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Abstract
Despite making up only a minor fraction of the total cellular glutathione, recent studies indicate
that the mitochondrial glutathione pool is essential for cell survival. Selective depletion of
mitochondrial glutathione is sufficient to sensitize cells to mitochondrial oxidative stress (MOS)1

and intrinsic apoptosis. Glutathione is synthesized exclusively in the cytoplasm and must be
actively transported into mitochondria. Therefore, regulation of mitochondrial glutathione
transport is a key factor in maintaining the antioxidant status of mitochondria. Bcl-2 is resident in
the outer mitochondrial membrane where it acts as a central regulator of the intrinsic apoptotic
cascade. In addition, Bcl-2 displays an antioxidant-like function that has been linked
experimentally to the regulation of cellular glutathione content. We have previously demonstrated
a novel interaction between recombinant Bcl-2 and reduced glutathione (GSH) which was
antagonized by either Bcl-2 homology-3 domain (BH3) mimetics or a BH3-only protein,
recombinant Bim. These previous findings prompted us to investigate if this novel Bcl-2/GSH
interaction might play a role in regulating mitochondrial glutathione transport. Incubation of
primary cultures of cerebellar granule neurons (CGNs) with the BH3 mimetic, HA14-1, induced
MOS and caused specific depletion of the mitochondrial glutathione pool. Bcl-2 was co-
immunoprecipitated with GSH following chemical cross-linking in CGNs and this Bcl-2/GSH
interaction was antagonized by pre-incubation with HA14-1. Moreover, both HA14-1 and
recombinant Bim inhibited GSH transport into isolated rat brain mitochondria. To further
investigate a possible link between Bcl-2 function and mitochondrial glutathione transport, we
next examined if Bcl-2 associated with the 2-oxoglutarate carrier (OGC), an inner mitochondrial
membrane protein known to transport glutathione in liver and kidney. Following co-transfection of
CHO cells, Bcl-2 was co-immunoprecipitated with OGC and this novel interaction was
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significantly enhanced by glutathione monoethylester (GSH-MEE). Similarly, recombinant Bcl-2
interacted with recombinant OGC in the presence of GSH. Bcl-2 and OGC co-transfection in CHO
cells significantly increased the mitochondrial glutathione pool. Finally, the ability of Bcl-2 to
protect CHO cells from apoptosis induced by hydrogen peroxide was significantly attenuated by
the OGC inhibitor phenylsuccinate. These data suggest that GSH binding by Bcl-2 enhances its
affinity for the OGC. Bcl-2 and OGC appear to act in a coordinated manner to increase the
mitochondrial glutathione pool and enhance resistance of cells to oxidative stress. We conclude
that regulation of mitochondrial glutathione transport is a principal mechanism by which Bcl-2
suppresses MOS.

Keywords
Reduced Glutathione (GSH); Mitochondrial Oxidative Stress (MOS); Bcl-2; 2-Oxoglutarate
Carrier (OGC)

INTRODUCTION
Mitochondrial oxidative stress (MOS) plays a key role in the pathology underlying several
neurodegenerative diseases, including amyotrophic lateral sclerosis, Parkinson’s disease,
and Alzheimer’s disease [1]. Accordingly, elucidating the pathways that regulate the
mitochondrial oxidant/antioxidant balance is essential to develop novel therapeutics for
neurodegeneration. Glutathione is an endogenous tri-peptide antioxidant, and a key player in
averting MOS and evading apoptosis [reviewed in 2]. It has been previously shown that
selective depletion of mitochondrial glutathione sensitizes cells to oxidative or nitrosative
stress [3, 4]. Moreover, glutathione depletion can induce apoptosis directly through opening
of the mitochondrial permeability transition pore [5]. In addition, gamma-glutamylcysteine
synthetase (γ–GCS) knockout mice, in which glutathione synthesis is inhibited and
glutathione is depleted, display significant apoptotic cell death in multiple tissues [6]. These
findings demonstrate that maintenance of cellular glutathione and in particular, the
mitochondrial glutathione pool is crucial for cell survival [7, 8].

