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Abstract

Oxidative stress and mitochondrial dysfunction are known to contribute to the pathogenesis of

Parkinson's disease. Dopaminergic neurons may be more sensitive to these stressors because they

contain dopamine (DA), a molecule that oxidizes to the electrophilic dopamine quinone (DAQ)

which can covalently bind nucleophilic amino acid residues such as cysteine. The identification of

proteins that are sensitive to covalent modification and functional alteration by DAQ is of great

interest. We have hypothesized that selenoproteins, which contain a highly nucleophilic

selenocysteine residue and often play vital roles in the maintenance of neuronal viability, are

likely targets for the DAQ. Here we report the findings of our studies on the effect of DA

oxidation and DAQ on the mitochondrial antioxidant selenoprotein Glutathione Peroxidase 4

(GPx4). Purified GPx4 could be covalently modified by DAQ, and the addition of DAQ to rat

testes lysate resulted in dose dependent decreases in GPx4 activity and monomeric protein levels.

Exposing intact rat brain mitochondria to DAQ resulted in similar decreases in GPx4 activity and

monomeric protein levels as well as detection of multiple forms of DA-conjugated GPx4 protein.

Evidence of both GPx4 degradation and polymerization was observed following DAQ exposure.

Finally, we observed a dose dependent loss of mitochondrial GPx4 in differentiated PC12 cells

treated with dopamine. Our findings suggest that a decrease in mitochondrial GPx4 monomer and

a functional loss of activity may be a contributing factor to the vulnerability of dopaminergic

neurons in Parkinson's disease.

Parkinson's disease (PD) is a progressive neurodegenerative disease affecting approximately

one million people in the United States. The primary movement symptoms of the disease:

bradykinesia, resting tremor, and rigidity are attributed to a profound degeneration of the

dopaminergic (DAergic) neurons of the nigrostriatal pathway. Although the exact
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mechanism underlying cell death remains unknown, it is clear that oxidative stress and

mitochondrial dysfunction are contributing to the demise of the DAergic neurons [1].

Mitochondria are central figures in the regulation of cell death pathways. They release

cytochrome c and apoptosis-inducing factor into the cytosol, activating caspase-dependent

and caspase-independent cell death pathways, respectively [2, 3]. Mitochondria serve as

calcium buffers, protecting neurons from excitotoxic cell death [4]. They also are one of the

main sources of reactive oxygen species in the cell, which arise as byproducts of the electron

transport chain [5]. Taken together, these roles suggest that preserving mitochondrial

integrity is critical for neuronal survival.

Multiple lines of evidence exist that implicate mitochondrial dysfunction in the pathogenesis

of PD. Familial forms of parkinsonism arise from mutations or deletions of the genes coding

for the proteins DJ-1, PINK1, and Parkin [6-8]. All of which are thought to function in the

maintenance of mitochondrial integrity [9-11]. Many patients with the sporadic form of PD

have a systemic deficiency in complex I activity in the electron transport chain which is

thought to result in excess superoxide production in mitochondria [12-14]. Notably,

exposure to mitochondrial complex I inhibitors such as 1-methyl-4-phenylpyridinium and

rotenone cause parkinsonian-like symptoms in primates and rodents [15, 16]. Recently, the

rotenone model of PD has provided substantial evidence that chronic systemic inhibition of

complex I is sufficient to cause selective degeneration of DAergic nurons in rodents [17-19].

However, the mechanism underlying the apparent sensitivity of DAergic neurons to

mitochondrial dysfunction is not fully understood.

Dopamine (DA), the neurotransmitter in DAergic neurons, can spontaneously oxidize to an

electron deficient DA quinone (DAQ), which readily forms a covalent bond with

nucleophiles, such as the thiol group on the amino acid cysteine [20]. Irreversible

modification of cysteine residues on proteins can alter the function of the protein, potentially

jeopardizing the health of the cell. Exogenous DA has been shown to be toxic to SNpc

neurons when injected into the striatum, while endogenous DA is toxic to SNpc neurons in

mice that cannot sequester it into vesicles [21, 22]. Covalent modification of cysteinyl

residues forming 5-cysteinyl-dopamine in both proteins and GSH is thought to be the

mechanism underlying the toxicity of DA to these neurons [21].

Selenoproteins, a family of selenium-containing proteins, may be readily targeted by DAQ

under physiological conditions. The selenol group on selenocysteine residues is a stronger

nucleophile than the thiol of cysteine at physiological pH, due to its lower pKa, making it a

likely target for DAQ modification [23]. The selenoprotein glutathione peroxidase 4 (GPx4,

phospholipid hydroperoxide glutathione peroxidase, EC 1.11.1.12) is a critical antioxidant

protein. GPx4−/− mice die at embryonic day 7.5, and the protein ranks high in the hierarchy

of selenoproteins [24, 25]. GPx4 directly catalyzes the reduction of phospholipid

hydroperoxides through an active site containing an essential selenocysteine residue (U46).

