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Abstract
In Parkinson’s disease (PD), oxidative stress is implicated in protein misfolding and aggregation,
which may activate the unfolded protein response (UPR) by the endoplasmic reticulum (ER).
Dopamine (DA) can initiate oxidative stress via H2O2 formation by DA metabolism and by
oxidation into DA quinone (DAQ). We have previously shown that DAQ induces oxidative
protein modification, mitochondrial dysfunction in vitro, and dopaminergic cell toxicity in vivo
and in vitro. In this study, we used cysteine- and lysine-reactive fluorescent dyes with 2-D
difference in-gel electrophoresis (2D-DIGE), mass spectrometry, and peptide mass fingerprint
analysis to identify proteins in PC12 cell mitochondrial-enriched fractions that were altered in
abundance following DA exposure (150μM,16h). Quantitative changes in proteins labeled with
fluorescent dyes indicated increases in a subset of proteins after DA exposure: calreticulin, ERp29,
ERp99, Grp58, Grp78, Grp94, and Orp150 (149-260%), and decreased levels of aldolase A
(39-42%). Changes in levels of several proteins detected by 2D-DIGE were confirmed by Western
blot. Using this unbiased proteomics approach, our findings demonstrated that in PC12 cells, DA
exposure leads to a cellular response indicative of ER stress prior to the onset of cell death,
providing a potential link between DA and the UPR in the pathogenesis of PD.
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In Parkinson’s disease (PD), the dopaminergic neurons of the substantia nigra (SN)
degenerate, leading to movement dysfunction. Oxidative stress appears to play a role in the
loss of these dopaminergic neurons, since increased levels of oxidized lipids, DNA, and
protein, as well as decreased levels of the major cellular antioxidant, glutathione (GSH),
have been measured in PD SN (for review, see Dawson and Dawson, 2003; Ischiropoulos
and Beckman, 2003; Jenner, 2003).

Oxidative stress can contribute to cellular damage commonly observed in neurodegenerative
disorders like PD by inducing mitochondrial dysfunction, endoplasmic reticulum (ER)
stress, and protein accumulation (Fahn and Sulzer, 2004; Gandhi and Wood, 2005;
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Halliwell, 2006a, b; Lin and Beal, 2006; Calabrese et al., 2007). Mitochondrial dysfunction
is well-documented in PD, with decreased mitochondrial complex I activity observed
directly in the SN and systemically in PD patients (for review, see Lin and Beal, 2006;
Mancuso et al., 2006). Mitochondrial complex I forms superoxide anion during normal
respiration, and reactive oxygen species (ROS) can, in turn, inhibit mitochondrial complexes
(Fiskum et al., 2003; Turrens, 2003). Partial inhibition of complex I has been shown to
generate even more ROS, suggesting that ROS-induced mitochondrial dysfunction, similar
to that observed in PD, can lead to further ROS production and increased oxidative protein
damage (Pitkanen and Robinson, 1996; Votyakova and Reynolds, 2001).

Mitochondria are linked to the ER both by proximity and through common signaling
mechanisms, including calcium homeostasis and pro- and anti-apoptotic pathways
(Breckenridge et al., 2003; Rao et al., 2004). Thus mitochondria can influence ER stress, a
cellular response to the accumulation of misfolded and oxidized proteins (Breckenridge et
al., 2003; Rao et al., 2004). Oxidative stress can also contribute to ER stress via protein
oxidation, by affecting calcium signaling, and by altering the redox balance necessary to
maintain ER function (Chakravarthi et al., 2006; Gorlach et al., 2006). Over time, the
accumulation of misfolded proteins, which is a characteristic of many neurodegenerative
diseases, activates the unfolded protein response (UPR) in the ER, and may ultimately lead
to cell death (Lindholm et al., 2006).

Dopaminergic neurons may be especially susceptible to oxidative stress due to the
potentially reactive nature of dopamine (DA) and its metabolite 3,4-dihydroxyphenylacetic
acid (DOPAC), which readily oxidize to produce reactive quinones and ROS (Tse et al.,
1976; Graham, 1978). Dopamine exposure has been shown to cause oxidative damage to
protein through direct modification of cysteinyl residues by DA quinone (DAQ) and to
selectively damage DA neurons in vivo (Hastings and Zigmond, 1994; Hastings et al., 1996;
Rabinovic et al., 2000). Therefore, DA exposure is an apt model to observe the effects of
toxin-induced oxidative stress in dopaminergic cells.

Because DA exposure has previously been shown to initiate cell death in PC12 cells
(Walkinshaw and Waters, 1995; Cantuti-Castelvetri and Joseph, 1999; Jones et al., 2000;
Koshimura et al., 2000; Xiao-Qing et al., 2005), we used this model combined with
proteomic techniques to examine changes in proteins following DA exposure in PC12 cells.
As examining whole-cell proteomes by gel electrophoresis techniques can be potentially
complex, we chose to examine cellular subfractions individually. In this study, we focused
on mitochondrial-enriched fractions due to the role mitochondrial dysfunction plays in PD,
and because DAQ has been shown to inhibit the activity of mitochondrial protein complexes
(including complex I), to uncouple mitochondrial respiration, and to open the permeability
transition pore (Ben-Shachar et al., 1995; Berman and Hastings, 1999; Li and Dryhurst,
2001; Khan et al., 2005; Schapira, 2007). We used cysteine reactive maleimide-CyDyes or
lysine reactive NHS-ester-CyDyes to label proteins, followed by 2-D difference in-gel
electrophoresis, mass spectrometry (MS), and peptide mass fingerprint analysis for
identification of proteins. Using this unbiased proteomics approach, we identified a subset of
proteins in the mitochondrial-enriched fraction whose relative levels were altered following
DA exposure. The only identified protein that was decreased in the mitochondrial-enriched
fraction following DA was the glycolytic protein aldolase A. Surprisingly, most of the
proteins which were increased after DA were ER chaperone proteins, and a subset of these
proteins were confirmed to be changed by Western blot analyses of PC12 whole-cell lysates.
The relative increase in the levels of several ER stress proteins suggests that ER stress
occurs early and prior to cell death in a DA-induced toxicity model.