Glutathione synthesis occurs exclusively in the cytosol due to the fact that the enzymes
required for its synthesis are absent within mitochondria [9]. Furthermore, glutathione has
an overall negative charge at physiological pH and mitochondria exhibit a large negative
membrane potential; consequently, glutathione transport into mitochondria cannot be
explained by simple diffusion [9, 10]. Previously, two inner mitochondrial membrane
(IMM) anion carriers were identified in kidney and liver as glutathione transporters, the 2-
oxoglutarate carrier (OGC; Slc25a11) and the dicarboxylate carrier (DIC; Slc25a10) [11–
14]. Overexpression of either OGC or DIC in a rat renal proximal tubular cell line
(NRK-52E cells) significantly enhanced mitochondrial glutathione transport and protected
these cells from chemically-induced apoptosis, such as that induced by tert-butyl
hydroperoxide [15, 16].

In the context of the CNS, few studies have examined the mechanisms responsible for
mitochondrial glutathione transport. In one study, glutathione transport into isolated rat brain
mitochondria seemed to be influenced most by inhibitors of the tricarboxylate carrier rather
than OGC or DIC [17]. However, another study showed that an inhibitor of DIC,
butylmalonate, significantly decreased the glutathione content of isolated mouse brain
mitochondria, suggesting that DIC may be the major glutathione transporter in mouse
cerebral cortical mitochondria [18]. The authors of this study also showed that both OGC
and DIC are expressed in cortical neurons and astrocytes. These studies suggest that
multiple IMM anion transporters might be involved in mitochondrial glutathione transport in
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the CNS. Yet, essentially nothing is known about how the function of these IMM
glutathione transporters is regulated.

Previous studies have shown that the anti-apoptotic protein, Bcl-2, displays an antioxidant-
like effect in response to either exogenous oxidative stress or glutathione depletion [19, 20].
Overexpression of Bcl-2 leads to an increase in the cellular content of glutathione [21, 22].
In contrast, Bcl-2 knockout mice show reduced glutathione levels and glutathione
peroxidase activity in brain tissue and demonstrate enhanced susceptibility to MOS-induced
neuronal cell death [23]. Thus, the antioxidant-like function of Bcl-2 depends, in large part,
on its potential to regulate the cellular glutathione status. In this context, we have previously
shown that recombinant Bcl-2 is capable of directly binding to GSH in vitro, an interaction
that is antagonized by the Bcl-2 homology-3 domain (BH3) mimetics, HA14-1 and
compound 6, as well as the BH3-only protein, Bim [24]. Interestingly, several BH3-only
proteins are known to induce a pro-oxidant state at mitochondria suggesting that disruption
of this Bcl-2/GSH interaction might be an underlying factor in this effect [25, 26].

Collectively, these findings prompted us to hypothesize that Bcl-2 might be a key regulator
of the mitochondrial glutathione pool. Here, we show that Bcl-2 interacts with GSH in intact
primary cerebellar granule neurons (CGNs). As we have shown previously using
recombinant proteins, this Bcl-2/GSH interaction is disrupted by the BH3 mimetic, HA14-1.
Consistent with a central role for Bcl-2 in maintenance of the mitochondrial glutathione
pool, both HA14-1 and Bim inhibited mitochondrial GSH transport. Most significantly, in
co-transfected CHO cells, Bcl-2 co-immunoprecipitates with OGC and this novel interaction
is markedly enhanced by glutathione monoethylester (GSH-MEE). Moreover, Bcl-2 and
OGC co-expression significantly increases the mitochondrial glutathione pool. Finally, we
show that the ability of Bcl-2 to protect cells from apoptosis induced by hydrogen peroxide
depends on OGC activity. We conclude that Bcl-2 is a novel interacting partner for OGC
and a central regulator of the mitochondrial glutathione pool. This newly discovered
property of Bcl-2 suggests a molecular mechanism by which Bcl-2 protects cells from
oxidative injury.