Replacement of the selenocysteine with cysteine decreases activity 1000-fold, and alkylation

of the residue with iodoacetamide completely abolishes activity [26]. Thus, oxidative

modification of this protein is likely to alter its function.
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GPx4 is highly expressed in the brain in comparison to most other selenoproteins [27]. In

brain mitochondria, GPx4 primarily localizes to the inner membrane where it prevents the

oxidation of membrane phospholipids such as cardiolipin [28]. Cardiolipin is an inner

mitochondrial membrane phospholipid that plays multiple essential roles in the

mitochondria. It is required for the proper formation of contact sites between the inner and

outer mitochondrial membranes; it stabilizes the complexes of the electron transport chain;

the activity of several mitochondrial enzymes (i.e. creatine kinase) depends on it; and it

binds cytochrome c to the inner membrane which effectively prevents the induction of

apoptosis (Reviewed in [29]). Maintaining cardiolipin in a reduced state is integral for the

health of the mitochondria, suggesting adequate antioxidant defenses, such as GPx4 activity,

are extremely important to the cell.

The role of selenoproteins in maintaining neuronal viability and mitochondrial homeostasis

is rapidly emerging. Because DA readily forms electrophilic DAQ under oxidative

conditions and selenoproteins represent an ideal target for quinone modification, we

examined whether GPx4 would serve as a target for DAQ modification in a complex cellular

environment such as isolated brain mitochondria.

EXPERIMENTAL PROCEDURES

All animal procedures were approved by the Institutional Animal Care and Use Committee

at the University of Pittsburgh and are in accordance with guidelines put forth by the

National Institutes of Health in the Guide for the Care and Use of Laboratory Animals.

Chemicals and Reagents

All chemicals were purchased from Sigma-Aldrich unless otherwise noted. A polyclonal

antibody for GPx4 was raised in rabbit against a peptide corresponding to the residues 178-

KRYGMEEPQVIEKD-191 of full-length rat GPx4 by Genemed Synthesis Inc. (San

Francisco, CA). The antibody was affinity purified and supplied in phosphate buffered

saline (PBS) (1.6 μg/μL). For all experiments, protein content was determined by the

Bradford assay [30]. Phosphatidylcholine hydroperoxide (PCOOH) was synthesized

according to published procedures [31].

SDS-PAGE and Western Blot

Sample proteins were separated by 15% SDS-PAGE, and then transferred to 0.2 μm

nitrocellulose membranes using a semi-dry trans-blot apparatus (Bio-Rad). Odyssey

blocking buffer (LiCor Biosciences) diluted 1:1 with PBS was used to block membranes.

Blots were incubated in primary antibody for 1hr at RT or overnight at 4 °C. Primary

antibodies used were Genemed rabbit-anti-GPx4 (1:1000), mouse-anti-COX IV (Abcam

Ab14744, 1:100,000), or rabbit-anti-HSP60 (Abcam Ab40993, 1:200,000). The secondary

antibodies used were LiCor goat-anti-rabbit IRDye 800 (1:5,000-10,000) and LiCor goat-

anti-mouse IRDye 680 (1:5,000). Following secondary antibody incubations (1hr, RT), the

blots were washed extensively, and scanned using the Odyssey Infrared Imaging System

(LiCor Biosciences). Band intensities were quantified using the Odyssey Application
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Software Version 3.0, and the ratios of GPx4 band intensity to the loading control band

intensity were used for statistical analyses.

GPx4 Activity Assay

GPx4 activity on PCOOH was measured using the standard glutathione reductase coupled

spectrophotometric assay [31]. GPx4 activity in testes lysate was measured using 200 μg

protein in GPx Assay Buffer [100mM Tris-HCl (pH 7.4), 5mM EDTA, 0.1% Triton X-100

(Roche, peroxide free)] in the presence of 3mM GSH, 0.2 mM NADPH, and 3U of

glutathione reductase (Roche). Reactions were started by the addition of PCOOH and the

decrease in NADPH absorbance at 340nm was recorded using a SPECTRAmax Plus384

spectrophotometer. The molar extinction coefficient for NADPH (6.22×103 M-1 · cm-1) was

used to calculate specific activity ( mol/min/mg protein) (1U = 1 μmol NADPH oxidized per

minute) from the linear activity rates.

