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Abstract
Dopamine oxidation has been previously demonstrated to cause dysfunction in mitochondrial
respiration and membrane permeability, possibly related to covalent modification of critical proteins
by the reactive dopamine quinone. However, specific mitochondrial protein targets have not been
identified. In this study, we utilized proteomic techniques to identify proteins directly conjugated
with 14C-dopamine from isolated rat brain mitochondria exposed to radiolabeled dopamine quinone
(150 μM) and differentiated SH-SY5Y cells treated with 14C-dopamine (150 μM). We observed a
subset of rat brain mitochondrial proteins that were covalently modified by 14C-dopamine, including
chaperonin, ubiquinol-cytochrome c reductase core protein 1, glucose regulated protein 75/
mitochondrial HSP70/mortalin, mitofilin, and mitochondrial creatine kinase. We also found the
Parkinson’s disease associated proteins ubiquitin carboxy-terminal hydrolase L1 and DJ-1 to be
covalently modified by dopamine in both brain mitochondrial preparations and SH-SY5Y cells. The
susceptibility of the identified proteins to covalent modification by dopamine may carry implications
for their role in the vulnerability of dopaminergic neurons in Parkinson’s disease pathogenesis.
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INTRODUCTION
Mitochondrial dysfunction and oxidative stress have been implicated in the pathogenesis of
neurodegenerative diseases, including Parkinson’s disease (PD) (Beal, 2007; Halliwell,
2001; Halliwell, 2006; Jenner, 2003; Schapira, 2008). PD is a progressive disorder,
pathologically characterized by the loss of pigmented dopaminergic neurons in substantia nigra
(SN), and the formation of proteinaceous cytoplasmic inclusions called Lewy bodies (Samii
et al., 2004). Though other brain regions are known to be involved in PD, the degeneration of
the nigrostriatal dopaminergic neurons combined with the increased oxidative stress observed
in PD suggests the neurotransmitter dopamine (DA) may be contributing to disease progression
(Greenamyre and Hastings, 2004; Ogawa et al., 2005; Stokes et al., 1999).

Normal DA metabolism can lead to the production of reactive oxygen species (ROS). If not
adequately stored in vesicles, DA is also prone to auto- or enzymatic oxidation in the cellular
environment, leading to the formation of reactive DA quinone (DAQ) and additional ROS
(Graham et al., 1978; Hastings, 1995). The electron deficient DAQ is readily susceptible to
attack by cellular nucleophiles, predominantly reduced sulfhydryls abundantly found in cells
on reduced glutathione, free cysteine, and cysteinyl residues of proteins (Tse et al., 1976). The
interaction of protein with reactive DA metabolites will result in either covalent binding of
thiols by DAQ to form 5-cysteinyl-DA, or oxidation of protein sulfhydryl groups (Graham et
al., 1978; Hastings et al., 1996; Ito et al., 1988). Many vital cellular and mitochondrial proteins
contain cysteine residues whose redox states are critical for function. Thus, DA-induced
oxidative modifications, which may alter protein structure as well as function, could have
detrimental effects on the cell (Berman and Hastings, 1999; LaVoie and Hastings, 1999;
Premkumar and Simantov, 2002).

DA-induced toxicity has been demonstrated both in vitro in cell culture (Ben-Shachar et al.,
2004; Jones et al., 2000; Koshimura et al., 2000; Lai and Yu, 1997; Offen et al., 1996) and in
vivo (Hastings et al., 1996; Rabinovic et al., 2000), where toxicity to DA terminals was
correlated to the amount of DA oxidation and modification of proteins (Hastings et al.,
1996). DA and DAQ exposures also altered mitochondrial respiration in isolated intact rat brain
mitochondria (Berman and Hastings, 1999; Cohen et al., 1997; Gluck et al., 2002) and triggered
permeability transition (Berman and Hastings, 1999), suggesting modification of critical
proteins.

Several cellular and mitochondrial proteins have been reported to have altered function
following DA exposure and DA oxidation, including cytosolic and mitochondrial creatine
kinase (Maker et al., 1986; Miura et al., 1999), mitochondrial aldehyde dehydrogenase (Turan
et al., 1989), mitochondrial Complex I (Ben-Shachar et al., 2004; Khan et al., 2005), tyrosine
hydroxylase (Kuhn et al., 1999; Xu et al., 1998), and the dopamine transporter DAT (Berman
et al., 1996). Proteins associated with familial PD, parkin (LaVoie et al., 2005) and alpha-
synuclein (Conway et al., 2001), have also been demonstrated to be targets of covalent
modification by DA. It has also been shown that isolated brain mitochondria can accumulate
exogenous radiolabeled DA (Brenner-Lavie et al., 2008). In addition, Kahn et al. demonstrated
that exposure of crude mitochondrial-synaptosomal fractions to DA led to protein cross-linking
and protein-bound DA (Khan et al., 2001). To date, however, the specific proteins directly
modified by DAQ following exposure in mitochondria have not been identified. Thus, it was
of interest to us to identify and characterize the mitochondrial targets of DA oxidation.

Recently, we have shown that several mitochondrial proteins are decreased in abundance
following in vitro DAQ exposure (Van Laar et al., 2008). While demonstrating an effect of
DAQ on a subset of mitochondrial proteins, the method utilized did not identify proteins
directly modified by covalent binding with DAQ. In this study, we exposed isolated rat brain
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mitochondria to radiolabeled DA (14C-DA) quinone, and differentiated SH-SY5Y
neuroblastoma cells to exogenous 14C-DA. Employing techniques that include 2-D gel
electrophoresis, autoradiography, and 2-D difference in-gel electrophoresis (DIGE)
fluorescent labeling technology combined with mass spectrometry (MS) analysis, we have
identified proteins directly conjugated to 14C-DA. These findings further elucidate the effects
of DA oxidation on cellular protein alterations, and may have implications for PD pathogenesis.