MATERIALS AND METHODS
Materials

Ethacrynic Acid, Triton X-100, DTT, anti-tubulin antibody, DAPI, and phenylsuccinic acid
were received from Sigma Aldrich (St. Louis, MO). HA14-1 was purchased from Alexis
Biochemicals (Enzo Life Sciences, Plymouth Meeting, PA). Glutathione assay kit was
obtained from Oxford Biomedical (Rochester Hills, MI). Mitochondrial Cytosolic
fractionation kit was purchased from Biovision (Mountain View, CA). MDA assay kit was
obtained from OxisResearch (Percipio Bioscience, Foster City, CA). Anti-Cox-IV was
purchased from Cell Signalling (Beverly, MA). Glutathione monoethylester and rotenone
were received from Calbiochem (San Diego, CA). Anti-V5 antibody was purchased from
Abcam (Cambridge, MA). Recombinant BimL was obtained from R&D systems
(Minneapolis, MN). The anti-GSH antibody and protein A/G beads were received from
Santa Cruz Biotechnology (Santa Cruz, CA). Disuccinimyidyl suberate (DSS) was
purchased from Pierce Chemical (Rockford, IL). Lipofectamine 2000 was purchased from
Invitrogen (Carlsbad, CA). Anti-Bcl-2 antibody was from BD Pharmigen (Franklin Lakes,
NJ). Mouse TrueBlot® ULTRA Anti-Mouse Ig HRP secondary antibody was obtained from
eBioscience (San Diego, CA). GST tagged Slc25a11 (GST-OGC) recombinant protein and
Slc25a11 (OGC) antibody were purchased from Novus Biologicals (Littleton, CO).
Recombinant Bcl-2 protein was obtained from Calbiochem (Darmstadt, Germany).
Optimem media was purchased from Gibco (Carlsbad, CA). Maxiprep Kit was obtained
from Qiagen (Valencia, CA). Anti-active caspase-3 was purchased from Promega (Madison,
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WI). Fitc secondary antibody for immunohistochemistry was from Jackson
ImmunoResearch Inc (West Grove, PA). ECL, Percoll, and secondary antibodies for
immunoblotting were purchased from GE Life Sciences (Piscataway, NJ). V5-OGC plasmid
was a generous gift from Dr. Lash, Wayne State University (Detriot, MI). The Bcl-2 plasmid
was a generous gift from Dr. Hardwick, Johns Hopkins University (Baltimore, MD).

Cerebellar Granule Neuron (CGN) Culture
CGNs were isolated from P7 Sprague Dawley rat pups and cultured as previously described
[24]. All animal manipulations were performed in accordance with and under approval of
the University of Denver Institutional Animal Care and Use Committee.

Immunohistochemistry
CGNs or CHOs were transfected and/or treated as described under the Figure Legends
section and fixed with 4% paraformaldehyde. Next, cells were blocked and permeabilized in
PBS, pH 7.4 with 5% BSA and 0.2% Triton X-100 for 1 h, followed by incubation with the
primary antibody overnight at 4°C diluted in 0.2% Triton X-100 and 2% BSA in PBS. After
which, the primary antibody was removed and cells were washed 5X with PBS over 30 min.
Next, the cells were incubated with secondary antibody and DAPI for 1 h at room
temperature, diluted in 0.2% Triton X-100 and 2% BSA in PBS. Cells were washed 5X with
PBS over 30 min, and placed in anti-quench. Images were captured using a Zeiss Axioplan 2
fluorescence microscope equipped with a Cooke Sensicam CCD camera and Slidebook
Image analysis software (Intelligent Imaging Innovations, Inc Denver, CO).

CHO cell culture
K1-CHO (Chinese Hamster Ovary) cells were plated on 35-mm diameter plastic dishes in
Ham’s F12 media containing 10% fetal bovine serum, 2 mM L-glutamine and (100 U/mL/
100 μg/mL) penicillin/streptomycin. Cells were cultured overnight at 37°C in 10% CO2.
The following day cells were prepared for transfection or treatment, at which point cultures
were 60–80% confluent.