To increase the sensitivity of the GPX4 assay for brain mitochondrial lysates, we measured

the change in NADPH fluorescence using a fluorometer (Shimadzu RF-5301PC), with the

excitation wavelength set to 340nm and emission wavelength set to 460nm, recording every

second. GPx4 activity was recorded in mitochondrial lysates (500μg protein) in GPx assay

buffer in the presence of 3mM GSH, 0.075 mM NADPH, and 3U of glutathione reductase

with constant stirring. After 5 min incubation at 37°C, PCOOH was added and decreases in

NADPH fluorescence were measured continuously. Reaction rates were calculated by fitting

linear regression lines to the data acquired 10s after the addition of PCOOH and continuing

for at least 60s afterwards.

All samples were assayed in duplicate, and the mean specific activity from 3 separate

experiments was used for statistical analyses.

Immunopurification of Testes GPx4 and 14C-DAQ Exposure

Lewis rat testes were minced and homogenized in ice cold CHAPS lysis buffer [250mM

sucrose, 100mM Tris-HCl, 12mM CHAPS, pH 7.4] (10mL/teste) containing protease

inhibitor cocktail (PIC, Sigma) using a Dounce homogenizer. The homogenate was vortexed

and remained on ice for 30 min prior to centrifugation (15 min, 20,000xg, 4°C) to pellet

insoluble material. The resulting supernatant was applied, according to manufacturer's

instructions, to an immunoaffinity column prepared using the Genemed GPx4 antibody and

an Aminolink Plus Kit (Pierce). Partially purified protein was eluted using IgG elution

buffer (Pierce) and collected in 1mL fractions. Eluted fractions containing GPx4 were

concentrated using 10kDa centrifugal filters (Millipore). Partially purified protein (250 μg)

was reacted with 150 μM 14C-DA (MP Biosciences, 0.3 μCi) and tyrosinase (0.3U/μL) for

15 min at RT. When indicated, DTT was added to a final concentration of 1mM prior to the

addition of DA/tyrosinase while an equivalent volume of buffer alone was added to the

samples not treated with DTT. Reactions were stopped by the addition of SDS-PAGE

sample prep buffer, boiled, and samples were immediately run on 1D SDS-PAGE followed

by autoradiography and Western blot for GPx4.
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Exposure of Testes Lysate to Dopamine Quinone

Lewis rat testes were lysed using CHAPS lysis buffer and aliquots were diluted to a final

concentration of 2.0 μg/ L with GPx assay buffer containing the indicated amount of DA

(0-150 μM). Control samples such as buffer alone, 150 μM DA alone, tyrosinase alone, GSH

alone, and GSH/150 μM DA+ tyrosinase were also included. Reactions were started by the

addition of tyrosinase (0.3U/μL) to convert DA to DAQ and were allowed to proceed for 15

min at RT before being quenched by the addition of 1mM GSH. Samples were then placed

on ice and immediately assayed for GPx4 activity or prepared for SDS-PAGE followed by

Western blot analyses.

Isolation of Rat Brain Mitochondria and Dopamine Quinone Exposure

Mitochondria were isolated from male Lewis rat brain by differential centrifugation as

previously described [32]. The final mitochondrial pellets were resuspended in ice-cold

isolation buffer [225 mM mannitol, 75mM sucrose, 5mM HEPES, 1mM EGTA, 1 μg/μL

BSA, pH 7.4] and protein content was determined. For Western blot and GPx4 activity

experiments, mitochondria (500 μg) were brought to a final protein concentration of 2.0

μg/μL in mitochondrial reaction buffer [225 mM mannitol, 75mM sucrose, 25mM HEPES,

1mM EGTA, pH 7.4] containing PIC (5μL/mg protein) and the indicated amount of DA

(0-150μM). Some samples also contained GSH (1mM). DAQ was generated by the addition

of tyrosinase (0.3U/μL), and reactions were allowed to proceed for 15 min at RT before the

mitochondria were pelleted by centrifugation (15 min, 15,000xg, 4°C). The mitochondrial

pellets were then vigorously resuspended in CHAPS lysis buffer using 200 μL buffer/mg

protein. The mixtures were incubated on ice for 30 min with frequent vortexing before

insoluble material was removed by centrifugation (20 min, 20,000xg, 4°C). The protein

concentrations of the lysates were determined, and the lysates were either immediately

assayed for GPx4 activity or prepared for SDS-PAGE by boiling in Laemli sample prep

buffer for Western blot analyses.

Exposure of Rat Brain Mitochondria to 14C-DAQ and 2D SDS-PAGE

Isolated rat brain mitochondria were exposed to 10 μM 14C-DAQ (0.55μCi) as described

above for non-radioactive DA experiments. Following 15 min incubation with DAQ at RT,

the mitochondria were pelleted by centrifugation (15 min, 15,000xg, 4°C). Pellets were

lysed by vigorous resuspension in 2D lysis buffer (500μL/mg protein) [100mM Tris-HCl,

8M urea, 100mM β-mercaptoethanol, 2% CHAPS, pH 7.4] containing 5M guanidine-HCl.

