of UPS has been reported in sporadic PD, with
patients displaying impaired proteasomal activity in the SN
[12] but not in the striatum (ST) [18].

In experimental models of PD, the involvement of the
UPS in neurodegeneration has been a controversial issue.
Although inhibition of the UPS has been shown to play a
key role in mediating cellular toxicity [19], it was also
demonstrated that proteasome inhibition can induce in-
creased expression of neuroprotective factors [20] and pro-
tect against dopaminergic cell death [21, 22]. Additionally,
it was demonstrated that although the systemic administra-
tion of a proteasome inhibitor to rats, transiently decreases
proteasome activity, it did not resulted in biochemical, neu-
ropathological or behavioral evidences of lesions to nigros-
triatal dopaminergic neurons [23]. The key to these
contradicting effects may rely on the fact highlighted in an
elegant study by Fornai et al. [24], who demonstrated that
continuously administered MPTP induces a PD-like syn-
drome with the presence of inclusions that are only formed

when mild and prolonged inhibition of the mitochondrial
respiratory chain causes chronic decreases of the UPS ac-
tivity, reconciliating the effects of MPTP and proteasome
inhibition in a mouse model of PD. This study further
dissects the mechanisms of dopaminergic neuronal degen-
eration dependent on proteasomal dysfunction, investigated
in a previous study [25].

Glutathione S-transferase pi (GSTP) belongs to a family of
phase II drug metabolizing enzymes that catalyze the detoxi-
fication of electrophiles by conjugation with glutathione
[26–28]. In previous studies, we showed that GSTP expres-
sion is significantly increased in both SN and ST of C57BL/6
mice after a single MPTP injection [29] and that GSTP
knockout (GSTP ko) mice are more susceptible to MPTP
neurotoxicity than wild-type mice [30]. Furthermore, we
[30] and other research groups [31–33] demonstrated that
GSTP protects against MPTP-induced toxicity by direct mod-
ulation of c-Jun N-terminal kinase (JNK) activity [30–32] and
bymodulation of the nuclear factor-erythroid 2-related factor2
(Nrf2) pathway through S-glutathionylation of Kelch ECH
associating protein 1 Keap1 (manuscript in preparation).

Removal of oxidative-damaged proteins by the UPS is
essential for the cells to cope with environmental stresses
[34, 35]. As the UPS is known to prefer oxidized proteins to
their native forms as substrates this is an important protein
quality control mechanism. However, oxidation can impair
the components of the UPS both at the level of ubiquitina-
tion and of proteasomal degradation, defining the UPS itself
as a target of oxidative stress.

Since UPS impairment has been suggested to participate
in the process of neurodegeneration in PD by mechanisms
not yet completely elucidated, with the present study we aim
to further characterize the extent and mechanisms of UPS
impairment in a well established MPTP experimental model
of PD. Moreover, we also assessed whether the absence of
GSTP could be a determinant factor in the failure of the UPS
under oxidative stress situations.

The results present herein show that in mice brain, dif-
ferent components of the UPS display different susceptibil-
ities to MPTP-induced oxidative stress and to proteasome
inhibition. Importantly, upon MPTP and MG132 insults
GSTP ko mice are more susceptible to UPS failure indicat-
ing that GSTP has also a role in protecting protein degrada-
tion pathways against oxidative stress.