METHODS
Materials

3,4-Dihydroxyphenylethylamine, [8-14C] (14C-DA) was purchased from MP Biomedicals, Inc.
(Irvine, CA). IEF DryStrips (7 cm 3-5.6pH, 4-7pH, and 6-11pH , and 18 cm 3-10pH), and
CyDye™ DIGE Fluor Scarce Sample Labeling (Cysteine-reactive) and Minimal Labeling
(Lysine-reactive) dye kits were purchased from GE Healthcare (Piscataway, NJ). Bradford
Dye Reagent was purchased from BioRad (Hercules, CA). Promega Gold Mass Spectrometry
Grade Modified Trypsin was purchased from Promega (Madison WI). Dopamine (DA),
Protease inhibitor cocktail (cat#P2714), mushroom tyrosinase, retinoic acid, and most other
chemicals were purchased from Sigma Chemical Co. (St. Louis, MO) unless otherwise noted.
The MtCK and mitofilin polyclonal antibodies used in this study were generated for our
laboratory by Genemed Synthesis, Inc. (San Antonio, TX). Dulbecco’s modified Eagle medium
(DMEM; Gibco) cell culture media, fetal bovine serum (FBS; HyClone), and 10,000 U/mL
penicillin/10,000 μg/mL streptomycin (pen/strep; Gibco) were purchased from Invitrogen
(Carlsbad, CA). All solutions were prepared using purified water from a Milli-Q system
(Millipore Corp., Bedford, MA). Solutions for in-gel and on-blot trypsin digest procedures
were prepared using HPLC-grade water from Fisher Biotech (Pittsburgh, PA), and HPLC-
grade acetonitrile and spectrophotometric-grade methanol from Sigma-Aldrich (St. Louis,
MO).

Mitochondrial Isolation and 14C-Dopamine Exposure Reactions
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. Mitochondria
were isolated from adult male Sprague-Dawley (300-350g) rat brain tissue via differential
centrifugation as previously described (Van Laar et al., 2008). Mitochondrial pellets were
resuspended in isolation buffer and kept on ice. Mitochondrial protein content was determined
for the total suspension by the Bradford assay (Bradford, 1976). Prior to experimental use,
respiration measurements of the isolated mitochondria were made to ensure mitochondrial
health, as previously described (Berman and Hastings, 1999). A state 3/state 4 ratio above 6
was considered an indication of healthy, intact mitochondria.

Mitochondrial protein (4 μg/μL) was exposed to 150 μM DA or 14C-DA (0.5-1 μCi; 150μM)
and tyrosinase (300U/mL), to oxidize DA to DAQ, in reaction buffer (225 mM mannitol, 75
mM sucrose, 25 mM HEPES, and 1 mM EGTA, pH 7.4 with PIC) for 15 min at room
temperature (RT). Mitochondria were then pelleted by centrifugation at 15,000 g for 15 min
at 4°C. Control mitochondria underwent an identical procedure without DA present.
Mitochondrial pellets were lysed by rigorous pipetting in denaturing 2-D DIGE lysis buffer (9
M urea, 2% w/v CHAPS, and 30 mM Tris-base, pH 8.5) at 100 μL buffer/mg protein. Insoluble
material was pelleted by centrifugation (16,000 × g for 1-2 min at RT) and discarded. Protein
concentrations in the lysed control and DAQ-exposed samples were determined by the
Bradford method (Bradford, 1976).
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SH-SY5Y Cell Culture and Dopamine Exposure
Proliferating SH-SY5Y cells were maintained in DMEM supplemented with 10% FBS and
1% pen/strep (SH media). For differentiation, cells were subcultured onto 6 cm or 6-well plates
at 2 × 105 cells/mL. Culture media was exchanged for fresh SH media supplemented with 20
μM retinoic acid (SH differentiation media) 48 hr after plating, and every 48 hr thereafter for
a total of 5 days of differentiation. On day 5, culture media was exchanged for fresh SH
differentiation media supplemented with 150 μM 14C-DA (1 μCi/mL media) for 16 hr.
Immediately following treatment, cells were collected by 1 min exposure to 0.25% trypsin with
2.21mM EDTA in HBSS (Mediatech; Herndon, VA) followed by force pipetting, rinsing with
PBS, and centrifugation. The resulting cell pellet was rinsed with PBS, centrifuged, then lysed
in DIGE lysis buffer supplemented with Chaps Cell Extract Buffer (Cell Signaling Technology;
Danvers, MA) and PMSF.

2-D Gel Electrophoresis
For 2-D gel electrophoresis utilizing mini-gel SDS-PAGE, 100-250 μg total protein from 14C-
DA exposed mitochondrial or SH-SY5Y cell lysate was loaded via sample cup on rehydrated
7cm pH 3-5.6, pH 4-7, or pH 6-11 DryStrips and isoelectrically focused on a Multiphor II
electrophoresis unit according to manufacture’s instructions (GE Healthcare). Focused strips
were equilibrated for 10 min at RT in an equilibration buffer (75 mM Tris-HCl pH 6.8, 6 M
urea, 30% v/v glycerol, 1% w/v SDS) supplemented with 30 mM DTT, followed by 10 min at
RT in equilibration buffer supplemented with 240 mM iodoacetamide. Equilibrated strips were
then subjected to electrophoresis on 12% SDS-PAGE gels utilizing a Hoefer Mighty Small II
apparatus. Precision Blue markers (BioRad) were used as molecular weight standards.

Transblotting and Autoradiography of 14C Dopamine-modified Proteins
Following 14C-DA mini 2-D electrophoresis, proteins were transferred to PVDF membrane
via a BioRad Trans-Blot Semi-Dry Electrophoretic Transfer system. For autoradiography,
blots were air-dried and placed in Kodak autoradiogram transcreens with BioMax MS
autoradiogram film (Kodak) in a film exposure cassette for 3 days to 3 weeks at -80°C.

Radiolabeled Protein Spot Excision and Trypsin Digest
Following autoradiography, PVDF blots were aligned with the autoradiograms. Using a sterile
2 mm tissue punch, small regions corresponding with spots on the autoradiogram were excised
from the PVDF, and then subjected to trypsin digest by methods adapted from Bienvenut et
al. (Bienvenut et al., 1999). Briefly, spots were washed with 1:1 methanol and water, air-dried,
and then submerged in 10μL 30% acetonitrile in 50 mM ammonium bicarbonate and 4μL
0.1mg/mL trypsin (Promega), and incubated 16-18 hr at RT with constant agitation. Following
digestion, the supernatant was collected and saved in a separate tube. The membrane spots
were then submerged in 20μL of 80% acetonitrile, and sonicated for 15 min at RT. The resulting
supernatant was collected and added to the original digestion supernatant. The total supernatant
was dried down by speed-vacuum without heating, and kept at 4°C under desiccation until MS
analysis.