Insoluble material was removed by centrifugation (15 min, 15,000xg, RT), and then low

molecular weight contaminants (i.e. guanidine-HCl) were removed by three successive

passes through Microcon Ultrafiltration Units (Millipore, 10,000 MWCO) replacing the

buffer with 2D PAGE buffer [100mM Tris-HCl, 8M Urea, 2% w/v CHAPS, pH 7.4]

following each pass. Protein samples (45-70μg) were isoelectrically focused using 7cm 3-10

pH Immobiline DryStrips (GE Healthcare) and a Multiphor II electrophoresis system (GE

Healthcare). DryStrips were equilibrated using equilibration buffer [75mM Tris-HCl, 30%

v/v glycerol, 6M urea, 1% w/v SDS, pH 6.8] containing 30mM DTT for 10 min at RT,

followed by equilibration buffer containing 240mM iodoacetamide for 10 min at RT.

Proteins were separated in the second dimension using 15% SDS-PAGE gels, and
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transferred to 0.2 μm nitrocellulose membranes which were exposed to autoradiographic

film (Kodak) for up to 2 weeks at -80°C. After autoradiography, Western blot analysis for

GPx4 using the Genemed GPx4 antibody was performed as described above. Images from

the autoradiograms and Western blots were digitally aligned based on the location of

fluorescent marks placed on the blots, which could be observed in both images.

2D gels used for initial characterization of the GPx4 antibody were processed as described

above using control rat brain mitochondrial protein (250μg) and 13cm 3-10pH IPG strips.

Protein was labeled with a cysteine-reactive cy5 maleimide dye as previously described

[32].

PC12 Cell Culture and Mitochondrial Isolation

PC12 cells were cultured and treated with DA as previously described by our laboratory

[33]. Briefly, PC12 cells were differentiated with nerve growth factor (NGF, mouse, Fisher)

for 6 days followed by the addition of DA to the media for 16hr. Following the DA

incubation, mitochondrial rich fractions were obtained by differential centrifugation as

described in [33]. The intact mitochondria were lysed in CHAPS lysis buffer (200μL

buffer/mg protein) and lysates were immediately prepared for SDS-PAGE followed by

Western blot analysis for GPx4.

RESULTS

A Novel GPx4 Polyclonal Antibody

At the beginning of this study, the commercially available antibodies against GPx4 were of

poor quality in our hands. To address this issue, an outside company prepared a polyclonal

antibody raised in rabbit. We chose an epitope near the C-terminus of GPx4 that was

determined to be specific for the protein via a variety of sequence analysis tools (i.e. NCBI

Blast, T-Coffee). Because most of the studies would be in rodent tissue and cell lines, we

chose to use the sequence for rat GPx4.

To initially characterize the antibody, GPx4 was detected in rat testes lysate and rat brain

mitochondria by Western blot (Figure 1A). Rat testes lysate was utilized because testes

contain a very high concentration of the GPx4 protein. The antibody detects a band at

19kDa, consistent with the estimated molecular weight of the cytosolic and processed

mitochondrial isoforms of GPx4. In an effort to further assess the specificity of the antibody,

we separated rat brain mitochondrial protein labeled with a cysteine-reactive cy5 conjugated

maleimide dye using 2D PAGE, followed by Western blot for GPx4 with our antibody

(Figure 1B). The antibody detected a protein located at the predicted molecular weight and

isoelectric point for mitochondrial GPx4 (MW = 19.34 kDa, PI = 8.30).

Covalent Modification of GPx4 by DAQ

To examine whether DAQ would bind to selenoproteins, we first demonstrated that DAQ

could covalently bind to commercially available purified glutathione peroxidase 1 (GPx1)

and reduce its activity (Supplemental Data, S1). Oxidant-induced changes in GPx1 activity

have been reported by others [34, 35]. To test whether DAQ could also bind to GPx4, the
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target of this study, we affinity purified GPx4 from rat testes using the Genemed GPx4

antibody and exposed the protein to 150μM 14C-DAQ. Analysis of the samples by

autoradiography and Western blot revealed that the purified GPx4 protein covalently

bound 14C-DAQ, and that it was necessary to perform the reaction in the presence of the

reducing agent DTT to observe this modification (Figure 2A). If no DTT was present we

observed a loss of monomeric GPx4 and the accumulation of a high-molecular weight

species that was both GPx4 immunoreactive and radiolabelled with 14C-DA (Figure 2A-B).

In both samples, there was also a lower MW spot of radioactivity that was not

immunoreactive for GPx4. This may represent a fragment of DAQ-modified GPx4 that has

lost the antigenic site, but this was not formally evaluated. Alternatively, the spot may

represent a polymerized product of oxidized 14C-DA running close to the dye front.