Dukes et al. Page 2

J Neurochem. Author manuscript; available in PMC 2009 October 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Chemicals and Reagents

Dulbecco’s Modified Eagle Medium (DMEM, Gibco brand), fetal bovine serum (HyClone
brand), and horse serum (HyClone brand) were purchased from Invitrogen (Carlsbad, CA).
Nerve growth factor (NGF) was purchased from BD Bioscience (San Diego, CA).
Immobiline Drystrips pH 3-10, maleimide Cy3/Cy5 dyes, N-hydroxysuccinimidyl (NHS)-
ester Cy3/Cy5 dyes, and IPG buffer pH 3-10 were purchased from GE Healthcare
(Piscataway, NJ). Trypsin for MS analysis was obtained from Promega (Madison, WI).
Protease inhibitor cocktail (PIC) included in mitochondrial isolation was obtained from
Sigma (P2714; St. Louis, MO), and PIC added to PC12 cell whole cell lysate for Western
blot analysis was obtained from Roche. All other non-specified reagents were purchased
from Sigma. All solutions were made in distilled water purified with a Milli-Q system
(Millipore Corp., Bedford, MA) unless otherwise noted.

Cell culture
PC12 cells, a dopaminergic cell line, were grown in media containing 7% horse serum (HS)
and 7% fetal bovine serum (FBS). For differentiation, PC12 cells were plated at a density of
19,000 cells/cm2 in differentiation media (DMEM, 1% HS, 1% FBS, and 0.1 μg/ml NGF)
for 6 d. The differentiated PC12 cells were then exposed to control media or 150 μM DA in
media for 2-24 h for Western blot analysis of cell lysates and 16 h for isolated mitochondria
experiments. Control cultures were treated at the same time as DA-exposed cultures.

Mitochondrial-enriched Fraction Preparation
PC12 cell mitochondrial-enriched fractions were prepared by a modified version of a
previously described mitochondria isolation protocol (Berman and Hastings, 1999).
Following exposure to control or DA-containing media, cells from 10-12 plates (100mm)
were pooled for each group, collected in PBS, and combined with the treatment media prior
to gentle centrifugation (800 × g, 3min). The supernatant was discarded, and the cell pellet
was resuspended in isolation buffer containing 225 mM mannitol, 75 mM sucrose, 5 mM
HEPES, 1 mg/mL BSA, PIC (2 μL/mL), pH 7.4, and the cells were lysed in a 2 mL Dounce
homogenizer. The cell homogenate was then centrifuged (12,000 × g) three times at 3°C to
isolate mitochondria. Both control and DA exposed mitochondrial-enriched pellets were
lysed in buffer containing 9M urea, 2% w/v CHAPS, 30 mM Tris-base, and PIC (2.5 μL/mg
protein), pH 8.0. The amount of protein in the lysed control and DA exposed mitochondrial-
enriched fraction was measured by Bradford assay (Bradford, 1976). The mitochondria
isolation procedure utilized with the DA-treated and control PC12 cells was identical. The
mitochondrial-enriched samples from the two treatment groups remained separate until after
the reaction with the fluorescent dyes, as described below.

2D Gel Electrophoresis
For first dimension separation of proteins, Immobiline DryStrips (linear pH 3-10; GE
Healthcare) were rehydrated overnight at RT, according to the manufacturer’s protocol for
cup loading of samples. Mitochondrial-enriched lysate from control and DA-exposed PC12
cells were reacted separately with either charge-matched fluorescent Cy5 or Cy3 maleimide
dyes or Cy5 or Cy3 NHS ester dyes (GE Healthcare) prior to reduction by DTT. To confirm
that the dyes exhibited no preferential chemistries, control and DA-exposed samples were
reciprocally labeled with either Cy5 and Cy3 dyes, and direct comparison showed no
evidence of any differential labeling affinities. Maleimides react with reduced sulfhydryl
groups, and thus label reduced cysteines. The optimal dye:protein ratio was chosen so that
protein spots visualized using the Typhoon 9400 scanner with PMT=600 were clearly
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visible, not overexposed, and with no apparent dye-shifting of spots. Preliminary trials using
variable dye to protein ratios indicated that a maleimide reaction ratio of 1 pmol dye to 2 μg
protein for 45 min at room temperature was optimal. The maleimide reaction was quenched
by the addition of an equal volume of sample loading buffer containing 130 mM
dithiothreitol (DTT), 9 M urea, 2% w/v CHAPS, 2% v/v IPG buffer (pH 3-10; GE
Healthcare), and trace amounts of bromophenol blue.

The NHS-ester dye reaction ratio of 2 pmol dye to 1 μg protein was determined to be
sufficient for lysine labeling. After the addition of the NHS-ester dye to the mitochondrial-
enriched protein (prior to DTT reduction), the reaction was incubated on ice for 30 min and
quenched by the addition of 10 nmol lysine (in 1 μL) at 4°C. Sample loading buffer was
then added in a 1:1 ratio.

Following the addition of sample loading buffer for either maleimide or NHS-ester reacted
samples, 125 μg protein from the control mitochondrial-enriched fraction were combined
with 125 μg protein from DA exposed PC12 cell mitochondrial-enriched fraction, and the
total 250 μg protein were loaded onto the first dimension strip using sample cup loading. To
separate proteins by isoelectric point, the first dimension was run on a Multiphor II system
according to the manufacturer’s protocol (GE Healthcare). The strips were prepared for the
second dimension by washing with equilibration buffer (75 mM Tris-HCl, pH 6.8, 6M urea,
30% glycerol, 1% w/v SDS) containing 30 mM DTT followed by 240 mM iodoacetamide.
The strip was trimmed to 13.5 cm, the molecular weight standards were loaded, and the
second dimension was run on a 12% SDS polyacrylamide gel on a Hoeffer SE600 Ruby
Electrophoresis Unit (GE Healthcare).

Visualization of Difference Gels and Spot Picking
Gels were rinsed with Milli-Q H2O and fixed in 40% methanol, 1% acetic acid. The gel was
then scanned into the automated spot picker in the Genetics and Proteomics Core
Laboratories at the University of Pittsburgh (developed by Dr. Jonathan Minden of Carnegie
Mellon University). Protein spots that showed differences in relative fluorescence, plus
several spots that appeared not to change, were picked.