Plasmid Preparation
DsRed2, Bcl-2, and V5-OGC plasmids were transformed using 50 ng of plasmid in JM109
Escherichia coli (E. Coli) cells, and grown on LB agar plates containing 35 μg/mL
kanamycin sulfate or 100 μg/mL ampilicillin sodium salt at 37°C overnight. Starter cultures
were grown in LB broth with 35 μg/mL kanamycin sulfate or 100 μg/mL ampilicillin
sodium salt for 8 h at 37°C, and diluted 1:250 into overnight cultures, for plasmid
purification using the Qiagen Maxi Prep Kit (Valencia, CA). DNA concentrations were
determined using a ThermoScientific NanoDrop 2000.

Transfection
DsRed2 (Con), Bcl-2, or V5-OGC were used at a concentration of 5 μg/mL. Plasmids were
transfected using a standard Lipofectamine 2000 protocol. CHO cells cultures were
incubated with the plasmid/Lipofectamine 2000 mixture in Opti-MEM, for 6 h at 37°C and
10% CO2. Transfection was removed and cell cultures were placed in 1 mL of Ham’s F12
media and incubated overnight at 37°C and 10% CO2. Indicated treatments were
administered 24 h post-transfection.

Mitochondrial/Cytosolic Fractionation
Cells were treated as indicated in the “Results” or “Figure Legend” sections after which the
media was aspirated and cells were washed 1X in ice cold PBS, pH 7.4. 200 μL of cytosolic
buffer (provided in the kit, diluted 1:5 in ddH2O, with added protease inhibitor cocktail and
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1mM DTT as per the manufacturer’s recommendations) was added to the cells and allowed
to incubate on ice for 20 min. Cells were scraped and harvested, then homogenized with 40
passes of a dounce homogenizer. Samples were spun down at 720 rcf for 10 min at 4°C. The
supernatant from each sample was transferred to a new tube labeled mitochondrial fraction
and spun at 10,000 rcf for 30 min at 4°C. The supernantant was then transferred to a new
tube labeled cytosolic fraction and the pellet in the mitochondrial fraction tube was
resuspended in 150 μL mitochondrial buffer (provided in the kit, with added protease
inhibitor cocktail and 1mM DTT as per the manufacturer’s recommendations). Samples
were measured for glutathione content as described below.

Glutathione Assay
Total Glutathione (GSH+GSSG) was measured using an assay kit (DTNB) from Oxford
Biomedical, following the manufacturer’s protocol. All glutathione measurements were
normalized to protein concentration.

MDA Assay
MDA was measured using an MDA assay kit from OxisResearch, following the
manufacturer’s protocol. All MDA measurements were normalized to protein concentration.

Immunoblot analysis
Immunoblot analysis was completed as previously described in [24].

GSH Transport Assay
GSH transport into isolated mitochondria was measured as previously published [24]. 20 μL
of rat brain mitochondria were added to 230 μL of GSH transport buffer (5 mM HEPES, pH
7.2, 220 mM mannitol, 70 mM sucrose, 0.1 mM EDTA, 0.1% BSA (fatty acid-free), 5 mM
succinate, and 1 mM potassium phosphate) at room temperature. The isolated mitochondria
were then preincubated for 20 min with either 0.5 μL Me2SO (vehicle, Con), 20 μM
HA14-1 (HA14), or 2 μM recombinant Bim (Bim). A trace amount (0.5 μCi) of
radiolabeled [3H]GSH in buffer containing unlabeled (cold) GSH at a final concentration of
50 μM was then added to the isolated mitochondria, vortexed and incubated for 15 sec at
room temperature. 1 mL volume of icecold transport buffer was then added to each tube, and
the samples were pelleted and washed 2X with 500 μL ice-cold buffer, and then 100 μL of
1N NaOH was added to dissolve the final pellets. [3H]GSH uptake into the isolated
mitochondria was counted by liquid scintillation. The data were calculated as percentages of
[3H]GSH uptake relative to Con.