Testes GPx4 Protein and Activity are Sensitive to DAQ

We next sought to investigate whether exposure to DAQ would affect GPx4 activity in

testes lysate, a tissue chosen because it contains high amounts of GPx4 (Figure 3A).

Exposure to either DA or tyrosinase alone had no effect on testes GPx4 activity. However, a

significant dose-dependent decrease in GPx4 activity was observed following exposure to

DAQ (25-150μM). The presence of the thiol containing peptide GSH (1mM) was able to

completely prevent DAQ-induced loss of GPx4 activity, presumably by binding to the DAQ

and blocking GPx4 modification.

Aliquots of DAQ-exposed testes lysate were analyzed by Western blot to determine if DAQ

had an effect on levels of GPx4 protein (Figure 3B). Results showed that DAQ exposure led

to a dose-dependent decrease in monomeric GPx4 protein (19kDa) levels. In DAQ exposed

samples, the appearance of a slightly lower molecular weight GPx4 band and the diffuse

GPx4 immunoreactivity across the high molecular weight region of the blot are indicative of

the formation of a degradation product and polymerization/aggregation of the enzyme,

respectively. The addition of GSH (1mM) prior to exposure to DAQ (150μM) completely

prevented the loss of the 19kDa GPx4 protein and the formation of both lower and higher

molecular weight GPx4 immunoreactive bands (Figure 3B). However, the effects on Gpx4

were not reversible by the addition of GSH or DTT after the DAQ reaction was complete

(data not shown). Similar results were obtained using a different GPx4 antibody (Cayman)

raised against an epitope located in the middle of the protein (as opposed to the C-terminus),

indicating an actual loss of GPx4 protein and not a loss of epitope immunoreactivity

(Supplemental Data, Figure S2).

DAQ Decreases Brain Mitochondrial GPx4 Protein and Activity

Previous proteomic studies completed in our laboratory indicated that a subset of proteins

decrease in abundance following exposure of intact rat brain mitochondria to DAQ [32] .

However, these studies did not identify GPx4 as part of that subset of proteins likely due to

limitations in detecting low abundance proteins. Following our observation that GPx4

protein levels decreased in testes lysate after DAQ exposure, we sought to determine the

effect of DAQ on GPx4 in intact rat brain mitochondria. We exposed intact rat brain

mitochondria to DAQ, and then measured GPx4 protein levels by Western blot (Figure 4A).

GPx4 band intensity was normalized to the mitochondrial loading control COX IV and
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quantified. A significant dose-dependent decrease in monomeric GPx4 protein levels was

observed, which began at concentrations as low as 5μM DAQ and continued until almost no

protein was detected following 100μM DAQ (Figure 4A). The loss of GPx4 observed after

DAQ (100μM) was completely blocked if GSH (1mM) was added to the mitochondrial

suspension prior to DAQ generation, indicating that modification of the protein by DAQ

was the underlying factor responsible for the loss of protein. Faint, immunoreactive bands

could be detected just below the 19kDa GPx4 band following exposure to 5 and 10μM

DAQ, representing a degradation product of GPx4 that had formed.

We next sought to determine if GPx4 activity was similarly decreased following DAQ

exposure in intact brain mitochondria. Because of the low specific activity of GPX4 in rat

brain mitochondria, we increased the sensitivity of the assay by measuring the change in

NADPH fluorescence following the addition of the GPX4 substrate. Using this modified

assay, we observed a significant decrease (-34%) in GPx4 activity in rat brain mitochondria

after exposure to 10μM DAQ (Figure 4B).

Brain Mitochondrial GPx4 is Covalently Modified by DAQ

The loss of activity following exposure to DAQ could result from the loss of protein,

covalent modification of active site residues by DAQ, or both. To determine if the protein

was modified in the mitochondria by the DAQ, we exposed intact rat brain mitochondria to

10μM 14C-DAQ. Using 2D PAGE, autoradiography, and Western blot for GPx4 we were

able to detect 14C-DA modified GPx4 in the mitochondrial lysate (Figure 5). Multiple forms

of GPx4 were detected as a train of immunoreactive spots, the most acidic being the

predominant form with three minor spots decreasing in intensity in the basic direction. The

three basic GPx4 spots were associated with radioactivity, which increased in intensity from

the acidic to basic direction. The addition of a DA molecule to a protein should result in a

basic PI shift due to the added amine group. The inverse correlation amongst

immunoreactivity and radioactivity that we observed with GPx4 suggests the addition of

multiple DA molecules to the protein. Interestingly, we were only able to detect modified

GPx4 protein if guanidine-HCl and β-ME were present in the buffer used to lyse the DAQ-

exposed mitochondria. Others have noted that insoluble polymers of GPx4 found in the

sperm mitochondrial capsule can only be solubilized completely in the presence of these two

reagents [36].