Trypsin Digest and Mass Spectrometry of Target Proteins
Gel plugs were washed twice in 1:1 solution of methanol and 50 mM NH4HCO3,
dehydrated in acetonitrile, and dried by speed-vacuum. In-gel trypsin digest was done at
42°C for 4 h, using Promega Gold trypsin reconstituted in 50% acetonitrile, 0.3%
trifluoroacetic acid, and 1 mM ammonium citrate (0.2 μg/sample). The gel plug was then
rinsed twice in extraction buffer (1% trifluoroacetic acid, in 50% acetonitrile and 50 %
H2O). The trypsinized protein solution and extraction washes were dried by speed-vacuum.

The dried trypsinized protein was reconstituted in extraction buffer containing 100 μM
ammonium citrate and mixed with a saturated solution of CHCA (α-cyano-4-
hydroxycinnamic acid) and spotted on a metal MALDI plate along with a trypsin blank and
mass standards (Applied Biosystems). The identification of the protein was determined
using a 4700 MALDI-TOF-TOF (Applied Biosystems) mass spectrometer. The resulting ion
peak spectra were used for peptide mass fingerprinting, searched against the NCBI database
by GPS Data Explorer™ MS analysis software ver. 2 or 3 (Applied Biosystems), with the
peptide mass tolerance set to 50 ppm and allowing a maximum of 1 missed trypsin cleavage.
A positive protein identification was accepted when a confidence interval of >90% was
obtained in coordination with a probability-based MOWSE (MOlecular Weight SEarch)
protein score using the GPS Data Explorer™ MS analysis software coupled to the
MASCOT database engine. Every protein identification was confirmed in two or more
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experiments. In all experiments, each protein spot was identified as only one protein and its
related isoforms, so each protein spot appears to correspond to a single protein. No
limitations other than species designation (All species and Rattus) were used in the database
search, with no bias towards cell type or organelle.

Decyder Analysis of Fold Change
Spots with protein identifications were analyzed using the DeCyder Difference In-gel
Analysis (DIA) software (GE Healthcare). Gel images from the Typhoon 9400 laser scanner
(GE Healthcare) using equal PMT levels (typically 600 V) between the Cy5 and Cy3 scans,
were loaded on the software. Each individual spot was identified and mapped using the
DeCyder DIA software. Previously MS-identified spots were located on each gel image, and
the normalized volume ratio calculated by the DeCyder DIA software was recorded for each
spot. The normalized volume ratios were determined by the DeCyder DIA software by first
calculating the direct volume ratio of the DA-exposed /control volume densities for every
spot on the gel. All of the ratios were then normalized so that the modal peak of all the ratios
equals 1, because most protein levels should be similar. Percent change of DA-exposed
PC12 cell mitochondrial protein from control mitochondrial protein were determined from
the normalized volume ratios, and the percent change within each gel was averaged over all
gels in which the volumes for identified proteins could be determined. Limitations in the
DeCyder software led to inaccurate spot mapping, and prevented analysis of one protein.
This protein is designated as “UN” (undetermined) in Supplementary Data. Proteins with
corresponding spots in both cysteine- and lysine-labeled gels which were not positively
identified by our strict MS criteria in both sets of gels, are listed as “NI” (no identification)
in Figure 3B and Supplementary Data. Proteins that did not have corresponding spots in
both cysteine- and lysine-labeling experiments are listed as “ND” (no spot detected) in
Figure 3B and Supplementary Data. Eight (8) maleimide (cysteine) dye gels from 6 separate
experiments and 5 NHS-ester (lysine) dye gels from 4 separate experiments were used in the
DeCyder analysis.

Collection of PC12 Whole-Cell Lysate for Western Blotting
PC12 cells were cultured and treated with 150 μM DA as described above. Following 2, 4,
8, 16, and 24 h of DA exposure or treatment with control media, the media was removed and
PC12 cells were collected in PBS via force-pipetting. Cells from each plate were combined
with the media before pelleting, to collect any floating cells. Cells were rinsed in PBS and
re-pelleted prior to lysis in a buffer containing: 20mM Tris (pH 7.5), 150mM NaCl, 1mM
EDTA, 1mM EGTA, 1% Triton X-100, 2.5mM sodium pyrophosphate, 1mM DTT, 1mM
sodium orthovanadate, and 1X PIC (Roche).

Western Blot Analysis of MS-identified spots
Protein (20 μg) from control and DA-exposed PC12 whole cell and mitochondria-enriched
lysates, were separated by 10, 12, or 15% SDS-PAGE and transferred to nitrocellulose
membranes using a Trans-blot SD Semi-Dry Electrophoretic Transfer Cell (Biorad).
Following transfer, the blots were washed in Tris buffered saline (50 mM Tris, pH 7.5, 150
mM NaCl; TBS), blocked with 0.2% w/v dry milk in TBS-T (TBS + 0.1% Tween 20), then
incubated overnight at 4°C with primary antibody in TBS-T with 0.2% w/v dry milk. The
blots were then washed in TBS-T and incubated at RT with the appropriate alkaline
phosphatase conjugated secondary antibody (Biorad). Blots were then washed again in TBS-
T prior to the application of chemiluminescent substrate (Biorad), and exposure to Biomax
MR Film (Kodak) for visualization of bands. Antibodies used were Grp78 (1: 2000;
Stressgen), Grp58 (1:2000; Stressgen), ERp29 (1:15,000; Abcam), Grp94 (1:5000; Abcam),
aldolase-A (1:1000; Abnova), actin (1:50,000; Chemicon), and tubulin (1:12,500; Sigma).
The densities of immunoreactive bands were quantified using UN-SCAN-IT software (Silk
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Scientific; Orem, UT). Actin and tubulin were used as loading controls. Data from both the
DeCyder analysis and Western blots indicated that actin and tubulin levels were similar
between control and DA-exposed samples.

Statistical Analysis
Statistical analyses of DA-exposed cysteine and lysine Cy-dye volume densities from
isolated mitochondrial MS-identified proteins were performed using a 1-sample two-tailed
Z-test on the DA-treated mitochondrial protein spot volume intensities expressed as percent
of control. The Z-test was chosen because the DeCyder DIA software calculates changes
between control and treated samples as a normalized volume ratio of the two groups,
generating one value comparing both groups and normalizing the entire constellation of
labeled spots. Significance for each DA-exposed protein from control (valued at 100%
control) was determined when p<0.05 and the change was greater than ± 1.2-fold from
control (<83.3% or >120%). The percent control values were directly calculated from the
normalized DeCyder volume ratios.