Materials and Methods

Materials

MPTP was purchased from Sigma (St. Louis, MO, USA).
Na125I was purchased from Perkin Elmer (Boston, MA,
USA). Proteasome inhibitor (MG132), isopeptidase
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inhibitor (Ubiquitin aldehyde [Ubal]) and the fluorogenic
peptide substrates succcinyl-leucine-leucine-valine-tyro-
sine-7-amido-4-methylcoumarin (Suc-LLVY-AMC), Boc-
leucine-arginine-arginine-7-amido-4-methylcoumarin (Boc-
LRR-AMC) and Z-leucine-leucine-glutamic acid-7-amido-
4-methylcoumarin (Z-LLE-AMC) were purchased from
Boston Biochem (Cambridge, MA, USA) and Centricon-
10 microconcentrators were from Millipore Corporation
(Bedford, MA, USA). Coomassie Plus Protein assay and
BCA reagents were obtained from Pierce (IL, USA), and
Complete Mini protease inhibitors cocktail from Roche
Diagnostics (Penzberg, Germany). Immobilon P membrane
was from Millipore and ECL and Hyperfilm ECL were
purchased from GE Healthcare Biosciences (Uppsala, Swe-
den). The following antibodies were used: mouse anti-
ubiquitin clone P4D1 (Covance, Princeton, NJ, USA), rabbit
anti-E1 (provided by Dr. Fu Shang from Tufts University,
Boston, MA, USA) and mouse anti-β-actin (Sigma) and
horseradish peroxidase-conjugated secondary anti-mouse
or anti-rabbit (Bio-Rad, Hercules, CA, USA). Unless other-
wise specified, all other reagents were of the highest analyt-
ical grade and were purchased from Sigma.

Animals and Treatment

All procedures involving the use of animals were carried out
in accordance with the institutional, Portuguese and Euro-
pean guidelines (Diário da República, 2.ª série N.° 121 of 27
June 2011; and 2010/63/UE European Council Directive)
and methods were approved by the Ethical Committee for
Animal Experimentation of the Faculty of Pharmacy, Uni-
versity of Lisbon. Twelve-week-old (25–30 g body weight)
male C57BL/6 wild-type mice purchased from the Gulben-
kian Institute of Science Animal House (Oeiras, Portugal)
and C57BL/6 Gstp1/p2 null mice lineage (Cancer Research
UK; [36]) re-derived and maintained at the same Animal
House, were used. All animals were housed under standard-
ized conditions on a 12 h light–dark cycle, with constant
temperature (22–24 °C) and humidity (50–60 %) with free
access to a standard diet and water ad libitum.

Mice were intraperitoneally (i.p.) injected with either
MPTP at 40 mg/kg, MG132 at 5 mg/kg, or with both MPTP
and MG132, at the previous indicated dosages. Control mice
received saline alone. At 6 or 24 h after MPTP, MG132 or
vehicle administration mice were sacrificed under anesthe-
sia with sodium pentobarbital (50 mg/kg, i.p.) and brain
dissected as previously described [30]. Groups of at least
three mice were used for each condition (time point/dosage).

Proteasome Activity

Mice midbrain and striatum were dissected and homoge-
nized in 50 mM Tris–HCl pH 7.6. The homogenate was then

centrifuged at 15,000×g, at 4 °C, for 15 min. The protein
concentration was assayed from the resulting supernatants
with BCA Protein assay reagents. The mixture, containing
20 μg of tissue extract, was incubated at 37 °C for 1 h with
the peptide substrates Suc-LLVY-AMC to assess the
chymotrypsin-like activity or Z-LLE-AMC for the peptidyl-
glutamyl peptide hydrolase activity or Boc-LRR-AMC for
the trypsin-like activity of the proteasome, respectively. The
three peptidase activities were determined by monitoring the
accumulation of the fluorescent cleaved product 7-amido-4-
methylcoumarin, using a temperature-controlled automatic
multiwell plate reader (BioTek Synergy Spectrophotometer,
Wynooski, VT, USA) at excitation/emission wavelengths of
380/460 nm. Fluorescence was measured every 5 min dur-
ing 1 h, linear rates calculated as fluorescence intensity per
second per microgram of protein (ΔFU/s/μg protein) and
expressed as percentage of control samples.