PC12 Cell Mitochondrial GPx4 is Sensitive to DA Treatment

Finally, we examined the effects of reactive metabolites of DA on mitochondrial GPx4 in a

cell culture model. Differentiated PC12 cells were exposed to DA (50μM and 150μM) for

16hr followed by isolation of mitochondrial-enriched fractions, as previously described [33].

Western blot analysis of the mitochondrial lysates using the mitochondrial loading control

HSP60 revealed that monomeric GPx4 protein levels were significantly decreased by 40.5%

and 84.5% after cells were exposed to 50 and 150μM DA, respectively (Figure 6).
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DISCUSSION

Here, we report the results of our studies on the effect of reactive metabolites of DA, most

notably DAQ, on the selenoprotein GPx4 in vitro, in isolated brain mitochondria, and in

living cells. The focus of the study was to examine whether the electron deficient DAQ

would target the selenoprotein GPx4 within a complex cellular environment that more

closely resemble what might occur in vivo. Our results showed that GPx4 partially

immunopurified from rat testes could be covalently modified by DAQ. The addition of DAQ

to rat testes lysate resulted in dose dependent decreases in both GPx4 activity and

monomeric GPx4 protein in conjunction with the formation of a possible GPx4 degradation

product and high molecular weight polymerized GPx4. Exposing intact rat brain

mitochondria to DAQ led to a similar dose-dependent decrease in the abundance of

monomeric GPx4 protein along with the formation of a degradation product. Decreased

GPx4 activity and multiple forms of DA-conjugated GPx4 were also detected in the lysates

of brain mitochondria exposed to DAQ. Notably, brain mitochondrial GPx4 appeared more

sensitive to DAQ induced alterations than GPx4 contained in testes lysate. Finally, we

observed that exposing differentiated PC12 cells to DA, under conditions where intracellular

DA oxidizes to DAQ, also resulted in a loss of mitochondrial GPx4 monomeric protein.

Although pathology exists in several brain regions in PD, the DAergic neurons of the SNpc

show the most profound level of degeneration. One explanation for the apparent sensitivity

of DAergic neurons is that they contain DA, a molecule which can easily oxidize and

covalently modify nucleophilic residues in proteins. Multiple proteins with known links to

PD, including alpha-synuclein, parkin, and DJ-1 can be modified and possibly functionally

altered by DAQ [37-41]. Recent proteomic studies from our laboratory have identified both

mitochondrial and endoplasmic reticular proteins that were affected following exposure to

DA or DAQ [32, 33, 41]. Results showed that a subset of mitochondrial proteins, many of

which were shown to be modified by DAQ, were also decreased in abundance following

exposure to DAQ similar to our observation with GPx4 in this study [32, 41]. These findings

suggest that DAQ-modification may target a protein for proteolytic degradation, although

this has not been measured directly. Mitochondria contain proteases such as the Lon

protease which is known to selectively degrade oxidized protein in the mitochondria [42,

43]. Thus, DAQ-modified proteins in mitochondria may be substrates for mitochondrial

proteases. GPx4 was not detected in the previous studies likely due to its low abundance.

However, our observations in this study suggest that GPx4 may be more sensitive to DAQ-

induced modification and degradation than other mitochondrial proteins previously

identified.

As hypothesized, exposure to electrophilic DAQ resulted in the presence of DA-conjugated

GPx4 protein. Although the exact residue(s) was not determined, both the covalent

modification and the loss of the protein likely contributed to the observed decrease in GPx4

activity. The crystal structure of the cysteine mutant of GPx4 has recently been determined

and has revealed that GPx4 contains several surface exposed cysteine residues in addition to

the active site selenocysteine (Cys2, Cys10, Cys66, Cys107, Cys148)[44], that may be

targets for DAQ modification or oxidation and crosslinking. Several studies have shown that

under conditions of oxidative stress or low GSH, GPx4 is prone to forming high molecular
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weight polymers in a process mediated by a subset of these residues [24, 44]. Our data

suggests that GPx4 may be modified by DA at more than one site, and that exposing GPx4

to DAQ results in the formation of high molecular weight polymers of the protein. Although

GPx4 has a tendency to polymerize, high molecular weight aggregates of other proteins

following DAQ exposure have also been reported [32, 37]. Regardless of the exact nature of

the modification, GPx4 is clearly a target of DAQ that results in the loss of activity and

GPx4 protein.