Differences among group means for Western blot data analysis were determined by
ANOVA followed by post-hoc student’s t-test, with significance determined at p<0.05.

Results
2-D DIGE using Cysteine-Reactive And Lysine-Reactive CyDyes

To determine which proteins were changed in abundance following a 16 h exposure to 150
μM DA, control and DA-exposed PC12 cell mitochondrial-enriched protein fractions were
analyzed together by 2D-DIGE. The advantages of using 2D-DIGE methods are that two
different samples (control and treated) can be analyzed and compared within one gel. The 16
h timepoint was chosen because it was prior to the onset of significant cell death observed at
24 h and 48h, and because we observed, by HPLC analysis, increased levels of cysteinyl-
catechol residues in whole-cell protein following 16h of 150 μM DA exposure (unpublished
observations).

Mitochondrial-enriched protein fractions isolated from either control or DA-exposed cells
were incubated separately with the cysteine-reactive maleimide Cy3- and Cy5-conjugated
dyes (GE Healthcare). The control and DA-treated fluorescently labeled samples were then
pooled and proteins were separated in 2-dimensions, first by isoelectric point, and then by
apparent molecular weight. In Figure 1A, the fluorescent scan of a representative DIGE gel
is displayed with inverted colors for clarity (control: Cy3, cyan and DA treated: Cy5, pink).
Protein spots that were more strongly labeled in either the control or the DA-treated samples
and a few unchanged test spots were excised from the gel, trypsinized, and subjected to MS
analysis for identification. All protein identifications were confirmed in multiple cysteine-
labeled gels, and are indicated in Figure 1A.

Differences between Cy3 and Cy5 spot intensities were quantified using DeCyder DIA
software (GE Healthcare). The identified proteins that were significantly changed in the DA-
treated fraction compared to control are graphed and listed in Figure 3. Proteins identified
and determined to be unchanged are listed in Supplemental Data. Our results showed a
subset of proteins, mainly ER stress proteins, that displayed increased cysteine dye binding
in the DA-treated mitochondrial fraction, including calreticulin, ER protein 29 (ERp29), ER
protein 99 (ERp99), Grp58, Grp 78, Grp94, and oxygen regulated protein (Orp150) (Figure
1A, 1B, 1C). Only one protein, aldolase A, was identified with reduced cysteine dye labeling
in the DA-treated fraction (Figure 1A, D). Increases in cysteine dye-labeling following DA
treatment may be attributed to increased protein levels (either due to up-regulation of the
protein or a reduced rate of degradation). Decreased labeling in the DA-treated pool is likely
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due to decreased protein levels. However, cysteine modification prior to dye-labeling may
also contribute to decreased cysteine labeling, because DAQ or DA-induced ROS can
oxidize cysteine residues on proteins and potentially lead to a reduced number of protein
thiols available to react with the maleimide dye. Therefore, we confirmed the apparent
changes in protein abundance observed by cysteine labeling with a second, lysine-specific
dye.

Control or DA-exposed mitochondrial-enriched fractions were incubated separately with the
lysine-reactive NHS-ester Cy3 and Cy5-conjugated dyes (GE Healthcare), then combined,
and analyzed by 2D-DIGE. In Figure 2A, the fluorescent scan of a representative lysine gel
is displayed with inverted colors (control: Cy5=pink and DA treated: Cy3=cyan) with all
confirmed protein identifications indicated. In both cysteine and lysine labeled 2D-DIGE
gels, the vast majority of proteins in both the control and DA treated groups exhibited
similar levels of labeling, indicating no change in the amount of these proteins following DA
exposure. Protein spots that appeared unchanged between the two groups were not generally
selected for protein identification, with a few exceptions.

Comparing the two types of dyes, our results showed that most of the proteins that changed
in the cysteine-labeling experiments also changed similarly in the lysine-labeling studies
(Figure 3). In fact, most proteins that displayed increased cysteine dye binding in the DA-
treated mitochondrial fraction, like calreticulin A, Orp150, Grp78, and Grp58 (Figure 1A,
1B, and 1C), also displayed increased lysine dye binding in the DA-treated mitochondrial
fraction (Figure 2A, 2B, 2C). Decreases in cysteine and lysine labeling of aldolase A
following DA exposure were also observed (Figure 1A, 1D, 2A, 2D). Equivalent increases
in both cysteine and lysine dye-labeling following DA treatment indicate increased protein
levels. Similarly, corresponding decreases in both cysteine and lysine dye-labeling following
DA treatment, indicate decreased protein levels. Interestingly, we also found that the
intensity of the labeling by the cysteine and lysine dyes were similar, even though we
reacted less cysteine dye than lysine dye per μg protein. Utilizing both dyes allowed us to
control for modifications on either cysteine or lysine residues that could have altered the
labeling of proteins.

Levels of cysteine and lysine labeling did not correlate for two identified proteins following
DA exposure. Calreticulin-B and ERp99-A had increased cysteine dye labeling, while lysine
dye labeling remained unchanged following DA exposure (Figure 3). Both protein spots had
lower dye labeling intensities compared to other protein spots in both cysteine and lysine
dye experiments, suggesting they are low abundance proteins, close to the limit of detection
by dye labeling. Since the cysteine dye has previously been shown to have an order of
magnitude greater range of detection (Shaw et al., 2003), it is possible that the lysine dye
labeling for these proteins were outside their quantitative range. Thus, we were unable to
detect changes in protein levels with the lysine dye, but we were able to measure changes
with the cysteine dye for Calreticulin-B and ERp99-A spots.

Most of the Identified Proteins Function as Chaperones
We successfully identified many proteins in the PC12 cell mitochondrial-enriched fraction
that are changed following DA exposure (Figures 1, 2, and 3). Most of the changed proteins
identified are typical ER localized chaperone proteins, with one identified protein involved
in ATP synthesis (Figure 3B). Previously, ER proteins have been found associated with
isolated mitochondrial preparations (Fountoulakis et al., 2002). A more recent study has
shown that the ER and mitochondria are physically tethered to one another (Csordas et al.,
2006), and thus it is not surprising that we observed ER proteins in our crude, detergent-free
mitochondrial fraction. Other proteins including cytosolic structural proteins, proteins
involved in secretion, proteases, and some mitochondrial proteins were also identified
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(Supplemental Data). Sixteen identified spots were significantly changed in the DA-treated
mitochondrial fraction as compared to control (Figure 3).