Cys- and Lys-CyDye labeling and 2-D DIGE
2-D DIGE analysis with either cysteine-reactive maleimide CyDye (Cys-CyDye) or lysine-
reactive NHS-ester CyDye (Lys-CyDye) labeling of control and DAQ- or 14C-DAQ-exposed
mitochondrial protein was carried out as previously described (Van Laar et al., 2008). Briefly,
controls were paired with DAQ or 14C-DAQ reacted samples from the same mitochondrial
isolation, and experiments were completed for sample sets from multiple mitochondrial
isolations. Cy5-labeled control and Cy3-labeled DAQ- or 14C-DAQ-exposed samples were
combined in equal protein amounts, generating the following DIGE gel experiments: (1) Cys
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CyDye Cy5 control vs. Cy3 DA, (2) Cys CyDye Cy5 control vs. Cy3 14C-DA, (3) Lys CyDye
Cy5 control vs. Cy3 DA, and (4) Lys CyDye Cy5 control vs. Cy3 14C-DA. We previously
determined through reciprocal labeling that there is no disparate or preferential labeling
exhibited by the individual dyes (Van Laar et al., 2008). Samples were isoelectrically focused
on 18cm pH 3-10 DryStrips using a Multiphor II electrophoresis system (GE Healthcare).
Focused DryStrips were equilibrated as described above and proteins were separated on 12%
SDS-PAGE 1.5mm thick gels using a Hoefer SE600 Ruby Electrophoresis Unit.

Fluorescence Detection, Spot Picking, and In-gel Trypsin Digest
Immediately following the second dimension run, 2-D DIGE gels were scanned for Cy3 and
Cy5 dye labeling using a Typhoon 9400 scanner with ImageQuant software (GE Healthcare)
to obtain a 100-200 μm resolution image of the gel. Immediately following imaging, 14C-DA
2-D DIGE gels were transblotted to PVDF or nitrocellulose membranes. Non-radioactive 2-D
DIGE gels were fixed overnight in 40% MeOH, 1% acetic acid solution at 4°C. Spots of interest
were excised using an automated spot picker, designed by Dr. Jonathan Minden of Carnegie
Mellon University (instrumentation housed in the University of Pittsburgh Genomics and
Proteomics Core Laboratories). Immediately following excision from 2-D DIGE gels, gel plugs
were washed and carried through a previously described in-gel trypsin digest procedure (Van
Laar et al., 2008).

Image Analysis
For 14C-DA 2-D DIGE experiments, transblots were subjected to autoradiography. Digital scan
images of the autoradiogram and the corresponding DIGE gel were digitally merged and
compared visually. Images were aligned based on recognizable landmarks. Fluorescence-
labeled protein spots that aligned with radioactive spots were considered spots of interest. For
correlating protein spots that we did not already have an identification for based on previous
data (Van Laar et al., 2008), corresponding spots on non-radioactive DIGE gels were picked
for identification, as described above.

MS and MS/MS Analyses for Protein Identification
For MS and MS/MS analyses, dried trypsin-digested samples were rehydrated in 2-3 μl of 0.3%
trifluoroacetic acid, 1 mM ammonium citrate in 50:50 acetonitrile/water, and an equal volume
of saturated α-cyano-4-hydroxycinnamic acid matrix solution, and then spotted onto a MALDI
target plate at 42°C. MS and MS/MS spectra were obtained using an Applied Biosystems 4700
MALDI-TOF/TOF mass spectrometer (Applied Biosystems, Foster City, CA) and processed
by GPS Explorer™ (ver. 3) data analysis software (Applied Biosystems) coupled with
Mascot™ search engine (Matrix Science) for peak list generation, database search, and
statistical analyses. MS and/or combined MS and MS/MS spectra were searched against the
National Center for Biotechnology Information non-redundant (NCBInr) and SwissProt
databases, specifying “Rodentia” or “Rattus” species for rat brain mitochondria samples, and
“Homo sapiens” species for SH-SY5Y samples. Trypsin digest was specified for searches, and
MS and MS/MS peak filtering were set at a minimum S/N ratio of 10, with a peak density filter
of 50 and maximum 65 peaks allowed. Allowed mass ranges were 800-4000 Da for MS peaks
and 20-60 Da under precursor for MS/MS. Precursor tolerance was set at 50 to 100 ppm and
MS/MS fragment tolerance was set at 0.2 to 0.4 Da, allowing 1 missed cleavage. Modifications
specified included fixed or variable cysteine carbamidomethylation and methionine oxidation.

For peptide mass fingerprinting, a positive protein identification was accepted when a top
ranked hit yielded: (1) a probability-based molecular weight search (MOWSE) protein score
confidence interval percentage (C.I.%) > 95%, (2) peptides matched ≥ 6, (3) a predicted
molecular weight that was appropriate given the migration of the protein spot on the gel or
blot, and (4) MS identification for a given 14C-DA-labeled spot could be replicated across two

Van Laar et al. Page 5

Neurobiol Dis. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



or more separate experiments. Five statistically significant protein identities are also noted that
were obtained via MS peptide mass fingerprinting analysis in only one 14C-DA exposure
experiment, though corresponding 14C-DA conjugated spots were visible in blots from multiple
experiments. These identities are noted in Tables 1 and 3. Identification for a particular spot
was accepted for combined MS and MS/MS (MS + MS/MS) results that yielded (1) a top
ranked hit with both MS probability-based MOWSE protein score and MS/MS spectra total
ion score C.I.% each > 95%, (2) total peptides matched ≥ 6 and/or significant ion score for ≥
2 unique peptides, (3) a predicted molecular weight that was appropriate given the migration
of the protein spot on the blot, and (4) a corresponding 14C-DA-labeled spot was present in
blots from multiple experiments. Total ion scores were calculated from weighted ion scores
for individual peptides that were matched to a given spot identity. C.I.% values are derived
from the probability-based MOWSE scores; values >95% suggest identities are significant,
and not random matches. For each protein identity provided, the next non-homologous protein
identified using Mascot did not meet our guidelines for acceptability as described above,
suggesting that every identified protein was uniquely assigned to its corresponding spot (data
not shown).