Isolation and treatment of rat brain mitochondria
Mitochondria were isolated as previously described in [24]. Mitochondria were treated as
follows; For 4 h GSH-MEE Co-incubation, mitochondria were incubated with 2 mM GSH-
MEE in combination with either vehicle (Con), 20 μM HA14-1, or 10 μM rotenone for 4 h
37°C, 300 rpm. For the 2 h GSH-MEE pre-load/2 h wash out, mitochondria were pre-
incubated with 2 mM GSH-MEE for 2 h, 37°C, 300 rpm, washed 2X with mitochondrial
isolation buffer, and then inbuated with either vehicle (Con), 20 μM HA14-1, or 10 μM
rotenone for 2 h, 37°C, 300 rpm. All described treatments were completed in mitochondrial
isolation buffer; 0.64 M sucrose, 2mM EDTA, and 20mM Tris-HCl, pH 7.4. The isolated
mitochondria were then washed 3X in mitochondrial isolation buffer and assayed for
glutathione content (Described above).
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Immunoprecipitation
CHO cells transfected with Bcl-2 and V5-OGC (5 μg each) were treated with either vehicle
or 2 mM GSH-MEE for 4 h, 37°C, 10% CO2 and lysed with 0.1% Triton X-100/Wahl buffer
as described previosly (24), containing either 1 mM DTT or 2 mM GSH-MEE. Lysates were
then immunoprecipitated using a monoclonal V5 antibody in 0.1% Triton X-100/Wahl
buffer containing either 1 mM DTT or 2 mM GSH-MEE overnight, 4°C, mixing by
inversion. Next, 50 μL or protein A/G agarose beads were incubated with the samples for 4
h, 4°C, mixing by inversion. Immnue complexes were washed 3X and resolved by SDS-
PAGE as previously described (24). Whole cell lysates contained 200 μg of protein.
Immunoblot analysis was completed for Bcl-2 (using Mouse TrueBlot® ULTRA Anti-
Mouse Ig HRP secondary antibody to eliminate the light chain) and V5. Primary CGNs were
pre-incubated with 20 μM HA14-1 or vehicle (0.4%DMSO) for 2 h, 37°C, 10% CO2 and
samples were cross-linked with 500 μM DSS for 30 min, 37°C, 10% CO2. CGNs were lysed
in 1% Triton X-100/Wahl buffer with 50 mM glycine (to quench the cross-link), after which
lysates were immunoprecipitated using a monoclonal GSH antibody and Protein A/G
agarose beads as described above, and subjected to SDS-PAGE as described previously
(24). Recombinant immunoprecipitation experiments were performed using 50 ng of both
recombinant Bcl-2 and recombinant GST-OGC, incubated in 0.1% Triton/Wahl buffer with
10 μM GSH overnight in the presence of either a monoclonal Bcl-2 antibody or a
monoclonal Slc25a11 (OGC) antibody. Samples were immunoprecipiated as described
above and subjected to SDS-PAGE as described previously (24). Ttotal samples contained
50 ng of both Bcl-2 and GST-OGC recombinant proteins.

RESULTS
The BH3 mimetic, HA14-1, induces MOS and apoptosis of CGNs

Consistent with our previous observations [24, 27], incubation of CGNs with the BH3
mimetic, HA14-1, induced an increase in active caspase-3, degradation of the microtubule
network, and nuclear fragmentation indicative of apoptosis (Figure 1A). Exposure of CGNs
to HA14-1 significantly increased the concentration of malondialdehyde (MDA) in
mitochondrial fractions, demonstrating an induction of MOS (Figure 1B).