Western Blot Analysis

Mice midbrain and striatum were dissected and tissue
extracts were prepared as previously described [29]. Sam-
ples were resolved by 10 % SDS-PAGE and transferred onto
Imobilon P membrane. Membranes were blocked with 5 %
nonfat dry milk in Tris-buffered saline with 0,1 % Tween-
20, for 1 h at room temperature and further probed with
antibodies to ubiquitin (1:1,000) or E1 (1:1,000), overnight
at 4 °C, followed by incubation with secondary antibodies,
for 1 h at room temperature. Analysis of β-actin (1:15,000)
expression was done in parallel as a loading control. The
immunocomplexes were detected by the ECL chemilumi-
niscent method and visualized with Hyperfilm ECL. Results
were quantified using the Gel-Pro Analyzer densitometry
analysis software (Media Cybernetics, Maryland, USA).

Preparation of 125I-Labeled Ubiquitin

Ubiquitin was radio-iodinated as described previously [37,
38]. Briefly, ubiquitin was mixed with Na125I in 50 mM
Tris–HCl, pH 7.6. The reaction of iodination was initiated
by addition of chloramine T, and the vials were shaken for
2 min at room temperature. The reaction was stopped by the
addition of sodium meta-bisulfite and sodium iodide. Free
125I and small protein fragments were removed from the
protein solution using Centricon-10 microconcentrators.

Determination of Ubiquitin Conjugation Activity

In order to determine the conjugation capacity of the UPS
components from midbrain and striatum tissue extracts to
catalyze the conjugation of exogenous radio-labeled ubiq-
uitin (125I-Ub) to endogenous protein substrates a modifica-
tion of an assay described by Hersko and col. 1980 [39] was
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used. Mice midbrain and striatum were dissected and ho-
mogenized in 50 mM Tris–HCl pH 7.6 and sonicated at
4 °C. The soluble fraction obtained after centrifugation at
15,000×g, at 4 °C, for 15 min was used to perform the assay
and its protein content was determined by the Coomassie
method.

The conjugation activity assay was performed in a final
volume of 25 μl, containing 50 μg of tissue extract and
10 μl conjugation buffer (50 mM Tris–HCl, pH 7.6, 1 mM
DTT, 5 mM MgCl2, 34.8 U/ml creatine phosphokinase,
10 mM creatine phosphate, 2 mM ATP, 80 μM MG132,
1 μM Ubal and 0.3 μg of 125I-Ub [approximately 2×105

cpm]). Following 30 min of incubation at 37 °C, the reaction
was stopped by addition of 25 μl of Laemmli buffer. After
incubation at room temperature for 30 min, the proteins
were separated by 12 % SDS-PAGE. The formation of de
novo ubiquitin conjugates was visualized by autoradiogra-
phy of dried gels.

Determination of Ubiquitin-Activating and Conjugating
Enzymes Activities — Thiol Ester Assay

This assay was carried out as described above for the ubiq-
uitin conjugation assay except that the incubation period
was 5 min at 37 °C and the reaction was stopped by addition
of 25 μl Laemmli buffer or thiol ester assay buffer (50 mM
Tris–HCl, pH 6.8, 4 % SDS, 8 M urea, 10 % glycerol and
0.1 mg/ml bromophenol blue). After incubation at room
temperature for 30 min the proteins were separated by
SDS-PAGE on 15 % gels. The activities of E1 and E2 were
quantified by determining the density of the bands on the
autoradiogram of dried gels. Samples treated with β-
mercaptoethanol were used as negative controls for the
reactions.

Statistical Analysis

Statistical analyses were performed using the software
Graphpad Prism 5.0 (San Diego, CA, USA). Data were
statistically evaluated for significance using ANOVA with
Tukey post-hoc test for multiple comparisons. Differences
were considered statistically significant when p<0.05.