Increased Levels of ER proteins Following DA Exposure
Since many of the proteins with the greatest increases in the DA-exposed samples were ER
chaperone proteins (Figure 3), we were interested in whether the increases were due to an
increased ER response to DA-induced toxicity. Because the ER may swell following
oxidative stress (Atlante et al., 2001;Esrefoglu et al., 2003) and are closely associated with
mitochondria (Levine and Rabouille, 2005;Csordas et al., 2006), it is possible that DA-
exposure resulted in an increased amount of ER isolated with the crude mitochondrial
preparation, rather than an overall increase in cellular levels of ER stress proteins. To
confirm our 2-D DIGE findings and evaluate the total cellular ER response, we measured
the levels of four ER-associated chaperone proteins Grp78, Grp58, ERp29, and Grp94 using
Western blot analysis in PC12 cell mitochondrial-enriched fractions, in addition to analyses
of Grp78 and Grp58 in whole cell lysate (Figure 4). These four ER chaperone proteins,
which were increased following DA exposure in mitochondrial-enriched fractions on 2D-
DIGE, also increased on Western blot analysis, although not surprisingly, the magnitude of
the protein level increase varied somewhat between the two methods. Lanes from
representative Western blots for Grp78, Grp58, ERp29, and Grp94 in 16 h control and DA-
exposed mitochondrial fractions are shown in Figure 4A.

Western blot analysis of Grp78 in the mitochondrial fraction showed a 224% increase
compared to control (Figure 4B), validating the results obtained in 2D-DIGE DeCyder
analysis (cysteine: +184-260%; lysine: +152-168%; Figure 3). We also observed a 224%
increase in Grp58 on Western blot in the DA exposed mitochondrial fraction as compared to
control (Figure 4B), which was slightly above levels of Grp58 in the DA-exposed
mitochondrial fraction measured by 2D-DIGE, DeCyder analysis (cysteine: +134%; lysine:
+147%; Figure 3). Levels of ERp29 in mitochondrial fractions following DA exposure were
elevated to 219% of control by Western blot, compared to 149% of control as determined by
DeCyder analysis with the cysteine dyes (Figures 3 and 4B). Levels of Grp94 in
mitochondrial fractions following DA exposure were elevated to 1100% of control by
Western blot, compared to 169% of control as determined by DeCyder analysis with the
cysteine dyes (Figures 3 and 4B). Both methods detected an increase in Grp94, however the
reason for the large discrepancy in values between the two methods is not clear, but may be
related to the very low levels of protein observed in control samples and the limits of
detection by these two methods.

In addition, we utilized Western blot analysis of PC12 cell whole cell lysate to determine
whether the DA-induced changes in Grp78 and Grp58 protein were due to overall increases
in the levels of these proteins in the cell or increased association of ER with mitochondria.
Differentiated PC12 cells were treated with control media or media containing 150 μM DA
for 2, 4, 8, 16, or 24 h prior to collection of cell lysate for Western blotting. A time-course of
Grp78 and Grp58 levels in whole cell lysate allows us to more accurately assess the timing
of the ER induced response to DA. Levels of Grp78 were significantly increased from
control following 8 h of DA exposure (+186%; Figure 4C). The levels of Grp78 remained
elevated above control after 16 and 24 h of DA exposure (+200% and +148%, respectively;
Figure 4C). Levels of Grp58 in whole cell lysates were significantly decreased from control
after 2h of DA exposure (−44%; Figure 4D). However, levels of Grp58 were increased after
4h and 16h of DA exposure (+141% and +150%, respectively; Figure 4D).

The change in levels of Grp78 measured by Western blot analyses in the DA-exposed PC12
cell mitochondrial-enriched fraction (224% of control; Figure 4B) are comparable to the 16
h DA exposed whole-cell lysate levels (200% of control; Figure 4C), and consistent with the
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increases observed by DeCyder analysis (cysteine: +184-260%, lysine: +152-168%; Figure
3A). In addition, the change in levels of Grp58 measured by Western blot after 16 h DA
exposure in the mitochondrial enriched fraction (224% of control; Figure 4B), whole cell
lysate (150% of control; 4D), and DeCyder analysis (134-147%; Figure 3A) are similar.
These results confirm the increases in ER protein and suggest that these increases occur
throughout the cell in response to DA-induced toxicity.

Levels of Aldolase A Differ In Whole Cell Lysate Compared to the
Mitochondrial Fraction Following DA Exposure—In addition to the ER chaperone
proteins, we were also interested in confirming the levels of aldolase A, since it was the only
identified protein significantly decreased following DA-exposure in the PC12-cell
mitochondrial fraction, according to DeCyder analysis. Since aldolase A is found both in the
cytoplasm (Pfleiderer et al., 1975; Wachsmuth, 1976) and associated with mitochondria
(MacDonnell and Greengard, 1974), we were also interested in whether the aldolase A in the
cytosolic fraction, the mitochondrial fraction, or both were lost following DA-exposure. We
observed that the aldolase A levels in mitochondrial-enriched fraction measured by Western
blot also followed a similar trend to levels measured by 2D-DIGE, DeCyder analysis. We
observed a significant decrease (67% of control) in levels of aldolase A following 16 h DA
exposure by Western blot (Figure 5A), consistent with the decreases observed in 2D-DIGE,
DeCyder analysis (42% of control, cysteine; 39% of control, lysine; Figure 3A). Although
Western blotting and 2D-DIGE DeCyder techniques are very different, we were able to
confirm the decrease in aldolase A levels with both analyses. In whole cell lysates, a slight
decrease in aldolase A was observed after 4 h of DA exposure (−14%; Figure 5C).
However, after longer DA exposure times, the levels of whole cell aldolase A were
increased above control (16 h, +141%; 24 h +128%; Figure 5C). Thus, the loss of aldolase A
in the mitochondrial-enriched fraction appears to be specific to this fraction, the significance
of which is not known, but may be related to changes in metabolic demands.