Western Blot Detection of Mitofilin & MtCK
Following autoradiography, the transblots generated from 14C-DA 2-D DIGE gels were carried
through the Western blot detection procedure. The membrane was washed and placed in a
1:1000 dilution of rabbit anti-MtCK or 1:5000 dilution of rabbit anti-mitofilin primary antibody
16-18 hr at 4°C. Membranes were developed using the BioRad Immune-Star® goat-anti-rabbit
Chemiluminescence Detection kit, exposed to Biomax MR film (Kodak), and developed for
imaging. Using recognizable landmarks for alignment, scanned images of the Western blot and
the autoradiogram were digitally merged with the ImageQuant scan of the fluorescent DIGE
gel for visual comparison.

RESULTS
14C-DA-conjugated mitochondrial proteins were identified directly from transblots of 2-D
gels

Following exposure to 14C-DAQ, mitochondria were lysed and proteins separated by 2-D gel
electrophoresis using three separate pI ranges for the first dimension, pH 3-5.6 (n = 5 blots,
from 4 independent mitochondrial experiments), pH 4-7 (n = 9 blots, from 6 independent
mitochondrial experiments), and pH 6-11 (n = 7 blots, from 6 independent mitochondrial
experiments). 2-D gels were transblotted to PVDF, and the membranes used to generate
autoradiograms (Figure 1). Distinct spots of radioactivity indicated protein targets covalently
modified by 14C-DAQ. The autoradiograms were then aligned with their PVDF blots,
corresponding 14C-DA-associated spots were excised from the blot, and proteins were
identified by mass spectrometry (MS) analysis (Figure 1, Table 1).

Proteins involved in various mitochondrial functions were identified as being covalently
modified by 14C-DAQ, including aldehyde dehydrogenase, the tricarboxylic acid (TCA) cycle
protein subunit isocitrate dehydrogenase 3-alpha, TCA cycle associated protein glutamate
oxaloacetate transaminase 2, the NADH-ubiquinone oxidoreductase 30 kDa subunit of
Complex I, the ubiquinol-cytochrome c reductase core protein 1 and Rieske Fe-S protein
subunits of Complex III, ubiquitous mitochondrial creatine kinase (MtCK), and the chaperone
proteins heat shock protein 60 (HSP60, chaperonin), and mortalin, also known as glucose
regulated protein 75 or mitochondrial heat shock protein 70 (mortalin/GRP75/mtHSP70).
Additionally, three proteins previously demonstrated to interact with mitochondrial
membranes, the glycolytic enzyme enolase (Brandina et al., 2006; Entelis et al., 2006; Giege
et al., 2003) and the cytoskeletal proteins tubulin (Carre et al., 2002) and actin (Boldogh and
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Pon, 2006; Boldogh and Pon, 2007), were also identified to be covalently modified following
exposure to 14C-DAQ. Mitochondrial voltage-dependent anion channel 1 (VDAC1),
mitochondrial manganese superoxide dismutase (SOD2), and guanine nucleotide-binding
protein subunit beta 2 were confirmed by MS peptide mass fingerprinting analysis from only
one blot each, though corresponding radiolabeled spots were present on blots from multiple
experiments. Several other proteins not specifically mitochondrial were also found to be
covalently modified by 14C-DA, including the glycolytic enzyme triosephosphate isomerase,
cytosolic creatine kinase, and the PD-associated proteins DJ-1 and ubiquitin carboxy-terminal
hydrolase L1 (UCH-L1). The significance of the presence and modification of these proteins
is discussed below.

The proteins tubulin, HSP60, gamma-enolase, and UCH-L1 were found in both pH 3-5.6
(Figure 1A) and pH 4-7 (Figure 1B) blots due to overlap of the pI ranges examined, dually
confirming the identity of these proteins as targets of covalent modification by 14C-DAQ. The
identity of some 14C-DA-associated spots, however, remained unidentified, presumably due
to limitations with protein recovery and MS analysis.

DA conjugated proteins can be identified by comparing 2-D DIGE Fluorescent Dye Labeling
and 14C-DA autoradiography

Previously, utilizing 2-D DIGE and MS techniques, we demonstrated that in vitro exposure of
rat brain mitochondria to DAQ resulted in decreased abundance of several mitochondrial
proteins (Van Laar et al., 2008). We reasoned here that by combining 2-D DIGE fluorescent
labeling technology with autoradiographic techniques, we could take advantage of the protein
identification map we already established for 2-D DIGE analysis of rat brain mitochondria.
This methodology would provide both identities of covalently modified proteins and
information as to whether covalent modification by DA correlated with the previously observed
loss of abundance in select mitochondrial proteins following DAQ exposure.

Cysteine CyDye DIGE gels of rat brain mitochondria (Cys-CyDye Cy5 control vs. Cys-CyDye
Cy3 14C-DAQ-exposed protein; Figure 2A) demonstrated a spot patterning and differential
fluorescence identical to that previously described (Van Laar et al., 2008), as did the Lysine
CyDye labeled DIGE gels of 14C-DAQ-exposed protein (data not shown). DIGE gels of 14C-
DA-exposed mitochondrial proteins (Cys-CyDye DIGE, n = 5 gels from 5 separate
experiments; Lys-CyDye DIGE, n = 4 gels from 3 separate experiments) were imaged and then
transblotted to a membrane for autoradiography. The resulting autoradiograms were compared
back to images of their parent gels. Figure 2B shows the autoradiogram generated from a blot
of the representative 14C-DA Cys-CyDye DIGE gel in Figure 2A. Figure 2C shows the digital
merge of the corresponding fluorescent and autoradiographic images.

The identities of several proteins associated with 14C-DA labeling were determined based on
identities established for analogous spots from our previous DIGE experiments (Van Laar et
al., 2008) (Figure 2C; bold text). Several proteins that we previously identified as decreased
in abundance following exposure of brain mitochondria to DAQ were identified as being
covalently modified by 14C-DAQ (Figure 2C; marked with *). These proteins include
mitofilin, 75kDa subunit of Complex I, mortalin/GRP75/mtHSP70, fumarylacetoacetate
hydrolase domain protein, superoxide dismutase 2 (SOD2), MtCK, and the TCA cycle proteins
isocitrate dehydrogenase 3-alpha subunit and succinate-CoA ligase. 14C-DA modification was
also correlated with several previously identified protein spots whose abundances did not
appear to be altered following DAQ exposure (Van Laar et al., 2008), including the chaperone
HSP60 and TCA cycle protein aconitase (Figure 2C; bold text).