Results

Impairment of Proteasome Activity by MPTP and MG132
in Mice Midbrain and Striatum

In order to clarify the involvement of proteolytic system
impairment in the dopaminergic neuronal damage caused
by MPTP-induced oxidative stress we assessed the function
of several UPS constituents. We started by measuring the

three peptidase activities of the proteasome in wt and GSTP
ko mice in both midbrain and striatum regions, at 6 and 24 h
post-treatment. We observed significant decreases in the
chymotrypsin-like activity of the proteasome in both mid-
brain (Fig. 1a and b) and striatum (Fig. 1c and d) of wt
(Fig. 1a and c) and GSTP ko mice (Fig. 1b and d). In the
midbrain of both wt and GSTP ko mice the decrease in this
activity was only significant at 24 h after the administration
of MPTP and/or MG132 (Fig. 1a and b). In the striatum of
wt mice chymotrypsin-like activity was decreased by ap-
proximately 30 % at 6 h (p<0.05) and 40 % at 24 h (p<
0.01), in MG132-treated mice (Fig. 1c). MPTP in turn, led
to a 35 % (p<0.01) decrease in chymotrypsin-like activity at
24 h post-injection (Fig. 1c). The concomitant administra-
tion of MPTP and MG132 led to a decrease of approximately
30 % (p<0.05) in this proteolytic activity at both 6 h and 24 h
post-injection (Fig. 1c). Administration of MPTP or MG132
resulted in inhibition of the chymotrypsin-like activity, in the
striatum of GSTP ko mice, of approximately 30 % (p<0.05),
at both time-points analyzed (Fig. 1d). Simultaneously admin-
istration of MG132 and MPTP reduced the proteasomal ac-
tivity by approximately 30% at 6 h (p<0.05) and 40% at 24 h
(p<0.01) (Fig. 1d). No significant changes, in neither trypsin-
like nor peptidylglutamyl peptide hydrolase activities, were
detected (data not shown).

Endogenous Ubiquitin–Protein Conjugates Levels
Are Altered in Response to Proteasome Inhibition
and MPTP-Induced Oxidative Stress

The levels of endogenous ubiquitin conjugates at a given
time-point result from the balance between the ubiquitin
conjugation activity and the degradation of the ubiquitin
conjugates by the proteasome or deubiquitination by iso-
peptidases. In order to further assess the effect of MG132
and MPTP-induced oxidative stress on the ubiquitin–pro-
teasome pathway, we determined the levels of endogenous
ubiquitin conjugates accumulated in the midbrain and stria-
tum of wt and GSTP ko mice injected with these
compounds.

GSTP ko treated with MG132, MPTP or with the com-
bination of MG132 plus MPTP display significantly lower
levels of endogenous ubiquitin conjugates accumulation
when compared to their wt counterparts, in both midbrain
(Fig. 2a and b) and striatum (Fig. 2c and d). However, for
GSTP ko mice, only in the striatum the treatments with
MG132 or with MPTP induced a significant (p<0.01) re-
duction in the levels of the endogenous ubiquitin conjugates
(Fig. 2d). The accumulation of ubiquitin conjugates in wt
mice, in turn, is significantly affected by the treatment with
both compounds, that induced a significant (p<0.05) in-
crease in accumulation of ubiquitin conjugates in the mid-
brain (Fig. 2b).
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MPTP and MG132 Induce Alterations in Ubiquitin
Conjugation Capacity in Mice Midbrain and Striatum

To assess the function of the enzymes that constitute the
endogenous ubiquitin conjugation machinery, the ability to
form de novo ubiquitin conjugates was evaluated in tissue
extracts from both wild-type and GSTP ko mice, using
exogenous radio-labeled ubiquitin (125I-ubiquitin).

As shown in Fig. 3, we detected a significant decrease in
the formation of conjugates of ubiquitin with protein sub-
strates in the midbrain of wt mice treated with MG132 (p<
0.05) or with MPTP (p<0.01) (Fig. 3a and b). Similarly the
co-administration of both compounds led to a 55 % (p<0.01)
decrease in the de novo formation of ubiquitin conjugates
(Fig. 3a and b). In GSTP ko mice, after injection of both
compounds, the conjugation activity is lowered by approxi-
mately 60 % (p<0.05) (Fig. 3a and b). GSTP ko mice
exhibited similar results in both brain regions with a 50 %

decrease (p<0.05) in the conjugating activity in the striatum of
MG132 plus MPTP treated mice (Fig. 3c and d). However,
surprisingly in the striatum of wt mice the administration of
MPTP resulted in a significant increase (~65 %, p<0.001) in
the ability to form de novo conjugates (Fig. 3c and d).