Discussion
Proteins with Increased Levels Identified Using DIGE

Using an unbiased proteomics approach in this study, we found that DA exposure led to
changes in specific proteins, consistent with an ER stress response in differentiated PC12
cells. We utilized cysteine dyes that label reduced cysteine residues from both the control
and DA-exposed mitochondrial-enriched fractions to detect changes in protein levels and
compared the results in parallel studies using lysine-labeling dyes. Using both methods, we
observed increased levels of various ER chaperone proteins in response to DA exposure in
PC12 cells, including: Grp78 (BiP), Grp58, Grp94, Orp150, calreticulin, ERp29 and ERp99.
Some of these proteins, including Grp58, Grp78, Grp94, calreticulin, and Orp150 have
previously been shown to be up-regulated following oxidative stress and ER stress
(Kuwabara et al., 1996; Kaufman, 1999; Kaneda et al., 2000; Lee, 2001; Nunez et al., 2001;
Berridge, 2002). ERp29 has been described as an escort chaperone, with possible
involvement in secretion (Mkrtchian and Sandalova, 2006). ERp99 is speculated to be an ER
membrane sorting chaperone, since the N-terminus has identical sequence homology to
Grp94, an ATP-dependent chaperone (Mazzarella and Green, 1987).

ER Chaperone Proteins Grp78 and Grp58
Grp78 up-regulation is the classical marker for induction of the UPR, and serves to protect
cells by binding to stress sensors, including PERK, IRE1, and ATF6 (Rao et al., 2004).
Using 2D-DIGE and Western blot analysis of mitochondrial protein, we found that Grp78
was significantly increased above control, indicating that DA exposure led to Grp78 up-
regulation. The time-course of Grp78 levels in whole cell lysate measured by Western blot
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revealed a significant increase in Grp78 as early as 8h. Levels of Grp78 remain increased
above control at 16h and 24h DA exposure, indicating a sustained activation of the UPR.
Prolonged UPR activation may contribute to cell death via multiple mechanisms, including
calcium signaling, caspase-12 activation, ROS accumulation, the ASK1/JNK stress activated
kinase apoptosis pathway, and the p53 apoptosis pathway (Gorlach et al., 2006; Szegezdi et
al., 2006; Zhao and Ackerman, 2006).

Grp58 is an ER stress-inducible chaperone protein with thiol oxidoreductase activity that has
been shown to be susceptible to oxidation by H2O2, and works in conjunction with
calreticulin and calnexin to fold glycoproteins (Mazzarella et al., 1994; Murthy and Pande,
1994; High et al., 2000; van der Vlies et al., 2002; Antoniou and Powis, 2003). In the
present study, we found that Grp58 levels were significantly elevated above control in 16h
DA-exposed PC12 cell mitochondria using 2D-DIGE and Western blot analysis. Grp58
protein analyzed in whole cell lysate revealed a significant increase in Grp58 at 4 and 16 h
of DA exposure. The increases in Grp58 and Grp78 levels as well as other ER stress proteins
identified by 2D-DIGE and confirmed by Western blot, strongly indicate ER stress
activation in PC12 cells exposed to DA.

Aldolase A
Thus far, only one identified protein, aldolase A, had significantly lower labeling using
cysteine dyes and lysine dyes in DA-exposed mitochondria. Aldolase A catalyzes the
breakdown of fructose-1,6-bisphosphate during glycolysis to glyceraldehyde 3-phosphate
and dihydroxyacetone phosphate (Lorentzen et al., 2005) and is expressed in all cells
throughout the body, including neurons (Buono et al., 2001). It is found both in the
cytoplasm and associated with mitochondria (MacDonnell and Greengard, 1974; Pfleiderer
et al., 1975). Recently, aldolase A was found to be associated with PD-linked proteins DJ-1
and α-synuclein in MES cells (Jin et al., 2007). This association was decreased following
rotenone, suggesting a novel role for aldolase A in a PD model employing selective
dopaminergic cell death (Jin et al., 2007).

Results from the Western blot analyses showed that aldolase A is decreased in the
mitochondrial fraction, but not throughout the cell (Figure 5) following DA exposure.
Aldolase A levels measured by Western blot in whole cell lysate showed an initial decrease
following 4h of DA exposure, but at longer exposure times, aldolase A levels were increased
above control. Differential aldolase A levels between the mitochondrial fraction and in
whole cell lysate at 16 h of DA exposure could be due to various factors. Aldolase A has
been shown to be part of multi-enzyme glycolytic complexes that are attached to
mitochondria (Beeckmans et al., 1990;Minaschek et al., 1992). The release of
mitochondrial-associated glycolytic complexes may occur following DA exposure, resulting
in decreased levels of aldolase A in the mitochondrial-enriched fraction and increased levels
in the whole cell lysate. Since ATP levels in PC12 cells decrease following 18 h DA
exposure and rebound close to control levels after 24 h DA exposure (unpublished
observations), cytosolic levels of glycolytic enzymes, such as aldolase A and GAPDH
(unpublished observations), may be up-regulated to compensate for DA-induced energy
deficits. Potential mechanisms and significance of the differential aldolase A levels are
currently being investigated.

2D-DIGE Analyses of Cysteine Dye and Lysine Dye Labeling
Detection of differences in lysine dye labeling or cysteine dye labeling were used to measure
relative changes in protein levels between control and DA-exposed PC12 cell mitochondrial
fractions. Because reactive metabolites of DA may oxidize or covalently bind with cysteine
residues, we recognized the possibility that cysteine labeling may decrease in a given protein
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without a similar decrease in lysine labeling. However, none of our observations in PC12
cells at 16 h showed this response in the mitochondrial-enriched fraction. Our observations
with both PC12 cells and isolated brain mitochondria (Van Laar et al., 2008), suggested that
bulk labeling of cysteines is not a sensitive enough method to detect redox modifications to
cysteine residues. This conclusion was also reached by two other recent studies (Chan et al.,
2005; Hurd et al., 2007). Spot migration due to shifts in pI or molecular weight caused by
oxidative or posttranslational modifications could also affect the interpretation of 2D-DIGE
data. We observed no pairs of increased Cy3- and Cy5-labeled spots with the same
molecular weight, and thus no evidence for pI shifting (Figures 1 and 2). Although we have
located multiple spots at different molecular weights with the same protein identification
(e.g. Grp78), 2D-DIGE analyses of those spots revealed similarly increased cysteine
labeling following DA-exposure, with no concomitant decreased labeled spot. Therefore,
spot migration is unlikely to account for our observations. Our results utilizing 2D-DIGE
consistently showed increased levels of ER chaperone proteins in the mitochondrial-
enriched fractions following DA exposure, suggesting that the cells were mounting a
response to the DA-induced oxidative stress.