In this study, we also observed several 14C-DA conjugated protein spots that were not
previously identified in our other DIGE experiments (Figure 2C; regular text). Additionally,
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these did not appear decreased in abundance. To identify these proteins, Cys- and Lys-CyDye
2-D DIGE gels with control and non-radiolabeled DA exposed mitochondrial protein were run
in parallel with the 14C-DAQ DIGE gels, as described in the methods. Protein spots identified
in these experiments include actin, ubiquinol cytochrome-C reductase core protein 1, tubulin,
and UCH-L1 (Figure 2C, Table 2). DeCyder analysis confirmed that the overall normalized
abundance of these proteins does not decrease following DAQ exposure (data not shown). It
should also be pointed out that several abundant proteins, based on DIGE labeling, were not
associated with DA labeling, including the previously-identified protein glutamate
dehydrogenase 1 (Van Laar, et al., 2008), a cysteine-containing protein which was also
previously found to be unaltered in abundance following DAQ exposure. This suggests that
reactivity of proteins to DAQ is not based on sheer abundance alone.

Comparing 14C-DA autoradiography, 2-D DIGE, and Western blot detection demonstrates DA
conjugation with MtCK and mitofilin

Following autoradiography, blots of 14C-DA 2-D DIGE gels were used for immunochemical
detection of MtCK and mitofilin. Both proteins were previously identified from Cys- and Lys-
CyDye DIGE gels comparing DAQ-exposed and control rat brain mitochondria (Van Laar et
al., 2008). Here, Western blot analysis confirmed the positions of mitofilin (Figure 3) and
MtCK (Figure 4) within the 14C-DA 2-D DIGE gel blots. Alignment of digital images of the
parent fluorescent gels and the resulting autoradiograms demonstrated the association of
covalently bound 14C-DA with these two proteins (Figures 3D and 4D).

14C-DA-conjugated proteins were identified from differentiated SH-SY5Y cells
Differentiated SH-SY5Y cells were exposed to 150 μM 14C-DA (1 μCi/mL media) for 16 hrs,
a concentration and time point established in our laboratory to induce slight (∼10%) yet
significant cell death (unpublished data). Whole cell lysates from three separate platings of
cells with 14C-DA treatment were independently separated by 2-D gel electrophoresis, and the
resulting blots of the gels were used to generate autoradiograms to map DA-conjugated
proteins. A representative autoradiogram showing covalently modified proteins following SH-
SY5Y cell exposure to exogenous radiolabeled DA is presented in Figure 5. Using MS and
MS + MS/MS analyses, we identified several 14C-DA conjugated proteins (Figure 5; Table 3).
These proteins include peroxiredoxin 2 isoform A, nucleoside diphosphate kinase A,
superoxide dismutase 1 (SOD1), ER-60, mortalin/GRP75/mtHSP70, tropomyosin, UCH-L1,
and DJ-1. Actin, protein disulfide isomerase-related protein 5, and chloride intracellular
channel protein were confirmed by MS peptide mass fingerprinting analysis in only one blot,
though corresponding radiolabeled spots were present in blots from all three experiments.
Interestingly, some of the modified proteins identified in SH-SY5Y cells, actin, DJ-1, UCH-
L1, and mortalin/GRP75/mtHSP70, were also detected as covalently modified by 14C-DA in
the rat brain mitochondrial model of DAQ exposure.

DISCUSSION
Summary

Utilizing proteomic analyses with the DA oxidation model of PD, we identified protein targets
of covalent modification by DAQ. Analysis of isolated rat brain mitochondria exposed
to 14C-DAQ in vitro revealed a subset of mitochondrial proteins conjugated to DA, including
mortalin/GRP75/mtHSP70, HSP60, MtCK, mitofilin, glutamate oxaloacetate transaminase 2,
isocitrate dehydrogenase 3 subunit alpha, the ubiquinol-cytochrome c reductase core protein
1 and Rieske Fe-S protein subunits of Complex III, and the 75 kDa and 30 kDa subunits of
Complex I. We also identified several DA-conjugated proteins from whole-cell lysate of 14C-
DA-exposed differentiated SH-SY5Y cells. Some of the proteins identified from SH-SY5Y
cells, including actin, UCH-L1, DJ-1, and mortalin/GRP75/mtHSP70, correlated with the
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mitochondrial 14C-DAQ-exposure model, suggesting that DA-modified proteins identified
from DAQ-exposed mitochondria are also targets of modification in living cells. Covalent
modification of these proteins by DA may lead to altered structure or inactivation of function,
and may play a role in the vulnerability of dopaminergic neurons in PD pathogenesis.

We utilized two methods for identification of 14C-DA-modified proteins in the mitochondrial
model. First, using MS analyses we carried out direct identification of protein spots conjugated
to radiolabeled DA from the PVDF membrane. Second, we compared known spot patterns
from fluorescent-labeled 2-D DIGE gels of radiolabeled protein to the autoradiographic images
generated from blots of those same gels. In the second method, identities were determined by
MS analyses of protein spots from parallel, non-radioactive DIGE gels. Most of the covalently-
modified proteins identified were similar between the two methods, validating both the protein
identities and the two methods for identifying DA-modified proteins. One inherent limitation
to the methods utilized in this study is that they favor the detection of higher-abundance proteins
(reviewed in Ahmed and Rice, 2005; Shi et al., 2008). Therefore, it is possible that other, less-
abundant proteins were also modified by DAQ, but were below our level of detection.

Noting that isolated brain mitochondria were intact when exposed to 14C-DAQ, it is interesting
that we identified covalently-modified proteins associated with the mitochondrial matrix as
well as the intermembrane space. This suggests that the electrophilic DAQ gains access to both
compartments in the intact mitochondrion at a physiological pH (pH 7.4). This finding also
has implications for the reactivity of specific mitochondrial proteins to DA quinone. Thus,
the 14C-DA labeled spots observed in this study represent proteins that are the most reactive
and/or accessible to DAQ as compared to the remainder of the mitochondrial proteome.