Moreover, in the striatum, the alterations in the conjuga-
tion activity levels were significantly different in GSTP ko
mice when compared to their wt counterparts under the
same treatment schedule (Fig. 3c and d).

Ubiquitin-Activating Enzyme Expression and Activity
Is Modified by MPTP and MG132 Treatments
in the Midbrain and Striatum of Wild-type and GSTP
Knock-out Mice

E1 is the rate-limiting enzyme in the ubiquitin conjugation
process and its activity has been suggested to be transiently
up-regulated in response to oxidative stress [40].
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Fig. 1 Proteasome activity in mice midbrain and striatum upon MPTP
and MG132 administration. Tissue extracts were prepared from mid-
brains and striata from C57BL/6 wild-type and GSTP ko mice i.p.
injected with saline (control), MPTP (40 mg/kg) and/or MG132 (5 mg/
kg), and sacrificed 6 or 24 h post-treatment. Proteasome chymotrypsin-
like activity in the midbrain (a, b) and striatum (c, d) from wild-type
(a, c) and GSTP ko (b, d) was determined using the fluorogenic
synthetic peptide substrate Suc-LLVY-AMC. The increase in fluores-
cence intensity (ΔFU) of the enzymatically cleaved product was
detected at excitation/emission wavelengths of 380/460 nm. Results

were obtained as ΔFU/s/μg protein and then converted to mean per-
centage activity. Chymotrypsin-like activity in control samples was
arbitrarily set as 100 % and its levels in MPTP and/or MG132-
treated samples were plotted as percentage of this value. Data pre-
sented are mean triplicate values ± SEM of at least three independent
experiments. Statistical analysis was carried out using one-way
ANOVA with Tukey post-hoc test, where #p<0.05, ##p<0.01, ###p<
0.001 relative to wt control and *p<0.05, **p<0.01, ***p<0.001
relative to GSTP ko control
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In accordance with the observed significant increase in
the de novo formed conjugates in the striatum of wt mice
upon MPTP administration (Fig. 3c and d), the E1 activity
in this brain region is also up-regulated in mice treated with
the neurotoxin (Fig. 4d and f). Furthermore, in the midbrain
of wt mice (Fig. 4a and c) and in both the midbrain (Fig. 4b
and c) and striatum (Fig. 4e and f) of GSTP ko mice the
levels of E1~Ub thiolester are lowered by the treatment with
MG132 plus MPTP, which is also in accordance with the
data obtained for the de novo ubiquitin conjugates levels in
these same brain regions (Fig. 3).

Moreover, the E1 protein levels are significantly lower in
GSTP ko mice when compared to wt mice under protea-
some inhibition or treatment with the neurotoxin, in both
brain compartments (Fig. 5b and d). Additionally, whereas

in the striatum of wt mice E1 protein levels increase in
response to the insults, in GSTP ko mice E1 expression is
decreased upon exposure to both compounds (Fig. 5).

Discussion

In sporadic PD, neuronal cell death is accompanied by the
accumulation of misfolded protein deposits in affected brain
regions [10], suggesting that a failure in the cellular protein
degradation pathways might contribute to the pathogenesis
of the disease [1, 14].