Recently, the Hastings’ laboratory (unpublished observations) and others [45] have observed

alterations in GPx4 immunoreactivity in human post-mortem PD substantia nigra as

compared to control brains. Bellinger and colleagues reported that in control human SNpc

neurons GPx4 localizes with neuromelanin and near Lewy bodies in PD brain [45].. The

generation of DAQ in the cytosol is thought to be the first step in neuromelanin synthesis

[46]. We propose that the unique changes in GPx4 immunoreactivity observed in PD brain

may be due in part to the vulnerability of GPx4 to attack by DAQ.

The role that selenoproteins and selenium homeostasis play in the maintenance of neuronal

viability has only recently begun to be appreciated [47]. Mice deficient in selenoprotein P,

the selenium delivery protein for the brain, showed early evidence of neurodegeneration [48,

49]. While, mice that lack the tRNA molecule specific for selenocysteine insertion during

translation are embryonic lethal [11]. The 25 selenoproteins coded for in the human genome

have a variety of functions, including well established roles in protecting cells against

oxidative stress (GSH peroxidases, thioredoxin reductases, selenoprotein R)[50]. The

antioxidant activity is closely tied to the active site selenocysteine residue, which catalyzes

redox reactions much faster than cysteine can [26]. The nucleophilic nature of the

selenocysteine residue also renders these critical proteins more susceptible to covalent

modification and inactivation by electrophilic compounds such as DAQ.

The consequences of the loss of GPx4 have begun to be unraveled using mouse models. A

complete knockout of GPx4 results in embryonic lethality at day E7.5 [25]. Specific

knockout of long-form GPx4 (predicted mitochondrial) does not result in embryonic death,

neurodegeneration, or increased apoptosis [51]. However, it has recently been shown that

long-form GPx4 is primarily localized to the testes and that the short-form (which does not

contain an apparent mitochondrial trafficking sequence) is the isoform present in brain

mitochondria [52]. Perhaps most telling are the results of conditional knockout of the

protein. The knockout of GPx4 in neurons under the control of the CamKIIα promoter

resulted in profound neurodegeneration in the cerebral cortex and hippocampus, where

CamKIIα is preferentially expressed [53]. Whereas systemically knocking out the protein in

adult animals resulted in the loss of hippocampal neurons and was lethal in two weeks or

less [54].

GPx4 has recently been linked to processes occurring in Alzheimer disease. Mice that are

heterozygous for GPx4 showed age-dependent increases in brain lipid peroxides, β-secretase

activity, endogenous β-amyloid as compared to wild-type mice [55]. When heterozygote

GPx4 (+/-) mice were crossed with transgenic mice overexpressing the amyloid precursor

protein they showed increased amyloid plaque deposition as compared to the mice
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overexpressing APP on a GPx4 wild-type background [55]. In a separate study, levels of

GPx4 protein were reduced in mice overexpressing APP [56]. Altogether, there is mounting

in vivo evidence indicating that GPx4 is a critical factor in maintaining neuronal viability

and that alterations in GPx4 may be involved in neurodegenerative diseases.

The presence of GPx4 serves to limit lipid peroxidation and the formation of toxic aldehyde

products which are found in neurodegenerative diseases. The unique ability of GPx4 to

directly reduce phospholipid hydroperoxides places it in a position to control cell death

through at least two different pathways. First, GPx4 is thought to protect against apoptosis

and to maintain mitochondrial integrity by keeping cardiolipin in a reduced state, which in

turn prevents cytochrome c release and stabilizes the electron transport chain [57]. GPx4

overexpression protects primary cortical neurons and RBL2H3 cells from oxidative stress-

induced apoptosis [58, 59]. Accordingly, mitochondria from cells overexpressing GPx4

release less cytochrome c and are protected from permeability transition pore opening

caused by oxidative stress [60, 61]. Secondly, it has been shown that GPx4 regulates the

activity of 12/15-lipoxygenase by maintaining low levels of cellular lipid peroxides. High

levels of lipid peroxides result in the oxidation and subsequent activation of 12/15-

lipoxygenase leading to the release of apoptosis-inducing factor and cell death [53].

Increases in markers of lipid peroxidation have been consistently observed in the SNpc of

sporadic PD patients and the brains of animal models of the disease [62-65]. Here, we have

demonstrated that the protein primarily responsible for reducing phospholipid

hydroperoxides, GPx4, is sensitive to modification by oxidative products of DA, and that

this modification results in decreased GPx4 activity, GPx4 degradation, and the formation of

high molecular weight polymers containing GPx4. Therefore, it is possible that a selective

loss of GPx4 activity in DAergic neurons underlies the increases in lipid peroxides measured

in PD brain and is a contributing factor in PD pathogenesis.
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Highlights

Reactive metabolites of dopamine may contribute to cell death in Parkinson's disease.