Some proteins identified in DAQ-exposed rat brain mitochondria, such as triosephosphate
isomerase and UCH-L1, are not typically associated with the mitochondria. Mitochondrial-
enriched fractions isolated from brain by our described procedure typically contain
approximately 10% synaptosomes (Berman et al., 2000), and thus we attribute the
identification of a small number of non-mitochondrial proteins to possible association with
these components. The identification of DA-conjugated non-mitochondrial proteins in samples
does not diminish the significance of their modification. We demonstrate here that the cytosolic
proteins actin, tubulin, UCH-L1, DJ-1, and triosephosphate isomerase in their native state are
targets of DA modification when exposed to DAQ in vitro. Further, actin, UCH-L1, and DJ-1
were also observed to be covalently modified in DA-exposed SH-SY5Y cells, which may have
implications for the role of these proteins in neurodegeneration.

Several mitochondrial proteins covalently modified by DA displayed changes in abundance
Several proteins we identified here as being covalently modified by DAQ were also identified
in our previous study as being decreased in abundance following mitochondrial exposure to
DAQ (Van Laar et al., 2008). The proteins MtCK and mitofilin, in particular, were previously
confirmed to be decreased in DAQ-exposed rat brain mitochondria and DA-exposed PC12
cells via Western blot analysis. By comparison of Western blot and autoradiography, MtCK
and mitofilin are demonstrated here to also be covalently modified by 14C-DA. We previously
hypothesized that the loss of protein may involve either rapid aggregation or proteolytic
degradation of oxidatively modified proteins. However, other proteins identified as DA-
conjugated in this study were not associated with any measurable change in abundance, such
as HSP60 and aconitase. Thus, covalent modification by DAQ does not necessarily correspond
with decreases in protein abundance. Additional factors such as the site of modification or
location of the protein within the mitochondria may play a role in defining the susceptibility
of specific mitochondrial proteins for proteolytic degradation or aggregation following
oxidative modification. Further study will be necessary to evaluate the differences in individual
protein responses to DA oxidation both in mitochondria and in cells.
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Protein Targets of DA Conjugation Encompass Multiple Critical Functions, and are Known
Targets for Oxidative Modification

The protein targets of covalent modification by DAQ that we have identified are involved in
a range of critical mitochondrial and cellular functions. Because they are susceptible to
modification by the electrophilic DAQ, many of the proteins identified in this study are likely
vulnerable to other oxidative agents that induce modification. Indeed, several proteins
identified here have been reported in other studies to be oxidatively modified in association
with disease, disease models, and oxidative stress. One such protein is mitofilin, which we
previously identified as exhibiting decreased abundance following DAQ-exposure (Van Laar
et al., 2008). Various studies have shown that mitofilin is susceptible to oxidative stress,
demonstrating oxidatively-modified cysteine residues following alcohol exposure in hepatoma
cells (Suh et al., 2004), as well as a ROS-induced reduction of protein levels (Magi et al.,
2004). Given the proposed role of mitofilin in maintaining mitochondrial cristae morphology
(John et al., 2005) and interaction with key mitochondrial import proteins (Xie et al., 2007),
oxidative modification could have a detrimental impact on proper function or protein-protein
interactions, and thus on mitochondrial stability.

Protein import and processing could also be impacted by the identified modification of two
mitochondrial protein chaperones, HSP60 and mortalin/GRP75/mtHSP70. HSP60 and
mortalin/GRP75/mtHSP70 are key protein processing chaperones in the mitochondria, with
roles in matrix protein folding and mitochondrial protein import, respectively (Wadhwa et al.,
2005; Yaguchi et al., 2007). Mortalin/GRP75/mtHSP70, in particular, is a known target of
oxidative stress, and has previously been linked to neurodegenerative diseases PD and AD
based on altered expression (Jin et al., 2006; Osorio et al., 2007). A recent study found that
both HSP60 and Mortalin/GRP75/mtHSP70 interacted with frataxin, a protein involved in iron-
sulfur (Fe-S) cluster biogenesis for Fe-S cluster-dependent enzymes (Shan et al., 2007). The
authors also noted that Mortalin/GRP75/mtHSP70 shares homology with the HSP70-family
protein Ssq1, a mitochondrial matrix protein required for Fe-S cluster assembly (Lutz et al.,
2001; Shan et al., 2007). Interestingly, we identified several Fe-S cluster-containing proteins
covalently modified by 14C-DA, including the 30 kDa subunit of Complex I, Rieske Fe-S
protein subunit of Complex III, and aconitase. Thus, DA oxidation may potentially contribute
to an impaired Fe-S protein system in dopaminergic neurons, both in Fe-S protein biogenesis
and function.

Multiple subunits of Complex I (75 kDa and 30 kDa subunits) and Complex III (ubiquinol-
cytochrome c reductase core protein 1 and Rieske Fe-S protein) of the mitochondrial electron
transport chain (ETC) were identified as targets of covalent DA modification. Several studies
have demonstrated that incubation of isolated brain mitochondria with DA or DAQ inhibits
mitochondrial respiration (Berman and Hastings, 1999; Cohen et al., 1997; Gluck et al.,
2002; Gluck and Zeevalk, 2004). Study in disrupted mitochondria have also suggested DA can
directly interact with and inhibit Complex I (Ben-Shachar et al., 2004; Brenner-Lavie et al.,
2008). Decreased NADH dehydrogenase activity of Complex I has been observed in both the
SN (Janetzky et al., 1994; Orth and Schapira, 2002; Schapira et al., 1990) and the periphery
(Blandini et al., 1998; Shoffner et al., 1991) of PD patients. PD models utilizing Complex I
inhibitors rotenone and 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) replicate
characteristics of the disease, including nigrostriatal dopaminergic cell death (Przedborski et
al., 2000; Sherer et al., 2003). Modification of critical ETC proteins by DA oxidation may
potentially inhibit these proteins, possibly leading to an increase in mitochondrial dysfunction
and play a role in the increased susceptibility of dopaminergic neurons in PD.