The selective removal of oxidative-damaged proteins by
the UPS is essential for cells to survive under conditions of
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Fig. 2 Ubiquitin conjugates levels in the midbrain and striatum of
MPTP and MG132-treated C57BL/6 wild-type and GSTP ko mice. Six
hours after i.p. administration of saline (control), MG132 (5 mg/kg)
and/or MPTP (40 mg/kg), mice were sacrificed and brains were dis-
sected. Endogenous ubiquitin conjugates levels were determined in
midbrain (a, b) and striatum (c, d) from wild-type and GSTP ko mice,
by Western blot analysis, using a mouse anti-ubiquitin antibody. Anal-
ysis of β-actin was done in parallel as a loading control. The ubiquitin
(Ub) conjugates levels in control samples, from saline-treated wt mice,

were arbitrarily set as 100 % and levels in MPTP and/or MG132-
treated samples were calculated and plotted as a percentage of this
value. Data shown are mean ± SEM of at least three independent
experiments. Statistical analysis was carried out using one-way
ANOVA with Tukey post-hoc test where #p<0.05, ##p<0.01, relative
to wt control; ££p<0.01, £££p<0.001, relative to wt MG132 plus
MPTP; **p<0.01, relative to GSTP ko control; and two-way ANOVA
with Bonferroni’s post-hoc test, where §p<0.05, §§§p<0.001 wild-type
vs. corresponding GSTP ko
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environmental stresses [34, 35]; however, the UPS itself is a
target of oxidative stress [41].

We have previously observed that both MPTP and
MG132 in vivo administration induces oxidative stress as
demonstrated by increased levels of reactive oxygen species
and protein carbonyls along with decreased glutathione
levels (manuscript in preparation). We have also shown that
GSTP protects against MPTP-induced neurotoxicity by
modulating JNK activity [30] and the Nrf2 antioxidant
pathway (manuscript in preparation) in a mouse model of
PD. The inhibition of proteasome has been suggested to be
related with dopaminergic neuronal degeneration in PD
experimental models. However, the comparison between
the mechanisms underlying the effects of neurotoxins, such
as MPTP, and proteasome inhibitors, such as MG132, has

not been thoroughly explored. Therefore, we sought to
evaluate the effect of MPTP treatment on the UPS function
in wild-type and GSTP ko mice midbrain and striatum and
assess whether this effect is reversed, potentiated or not
affected when the proteasome pathway is impaired.

Our data, consistent with previous studies [24], show that
single-dose injections of MPTP in mice decreased the nigral
UPS activity for a short period of time. Here we show that
MG132 and MPTP affected the proteasome proper function
leading to a decrease in the chymotrypsin-like activity in both
wild-type and GSTP ko mice. The proteasome function seems
to be altered by the treatments in a similar manner in both wt
and ko mice, although in GSTP ko mice treated with MPTP
the inhibition of the proteasome in the striatum occurs at the
earlier time-point tested when compared to wt mice.
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Fig. 3 Ubiquitin conjugation activity in C57BL/6 wild-type and GSTP
ko mice midbrain and striatum upon treatment with MPTP and
MG132. C57BL/6 mice were i.p. injected with saline (control),
MG132 (5 mg/kg) and/or MPTP (40 mg/kg), euthanized 6 h after
treatment and midbrains and striata were dissected. Ubiquitin conjuga-
tion activity was determined by incubation of tissue extracts with
exogenous 125I-ubiquitin followed by SDS-PAGE analysis. The gels
were stained, dried, and subjected to autoradiography. The amount of
de novo ubiquitin conjugates formed represents ubiquitin conjugation
activity in the midbrain (a, b) and striatum (c, d) of wild-type and

GSTP ko mice. The autoradiographs shown are representative of three
independent experiments. The ubiquitin conjugates levels in control
samples were arbitrarily set as 100 % and the relative levels in MPTP
and/or MG132-treated samples was calculated and plotted as a per-
centage of this value. Data shown are mean ± SEM of three indepen-
dent experiments. Statistical comparisons were performed using one-way
ANOVAwith Tukey post-hoc test where #p<0.05, ##p<0.01, ###p<0.001
relative to wild-type control; *p<0.05, relative to GSTP ko control; £££p<
0.001, relative to MPTP-treated wild-type; §p<0.05, §§p<0.01, §§§p<
0.001 wild-type vs. corresponding GSTP ko
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Oxidative damage to the proteasome is one possible
mechanism that enhances stress-induced accumulation of
ubiquitin conjugates in the cells, which have been reported
as sensitive markers of oxidative stress [40, 42–44]. Oxi-
dized proteins are generally preferred proteasome substrates
[45, 46] and upon oxidizing conditions the cell can initiate a
response that involves the up-regulation of both proteasome
activity and ubiquitin conjugation enzymes leading to en-
hanced intracellular protein degradation. The proteasome
has been reported to be more susceptible to oxidative
stress-induced inactivation than the enzymes of the ubiqui-
tin conjugation machinery [40, 41, 47]. Therefore, the pro-
teasome can be inactivated and even so the ubiquitin
conjugation machinery may still maintain proper function.
In this scenario, proteins are tagged for degradation by
ubiquitin but are not degraded by the proteasome resulting
in an accumulation of ubiquitin conjugates. On the other