ER Stress, Mitochondria, and PD—The ER plays a role in pro- and anti-apoptotic
signaling in conjunction with mitochondria (Berridge, 2002; Breckenridge et al., 2003;
Paschen, 2003; Rao et al., 2004). One way in which mitochondria and the ER communicate
is via the calcium equilibrium, which is essential for the normal functions of both organelles
(Berridge, 2002; Breckenridge et al., 2003; Paschen, 2003). Recently, a physical linkage
between ER and mitochondria that plays a role in calcium signaling between the organelles
has been described (Csordas et al., 2006). Mitochondria and ER communication is essential
for the cellular response to stress and ultimately cell survival. Many of the Bcl-2 family of
proteins, known to regulate mitochondrial-mediated apoptosis, also seem to influence ER-
induced cell death and calcium signaling between the ER and mitochondria (Breckenridge et
al., 2003; Rao et al., 2004; Gorlach et al., 2006; Szegezdi et al., 2006; Wu and Kaufman,
2006). Mitochondrial energy deficits have also been shown to initiate ER stress, including
the up-regulation of Grp78 (Flores-Diaz et al., 2004; Xu et al., 2004). While short-term UPR
activation serves to protect cells, sustained activation of ER stress can lead to activation of
mitochondrial-dependent apoptosis involving cytochrome c release, in addition to a
mitochondrial-independent caspase-12 pathway, leading to cell death (Breckenridge et al.,
2003; Momoi, 2004; Rao et al., 2004; Zhao and Ackerman, 2006).

Using an unbiased proteomics approach, this study has shown that DA exposure leads to ER
stress protein up-regulation in PC12 cells, which is likely involved in the mechanism of DA-
induced cell death. Recent studies lend also showed that ER stress may be induced in vitro
by dopaminergic toxins. Exposure to high levels of DA (500 μM), 6-OHDA, or MPP+ in
SH-SY5Y cells, and expression of mutant A53T alpha synuclein in PC12 cells increased
levels of Grp78 and Chop/GADD153, an ER stress inducible transcription factor (Chen et
al., 2004; Gomez-Santos et al., 2005; Smith et al., 2005). Increases in the phosphorylation
state of ER stress kinases were observed following 6-OHDA, MPP+, and rotenone treatment
(Ryu et al., 2002; Holtz and O’Malley, 2003). In MN9D cells, 6-OHDA induced an ER
stress response prior to cytochrome c release, indicating that ER stress activation occurred
prior to apoptotic signaling pathways (Holtz et al., 2006). Others have also suggested ER
stress leads to activation of apoptotic cell death pathways (Boyce and Yuan, 2006; Lindholm
et al., 2006; Szegezdi et al., 2006; Wu and Kaufman, 2006). A recent study found that after
rotenone exposure in MES cells, increased levels of Grp94 were associated with α-
synuclein, linking the UPR to proteins thought to be involved in PD pathogenesis (Jin et al.,
2007) .
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The activation of ER stress has also been observed in in vivo models of PD and ischemia
(DeGracia and Montie, 2004; Kitao et al., 2007), and is thought to be a common
pathological pathway in many neurodegenerative disorders (Paschen and Mengesdorf, 2005;
Xu et al., 2005; Lindholm et al., 2006). Many inherited forms of PD involve abnormalities
in protein degradation or mitochondrial dysfunction (Lindholm et al., 2006). The
relationships between inheritable PD, protein degradation, and inclusion formation suggest
that the accumulation of unfolded proteins may contribute to neuronal death observed in PD
(Lindholm et al., 2006). Recently, a study found activation of the PERK-eIF2α pathway of
the UPR in the substantia nigra of PD patients, linking ER pathways directly to the disease
(Hoozemans et al., 2007). Therefore, the relationship between oxidative stress,
mitochondrial dysfunction, and abnormal protein degradation is connected to the activation
of ER stress pathways in both DA-induced toxicity and the pathology of PD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations Used

2D-DIGE two-dimensional difference in-gel electrophoresis

6-OHDA 6-hydroxydopamine

BiP immunoglobulin heavy chain binding protein

BSA bovine serum albumin

CHCA α-cyano-4-hydroxycinnamic acid

CHOP/Gadd153 C/EBP-homologous transcription factor

DA dopamine

DAQ dopamine quinone

DMEM Dulbecco’s modified Eagle Medium

DOPAC 3,4 dihydroxyphenylacetic acid

DTT dithiothreitol

ER endoplasmic reticulum

ERp29 endoplasmic reticulum protein 29 kDa

ERp99 endoplasmic reticulum protein 99 kDa

FBS fetal bovine serum

Grp58 glucose regulated protein 58 kDa

Grp78 glucose regulated protein 78 kDa

Grp94 glucose regulated protein 94 kDa

HS horse serum
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MS mass spectrometry