Both the cytosolic and mitochondrial isoforms of CK were identified as targets of DA
modification in isolated brain mitochondria. Previous studies have shown that exposure to
dopamine and dopamine oxidation can inhibit the activity of CK proteins (Maker et al.,
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1986; Miura et al., 1999). Cytosolic creatine kinase (CK) was shown to be susceptible to
increased oxidation in the hippocampus of aged mice, as well as in young and old ApoE-KO
mice, as compared to brain tissue of young mice (Choi et al., 2004a). CK was also identified
as having increased carbonyl modification in AD brain (Castegna et al., 2002). Given the
critical role of CK and MtCK in ATP level maintenance (Eder et al., 2000), and the association
of MtCK with the proteins involved in the permeability transition pore (Vyssokikh and
Brdiczka, 2003), oxidative modification of CK proteins may carry implications for energy
maintenance and mitochondrial function in dopaminergic neurons. In a similar vein, we
found 14C-DA covalent modification of the protein nucleoside diphosphate kinase A in SH-
SY5Y cells. Considered a multifunctional protein, the assigned function of this enzyme is to
maintain a balance between ADP, GDP, ATP, and GTP levels in the cell, and its activity is
modulated by disulfide cross-linking of two oxidation-sensitive cysteine residues (Cumming
et al., 2004; Song et al., 2000). Thus, DA modification of this protein may alter the energy
balance in dopaminergic neurons.

Though not necessarily mitochondrial, the glycolysis proteins enolase 2 and triosephosphate
isomerase were also shown in this study to be modified by DA in DAQ-exposed mitochondria
preparations. These proteins have previously been shown to be targets of oxidative
modification in association with neurodegenerative disease. Triosephosphate isomerase, alpha-
and gamma-enolase, and beta-actin were found to be targets of protein nitration in AD brain
(Castegna et al., 2003). Oxidative modification of these proteins by DAQ could have
implications for dysfunction in cellular metabolism and energy generation upstream of the
ETC, which may have detrimental effects given the high-energy demands of neurons.

Antioxidant and Thiol Oxidoreductase Enzymes are covalently modified by DAQ
We observed covalent DA modification of mitochondrial SOD2 and peroxiredoxin 3 in 14C-
DAQ-exposed brain mitochondria, and cytosolic SOD1 and peroxiredoxin 2 in 14C-DA-
exposed differentiated SH-SY5Y cells. Both enzyme types are integral in managing ROS levels
and protecting against oxidative stress. SOD enzymes catalyze conversion of the free radical
superoxide to oxygen and H2O2, and peroxiredoxins catalyze reduction of H2O2 to water.
Alterations in expression and activity of both enzymes have been linked to PD and PD models.
Post mortem PD brain tissue displayed increased SOD activity (Saggu et al., 1989), and
elevated levels of SOD2 have been observed in PD patient CSF (Yoshida et al., 1994),
suggestive of a response to increased levels of superoxide. Peroxiredoxin 2, which is highly
abundant in neurons, showed increased abundance in PD brain SN (Basso et al., 2004), again
suggestive of an oxidative stress response. Peroxiredoxin 2 was also found to be S-nitrosylated
in rotenone and MPP+ treated SH-SY5Y cells and in PD brain (Fang et al., 2007). In addition,
silencing expression of mitochondrial peroxiredoxin 3 and 5 increased the vulnerability of SH-
SY5Y cells to MPP+ toxicity (De Simoni et al., 2008). Thus, DA modification of these enzymes
could compromise the antioxidant defense mechanisms of dopaminergic neurons.

DA modification of the endoplasmic reticulum chaperones ER-60 (also known as GRP58 or
ERp57) and protein disulfide isomerase-related protein 5 (also known as ERp5 or PDIA6) were
also observed in SH-SY5Y cells exposed to DA. Both proteins are members of the protein
disulfide isomerase family, which employ thiol-disulfide oxidoreductase activity to form
disulfide bonds in substrates, and thus mediate proper protein folding (Ellgaard and Ruddock,
2005). These proteins are primarily localized to the endoplasmic reticulum, and each contains
two cysteine-glycine-histidine-cysteine, or C-X-X-C, thioredoxin-like activity motifs integral
in enzymatic disulfide bond formation (Ellgaard and Ruddock, 2005). Proteins containing the
C-X-X-C motif are very susceptible to modification by electrophilic compounds such as DAQ
(Lame et al., 2003; Lame et al., 2005). ER-60 also has demonstrated cysteine protease activity
(Okudo et al., 2000; Urade and Kito, 1992; Urade et al., 1992) and a role in degradation of
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misfolded proteins (Otsu et al., 1995). We have previously shown the upregulation of ER-60
expression along with other ER chaperones following DA exposure in differentiated PC12
cells, suggesting DA toxicity induces ER stress and the unfolded protein response (Dukes et
al., 2008). As aberrant protein folding and aggregation are associated with PD, DA may be
contributing by modification and inactivation of key ER chaperone proteins.

DJ-1 and UCH-L1 Are Targets for Covalent Modification by DAQ
An intriguing finding was the covalent DA modification of two proteins directly linked to
genetic forms of Parkinson’s disease, UCH-L1 and DJ-1. DJ-1, linked to familial PARK7
(Bonifati et al., 2003), is found widely distributed in the brain (Bandopadhyay et al., 2004).
While the specific function of DJ-1 remains unknown, data suggest a role for the protein in
oxidative stress regulation, possibly through the protein’s own susceptibility to oxidation of a
critical cysteine residue (Canet-Aviles et al., 2004). UCH-L1 is linked to PARK5 through a
mutation that leads to a decrease in the deubiquinating activity of the protein (Leroy et al.,
1998; Nishikawa et al., 2003). The exact mechanism by which this mutation leads to decreased
activity is unknown. However, it has been shown that the active site of UCH-L1 contains
cysteine and histidine residues that are sensitive to modification by 4-hydroxynonenal (4-
HNE), a reactive byproduct of lipid peroxidation (Nishikawa et al., 2003). Additionally,
oxidative damage of both DJ-1 and UCH-L1, in the form of carbonylation and direct oxidation
at cysteines and methionines, has been identified in both PD and AD brain (Castegna et al.,
2002; Choi et al., 2004b; Choi et al., 2006). Thus covalent modification by DAQ is likely to
be detrimental to DJ-1 and UCH-L1 function, and may lead to disruption of antioxidant and
ubiquitin-proteasome system functions, respectively. It is important to note that DA-induced
modifications have been associated with alterations in two other PD-linked proteins, alpha-
synuclein (Conway et al., 2001) and parkin (LaVoie et al., 2005). The susceptibility of multiple
PD-linked proteins to DA modification further supports a contributing role for DA oxidation
in dopaminergic neuron degeneration and PD pathogenesis.