hand, extensive oxidative stress that compromises both the
proteasome and the ubiquitination enzymes results in a
decrease in the de novo synthesis of ubiquitin–protein con-
jugates and in proteasomal degradation.

In fact, in the midbrain of wt mice treated with both
MG132 and MPTP we observe impaired proteasome activ-
ity (Fig. 1a and b) and accumulation of endogenous ubiq-
uitin conjugates (Fig. 2a and b). This can be explained by
the fact that, as a result of different UPS susceptibilities to
oxidative stress, proteasomal activity can be affected earlier
than the ubiquitination capacity, leading to the accumulation
of protein–ubiquitin conjugates. However, as a result of a
strong oxidative insult, such as the one inflicted by the
concomitant administration of both compounds, the ubiqui-
tination capacity is also ultimately compromised, resulting
in the impairment of the de novo conjugates formation
observed in Fig. 3.
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Fig. 4 Ubiquitin activating enzyme (E1) and ubiquitin conjugating
enzymes (E2s) activities in response to MPTP and MG132 adminis-
tration. Tissue extracts from C57BL/6 wild-type (a, d) and GSTP ko
(b, e) mice midbrains (a, b and c) and striata (d, e and f) were prepared
after saline (control), MPTP (40 mg/kg) and/or MG132 (5 mg/kg) i.p.
injection, and sacrificed 6 h post-treatment. Ubiquitin activating en-
zyme (E1) and ubiquitin conjugating enzyme (E2) activities following
MPTP/MG132 treatment were determined by thiolester assay using
exogenous 125I-ubiquitin. In parallel, as a control for this assay, tissue
extracts were exposed to β-mercaptoethanol (β-ME) because
E1~Ubiquitin (E1~Ub) and E2~Ubiquitin (E2~Ub) thiolesters are

labile to reducing agents. The bands that are not visible in the presence
of β-ME are E1~Ub and E2~Ub thiolesters. The autoradiographs
shown are representative of three independent experiments using at
least three mice per condition. The E1 levels in control samples were
arbitrarily set as 100 % and the relative levels in MPTP and/or MG132-
treated samples was calculated and plotted as a percentage of this value
(c and f). Data shown are mean ± SEM of three independent experi-
ments. Statistical comparisons were performed using one-way ANOVA
with Tukey post-hoc test, where #p<0.05, ##p<0.01 relative to wild-
type control; **p<0.01, relative to GSTP ko control; §§p<0.01, §§§p<
0.001 wild-type vs. corresponding GSTP ko
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Moreover, we observed a significant decrease in the
levels of endogenous ubiquitin conjugates in the striatum
of both wild-type and GSTP ko mice in response to MPTP
administration, pointing towards an alteration in the physi-
ological/steady-state function of the UPS induced by MPTP

administration (Fig. 2c and d). Notably, ubiquitin–conju-
gates levels of both control and MG132/MPTP treated mice
were significantly lower in GSTP ko mice when compared
with their wt counterparts (Fig. 2b and d). Additionally,
ubiquitination capacity of GSTP ko mice in the striatum is
also significantly decreased when compared to the wild-type
mice (Fig. 3c and d). These results indicate that the UPS is
more affected by oxidative stress in GSTP ko mice than in
wt mice. Moreover, wt mice have the ability to increase
ubiquitination, by inducing E1 activity (Fig. 4d and f), as
an attempt of the cells to increase the degradation of dam-
aged proteins in response to MPTP-induced oxidative stress.