NGF nerve growth factor

NHS N-hydroxysuccinimidyl

NO nitric oxide

Orp150 oxygen regulated protein 150 kDa

PBS phosphate buffered saline

PD Parkinson’s disease

PIC protease inhibitor cocktail

ROS reactive oxygen species

SDS sodium dodecyl sulfate

SDS-PAGE sodium dodecyl sulfate–polyacrylamide gel electrophoresis

SN substantia nigra

TBS Tris buffered saline

TBS-T Tris buffered saline with 0.1% Tween20

TFA trifluoroacetic acid

UPR unfolded protein response
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Figure 1. 2D-DIGE of PC12 cell mitochondrial-enriched fractions using cysteine-reactive dyes
with insets of sample proteins
(A.) Mitochondrial-enriched fractions from control and 16h, 150 μM DA-exposed PC12
cells were isolated by differential centrifugation, and equal protein amounts were reacted
with either Cy3 (cyan scan; control) and Cy5 (pink scan; DA-exposed) maleimide dyes.
Pink spots designate proteins in which more cysteine labeling occurred in the DA-exposed
sample, indicating increased protein levels following DA exposure. Cyan spots designate
proteins in which more cysteine labeling occurred in control, indicating cysteine
modification or decreased protein levels following DA exposure. Dark blue spots indicate
proteins in which equal cysteine labeling occurred in the control and DA-exposed
mitochondrial-enriched fraction. MS-identified proteins are indicated on the gel and listed in
Figure 3B. In cases where more than one spot with the same protein identification was
determined by MS, letter (−A, −B, −C, etc) or numerical (−1, −2, and −3) notations were
used. All spots identified corresponded to only one protein and related isoforms.
Identification of each spot was replicated in 2 or more experiments. The gel is representative
of n=8 cysteine 2D-DIGE gels. Boxes outline inset pictures in B-D. (B.) Black and white
representation of the control protein, Cy3 fluorescent scan and the DA-treated protein, Cy5
fluorescent scan with Orp150 and Grp78 spots indicated. (C.) Black and white
representation of the control protein, Cy3 fluorescent scan and the DA-treated protein, Cy5
fluorescent scan with the Grp58 spot indicated. (D.) Black and white representation of the
control protein, Cy3 fluorescent scan and the DA-treated protein, Cy5 fluorescent scan with
the aldolase A-3 spot indicated.
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Figure 2. 2D-DIGE of PC12 cell mitochondrial-enriched fraction using lysine-reactive dyes with
insets of sample proteins
(A.) Mitochondrial-enriched fraction from control and 16h, 150 μM DA-exposed
differentiated PC12 cells were isolated by differential centrifugation. Mitochondrial protein
was reacted with either Cy5 (pink scan; control) and Cy3 (cyan scan; DA-exposed) NHS-
ester dyes to label lysine residues. Cyan (blue) spots designate proteins in which more lysine
labeling occurred in the DA-exposed sample, indicating increased protein levels. Pink spots
designate proteins in which more lysine labeling occurred in the control sample, indicating
decreased protein levels induced by DA exposure. Dark blue spots indicate proteins in
which equal lysine labeling occurred in the control and DA-exposed samples. MS-identified
proteins are indicated on the gel and listed in Figure 3B. When multiple spots were
determined by MS with the same protein identification, notations with letters (−A, −B, −C,
etc) or numbers (−1, −2, and −3) were used. All listed identified protein spots corresponded
to only one protein and related isoforms, and was replicated in at least 2 experiments. The
gel is representative of n=5 lysine 2D-DIGE gels. Boxes outline inset pictures in figures B-
D. (B.) Black and white representation of the control protein (Cy5 fluorescent scan) and the
DA-treated protein (Cy3 fluorescent scan) with Orp150 and Grp78 spots indicated. (C.)
Black and white representation of the control protein (Cy5 fluorescent scan) and the DA-
treated protein (Cy3 fluorescent scan) with the Grp58 spot indicated. (D.) Black and white
representation of the control protein (Cy5 fluorescent scan) and the DA-treated protein (Cy3
fluorescent scan) with the aldolase A-3 spot indicated.
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Figure 3. Changes in protein spot intensity of PC12 cell in the mitochondrial fraction following
DA-exposure
Mitochondrial-enriched fractions from control and DA-exposed (150 μM, 16 h)
differentiated PC12 cells were reacted with Cy3 or Cy5 maleimide or NHS-ester dyes.
Proteins listed above were identified by MALDI peptide mass fingerprint. Multiple spots
with the same protein identification are denoted by letters (−A, −B, −C, etc) or numbers
(−1, −2, and −3). (A.) The density of protein spots was analyzed using Decyder DIA
software, and changes in DA exposed compared to control protein were determined in both
maleimide (cysteine) and NHS-ester (lysine) reacted protein for most spots shown. Proteins
spots that appear to correspond between cysteine- and lysine-labeling experiments, but were
not identified according to our MS criteria, are labeled as NI (no identification). Proteins
that do not have corresponding spots in both labeling experiments, are labeled with ND (no
spot detected). DA treated PC12 cell protein intensity is measured as average % control ±
SEM, n=5-8. *, significance p<0.05. (B.) Proteins identified that were significantly changed
from control as quantified by DeCyder analysis and that were changed at least ± 1.2-fold
from control in cysteine (maleimide) and/or lysine (NHS-ester) DIGE experiments are
grouped by function. Actual molecular weight (MW in kDa) and isoelectric point (pI), best
protein score and % confidence for each identified protein are also listed. † MASCOT
probability-based protein MOWSE scores provided represent the highest protein score
obtained across all experiments.
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Figure 4. Western blot analysis of Grp78, Grp58, ERp29, and Grp94 in PC12 mitochondrial-
enriched fraction and Grp78 and Grp58 in whole cell lysate following DA-exposure
Mitochondria-enriched protein and PC12 whole-cell lysate from control and 150 μM DA-
exposed PC12 cells were collected. (A.) Representative blots for proteins Grp78, Grp58,
ERp29, and Grp94 are shown for PC12 mitochondrial fractions isolated from 16h control
and 150 μM DA-treated cells. (B.) Grp78/actin, Grp58/actin, ERp29/actin, and Grp94/actin
ratios for PC12 mitochondrial fraction DA treated cells were quantified and compared to
control. Values for (C.) Grp78/actin and (D.) Grp58/actin ratios were measured in whole cell
lysates at various time-points and expressed as % Control ± SEM, n=3 separate experiments,
each measured in duplicate. *, significance p<0.05.
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Figure 5. Western blot analysis of aldolase A in PC12 mitochondrial-enriched fraction and whole
cell lysate following DA-exposure
Mitochondria-enriched protein and PC12 whole-cell lysate from PC12 cells were collected
after exposure to control media or media containing 150 μM DA. (A.) Representative blots
for aldolase A are shown for PC12 mitochondrial-enriched fractions isolated from 16h
control and 150 μM DA-treated cells. (B.) The quantification of control and DA exposed
PC12 cell mitochondrial-enriched protein are reported as % control ± SEM of the average
immunoblot intensity of aldolase A/actin. (C.) Aldolase A levels in PC12 whole cell lysate
following DA exposure were examined at various time-points compared to control cells.
Aldolase A/tubulin ratios were reported as % time-matched control ± SEM. n=3 separate
experiments, each measured in duplicate. *, significance p<0.05.
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