DAQ Binds to Cytoskeletal Proteins
We found that cytoskeletal proteins actin and tubulin were targets of covalent modification by
DAQ in isolated mitochondria preparations, and actin and interacting protein tropomyosin were
covalently modified by DA in DA-exposed differentiated SH-SY5Y cells. Tubulin protein is
highly abundant, contains multiple free thiol groups critical for microtubule assembly, and is
a known target of oxidative modification (Landino et al., 2002; Luduena and Roach, 1991).
Tubulin was modified in vitro at specific cysteine residues by 4-HNE (Stewart et al., 2007),
which has been shown to disrupt neuronal microtubules and neurite outgrowth in cultured
Neuro 2A cells (Neely et al., 2005; Neely et al., 1999). Likewise, beta-actin was observed to
be modified by 4-HNE in brain tissue of patients with mild cognitive impairment patient (Reed
et al., 2008). Increased carbonylation and nitration of actin was observed in post mortem AD
brain (Aksenov et al., 2001; Castegna et al., 2003). Relevant to our findings, other cytoskeletal
proteins have been demonstrated as targets of DA oxidation in vitro. Exposure to oxidized DA
promoted polymerization of tau protein (Santa-Maria et al., 2005) and covalent cross-linking
of neurofilament proteins (Montine et al., 1995). It is well known that the transport and
localization of mitochondria within the cell relies upon their close interaction with intact
cytoskeletal structures (Boldogh and Pon, 2006; Boldogh and Pon, 2007). Thus, oxidation-
induced damage to cytoskeletal proteins could have drastic effects on cellular structure, and
on critical transport, localization, and ultimately function of organelles such as mitochondria.

Conclusions
We identified proteins in this study that are targets of DA quinone modification following
intracellular DA oxidation, which may lead to altered protein function, disrupted protein-
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protein interactions, targeting of proteins for degradation, or promoting aggregation of
damaged proteins. The susceptibility of these proteins to modification may play a role in the
enhanced vulnerability of DAergic neurons, and should be considered for further study in
connection with the pathophysiology of PD.

In this regard, it is important to note that many of the proteins we identify as targets of DA
modification have previously been identified as targets of oxidative modification in
conjunction with various neurodegenerative diseases and disease models, as discussed above.
The identification of these same proteins across multiple independent studies not only validates
their characteristic susceptibility to oxidative modification but also demonstrates their potential
significance in neurodegenerative disease pathogenesis. Such proteins deserve critical attention
to elucidate their roles in disease progression and their potential as targets for novel therapeutic
strategies.
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Figure 1. 14C-DAQ Exposure of Isolated Brain Mitochondria Results in DA Conjugation to Select
Mitochondrial Proteins
Isolated rat brain mitochondria were exposed to 14C-DA/tyrosinase (150μM, 0.5-1μCi; 300 U/
mL) and subjected to 2-D gel electrophoresis, followed by transblotting to PVDF membrane
and autoradiography. Samples were analyzed at pH ranges of (A) pH 3-5.6, (B) pH 4-7, and
(C) pH 6-11. Select radioactive spots displaying protein conjugated with 14C-DA were picked
from the PVDF membrane and subjected to MS analysis for protein identification. Protein
identities are provided for each pI range. The autoradiographic image of a representative pH
4-7 2-D gel protein blot was duplicated in (B-i.) and (B-ii.) for ease of accurate labeling of
identified proteins.
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Figure 2. 14C-DAQ Exposure of Isolated Brain Mitochondria Combined with 2-D DIGE
Lysed Control (C) and 14C-DAQ exposed (14C-DA) mitochondrial proteins were reacted
separately with a minimal concentration of cysteine-reactive CyDyes, and then analyzed by 2-
D DIGE and autoradiography. (A) Cysteine-labeled (maleimide dye) DIGE gel of Control
mitochondrial protein (Cy5, magenta) and 14C-DAQ exposed mitochondrial protein (Cy3,
cyan). (B) Autoradiogram generated by the PVDF transblot of the 14C-DIGE gel shown in
(A). (C) Merged pseudocolor image of the fluorescent cysteine-labeled 14C-DA DIGE (Cys-
CyDye DIGE) image in (A) (green) and its corresponding autoradiogram of the PVDF
transblot (red). Yellow spots demonstrate proteins visualized by DIGE that are conjugated
to 14C-DA. Protein identifications were obtained from parallel non-radioactive DIGE gels
treated identically to 14C-DA DIGE experiments. BOLD protein identifications were
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previously described (Van Laar et al., 2008). * indicates proteins found to be decreased in
abundance following DAQ exposure based on previous DeCyder analysis of DIGE gels (Van
Laar et al., 2008). Figure is representative of n = 5 separate gels.
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Figure 3. 14C-DA Conjugation with Mitofilin
A 14C-DA Cys-CyDye DIGE gel was transferred to PVDF membrane, followed by
autoradiography and Western blot analysis to detect mitofilin. The fluorescent scan of the DIGE
gel (A), Western blot (B), and autoradiogram (C) of 14C-DA-labeled mitochondrial mitofilin
were merged (D) to demonstrate the association between 14C-DA-modification (red),
immunodetection (blue), and the DIGE-MS spot identification (green) of mitofilin. Arrows
point to the location of mitofilin in (B) and (C).
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Figure 4. 14C-DA Conjugation with MtCK
A 14C-DA Cys-CyDye DIGE gel was transferred to PVDF membrane, followed by
autoradiography and Western blot analysis to detect MtCK. The fluorescent scan of the DIGE
gel (A), Western blot (B), and autoradiogram (C) of 14C-DA-labeled mitochondrial creatine
kinase (MtCK) were merged (D) to demonstrate the association between 14C-DA-modification
(red), immunodetection (blue), and the DIGE-MS identification (green) of MtCK. Arrows
point to the location of MtCK in (B) and (C).
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Figure 5. Exposure of Differentiated SH-SY5Y Cells to Exogenous 14C-DA Results in DA
Conjugation to Cellular Proteins
Differentiated SH-SY5Y cells were treated with 14C-DA (150μM; 10μCi/mL media) and
subjected to 2-D gel electrophoresis, followed by transblotting to PVDF membrane and
autoradiography. Samples were analyzed at a pH range of 4-7 pI. Select radioactive spots
displaying protein conjugated with 14C-DA were picked from the PVDF membrane and
subjected to MS analysis for protein identification. Protein identities are indicated on
autoradiogram (details in Table 3). Representative gel of n = 3.
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