The effects of dopamine quinone on the selenoprotein GPx4 were investigated.Dopamine

quinone covalently bound GPx4, leading to degradation and aggregation. The loss of

monomeric GPx4 protein was accompanied by the loss of GPx4 activity. A selective loss

of GPx4 activity in dopamine neurons may contribute to their death.
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Fig 1.
Characterization of the GPx4 polyclonal antibody. (A) Western blot using the Genemed

Rabbit-anti-GPx4 antibody on a 1D SDS-PAGE of rat testes lysate (5μg) and rat brain

mitochondrial lysate (50μg). (B) Rat brain mitochondrial proteins were labeled with a

cysteine-reactive Cy5 dye (red)and separated using 2D PAGE (3-10pH), followed by

Western blot with the Genemed Rabbit-anti-GPx4 antibody (green).
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Fig. 2.
DAQ covalently binds to partially purified GPx4. (A) Immunopurified rat testes GPx4 was

reacted with 150μM 14C-DA/tyrosinase (DAQ) for 15 min and then run on 1D SDS-PAGE

followed by autoradiography and Western blot for GPx4. Control samples received no DA,

while some samples were reduced with 1mM DTT prior to the reaction with DAQ. The

Western blot (left) shows GPx4 bands at 19kDa in all samples, with the nonreduced protein

exposed to DAQ having decreased immunoreactivity. The autoradiogram (right) displays a

prominent 19kDa band of radioactivity in the reduced (DTT- exposed) DAQ sample
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corresponding to the GPx4 immunoreactive band (right lanes on both). (B) Digitally

enhancing the contrast at the top of the Western blot shown in (A) reveals GPx4

immunoreactivity in the nonreduced DAQ exposed sample which corresponds to the high

molecular weight band of radioactivity at the top of the gel.
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Fig. 3.
DAQ inactivates GPx4 and decreases GPx4 abundance in testes lysate. (A) Rat testes lysate

was assayed for GPx4 activity following exposure to 25-150μM DAQ or other control

conditions including DA alone, tyrosinase alone, GSH alone, and GSH + DAQ. Values

listed as mean % Control GPx4 activity ±SEM, n=3-8. *, significantly different from

control, p<0.05; ANOVA followed by Bonferroni's multiple comparison test. Control

Specific Activity = 131.7±6.8 mU/mg. (B) GPx4 Western blot of DAQ exposed testes lysate
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samples with quantitation of the 19kDa band. Values listed as % control ± SEM, n=3. *,

significantly different from control, p<0.05; Z-test.
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Fig. 4.
Exposure to DAQ decreases GPx4 abundance and activity in intact rat brain mitochondria.

(A) Western blot of mitochondrial protein (40μg/lane) for GPx4 and COXIV following

exposure of intact brain mitochondria to 2.5-100μM DAQ, DA alone, or 1mM GSH +

100μM DAQ. GPx4 bands were normalized to COXIV levels (loading control) and the

values are graphed as Mean % control ± SEM, n=3. *, significantly different from control,

p<0.05, ANOVA followed by Bonferroni's multiple comparison test. (B) GPx4 activity was

measured in the lysates of intact rat brain mitochondria following exposure to 10μM DAQ.

Activity is reported as the initial rate of change in NADPH fluorescence (340nm excitation,

460nm emission) per mg mitochondrial protein. Values listed as % control ± SEM, n=3. *,

significantly different from control, p<0.05; Student's T-Test.
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Fig. 5.
Covalent modification of GPx4 by 10μM 14C-DA in intact rat brain mitochondria. Intact rat

brain mitochondria exposed to 10μM 14C-DAQ and were lysed with a buffer containing 5M

Guanidine-HCl and 0.1M β-ME. Radiolabeled proteins (70μg) were separated by 2-D gel

electrophoresis and then exposed to autoradiography (red) and GPx4 Western blot (green)

analysis. Magnified images of the area of interest from the autoradiogram (top) and Western

blot (bottom) are shown to the right of the full blot. The GPx4 Western blot showed a train

of four spots of GPx4, decreasing in intensity in the acidic to basic direction. Three areas of

radioactivity overlay with the three more basic GPx4 spots and increase in intensity in the

acidic to basic direction. This is the expected observable spot pattern if GPx4 were modified

multiple times by DA, which contains basic NH3 
+groups. These results are representative of

two independent experiments.
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Fig. 6.
Exposure of differentiated PC12 cells to DA decreased mitochondrial GPx4 levels.

Differentiated PC12 cells were exposed to DA (0, 50, 150μM) for 16hr. Mitochondria were

isolated and GPx4 protein levels were determined by Western blot. Quantification of GPx4

protein bands normalized to the mitochondrial loading control HSP60 are expressed as

Mean % control ± SEM, n=3-6. *, significantly different from control, p<0.05; ANOVA

followed by Bonferroni's multiple comparison test.
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