In accordance, the levels of E1 enzyme, upon treatment
with MG132 or MPTP, are also significantly lower in GSTP
ko mice when compared to their wt counterparts (Fig. 5).
Moreover, in GSTP ko mice, treatment with MPTP, MG132
or with both compounds induce significant decreases in
midbrain E1 protein levels (Fig. 5a and b). In contrast, in
wt mice both E1 expression and activity tend to increase
upon treatment with MPTP, indicating that wt mice have a
higher capacity to cope with MPTP-induced oxidative stress
and still maintain a functional UPS.

Taylor and collaborators have proposed that activities of
E1 and E2 enzymes are regulated by cellular redox status,
namely GSSG/GSH ratio [48]. Moreover, an independent
report [43] showed that changes in UPS function could be
directly related to a decrease in GSH levels and an increase
in S-glutathionylated proteins.

Recently obtained results from our group show that MPTP
induces a significant decrease in glutathione levels that is
accompanied by an increase in S-glutathionylated protein
levels in C57BL/6 wild-type mice brain (manuscript in prep-
aration). Structurally, all the enzymes in the ubiquitin conju-
gation pathway have a cysteine residue in their active sites,
and therefore might be subjected to regulation through S-
glutathionylation [34]. Glutathionylation, being a reversible
process, might protect protein cysteine residues from irrevers-
ible oxidative-driven inactivation. Interestingly, GSTP ko
mice exhibit lower global levels of S-glutathionylation when
compared to wt mice, in response to MPTP and MG132
treatments (manuscript in preparation). This might account
for the inability for the up-regulation of E1 activity in GSTP
ko mice in response to MPTP-induced oxidative stress.

Here we show that GSTP ko mice under MPTP treatment
display impaired ubiquitination capacity and lower expres-
sion levels of E1, the rate-limiting enzyme in the ubiquiti-
nation process. Since the increase in proteolysis may
function as an anti-oxidant mechanism, by enhancing the
removal of oxidative-damaged proteins from cells, our
results strongly suggest that GSTP ko mice exhibit deficits
in the UPS, that may contribute to their higher susceptibility
to MPTP-induced neurotoxicity. Taken together, the present
results show that GSTP ko mice are more susceptible to
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Fig. 5 Ubiquitin activating enzyme (E1) expression levels in response
to MPTP and MG132 administration. C57BL/6 wild-type and GSTP
knockout mice were i.p. injected with saline (control), MPTP (40 mg/
kg) and/or MG132 (5 mg/kg) and sacrificed 6 h post-treatment. Tissue
extracts were prepared from midbrain (a, b) and striatum (c, d) from
both wt and GSTP ko mice and subjected to SDS-PAGE. The
corresponding blots were probed with a rabbit anti-E1 antibody. Anal-
ysis of β-actin was done in parallel as a loading control. The relative
levels of E1 in control samples were arbitrarily set as 100 % and the
relative levels in MPTP and/or MG132-treated samples were calculat-
ed and plotted as a percentage of this value. Data shown are mean ±
SEM of at least three independent experiments. Statistical analysis was
performed using one-way ANOVA with Tukey post-hoc test where
#p<0.05, ###p<0.001 relative to wild-type control; **p<0.01, ***p<
0.001, relative to GSTP ko control; £££p<0.001, relative to MPTP-
treated wild-type; and two-way ANOVA with Bonferroni’s post-hoc
test where §p<0.05, §§§p<0.001 wild-type vs. corresponding GSTP ko
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UPS failure, under conditions of oxidative stress and pro-
teasome inhibition, reinforcing our previous data and indi-
cating that GSTP also plays a role in protecting protein
degradation pathways against oxidative stress.
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