HA14-1 selectively depletes the mitochondrial glutathione pool in CGNs
We have previously shown that CGN apoptosis induced by HA14-1 is prevented by
glutathione [24, 27]. Therefore, we measured mitochondrial and cytosolic pools of total
glutathione in CGNs incubated in the absence and presence of HA14-1. CGNs treated with
HA14-1 for 4 h displayed selective depletion of total mitochondrial glutathione to
approximately 50% of the control level (Figure 2A). In contrast, CGNs incubated with
ethacrynic acid, a compound that forms nonfunctional adducts with GSH, showed
significant depletion of both the mitochondrial and cytosolic pools of glutathione (Figure
2A). Cox-IV blots were performed to demonstrate pure fractionation of mitochondria and
cytoplasm (Figure 2B). The fraction of total cellular glutathione made up by mitochondrial
(~10%) versus cytosolic (~90%) pools were consistent with previous studies (Figure 2C). In
addition, control levels of total mitochondrial glutathione were an average of 6.78 +/− 0.33
nmoles/mg of protein (n=4) and these results are consistent with previous studies [28–30].

Bcl-2 co-immunoprecipitates with GSH following chemical cross-linking in CGNs; an
interaction antagonized by the BH3 mimetic, HA14-1

We have previously shown that recombinant Bcl-2 directly interacts with GSH in vitro [24].
To determine if Bcl-2 interacts with GSH in intact cells we utilized a chemical cross-linking
approach and measured the co-immunoprecipitation of Bcl-2 with GSH from CGNs.
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Cultured CGNs were cross-linked using DSS (a cell permeable, homobifunctional cross-
linker possessing two amine-reactive N-hydroxysuccinimide esters), and upon quenching
the cross-link with excess glycine, Bcl-2 was co-immunoprecipitated with GSH using a
GSH antibody (Figure 3). In CGNs pre-incubated with DMSO vehicle and then cross-linked
and immunoprecipitated with a GSH antibody, both monomeric and dimeric forms of Bcl-2
were co-immunoprecipitated with GSH. However, pre-treatment of the CGNs, prior to
cross-linking, with HA14-1 significantly decreased the amount of both the monomeric and
dimeric forms of Bcl-2 co-immunoprecipitated with GSH. These data strongly suggest that
Bcl-2 and GSH interact in intact CGNs, and this interaction can be antagonized by the BH3
mimetic, HA14-1. Futhermore, we completed similar experiments in isolated rat brain
mitochondria and found that HA14-1 also antagnoized the interaction between Bcl-2 and
GSH (data not shown). These findings are consistent with our previously published data in
which we showed that recombinant Bcl-2 and GSH interact in a direct manner. Moreover,
this interaction shows specificity between Bcl-2 and GSH, since other Bcl-2 family proteins,
such as Bcl-xL and Bcl-w, did not interact directly with GSH [24].

HA14-1 depletes glutathione from isolated mitochondria. HA14-1 and Bim inhibit
mitochondrial GSH transport in vitro

We examined the effects of HA14-1 on glutathione pools in isolated rat brain mitochondria.
Incubation of isolated mitochondria with HA14-1 induced a significant depletion of total
glutathione (GSH+GSSG) when mitochondria were co-incubated in the presence of GSH-
MEE (Figure 4A, n=3, **p<0.01 vs. Con) for 4h. HA14-1 has previously been shown to
have some uncoupling and inhibitory effects on mitochondrial respiration at high
concentrations [31]. To exclude the possibility that HA14-1 (used at 20 μM) was depleting
glutathione in isolated rat brain mitochondria by inhibiting mitochondrial respiration, and in
turn inducing oxidative stress, we compared its effects to those of the complex I inhibitor,
rotenone, which we used at a concentration significantly higher than its previously shown
IC50 value for complex I. [32,33]. While HA14-1 (20 μM) significantly depleted total
mitochondrial glutathione content, rotenone (10 μM) had no such effect (Figure 4A). In
another series of experiments, we pre-loaded isolated mitochondria with 2 mM GSH-MEE
for 2 h and then washed the mitochondria prior to adding HA14-1 or rotenone for an
additional 2 h. Following the 2 h pre-incubation with GSH-MEE, mitochondrial glutathione
content was increased by approximately 250% over non-loaded controls (data not shown).
Incubation with HA14-1 induced a marked reduction of total glutathione in the pre-loaded
mitochondria, suggesting that the Bcl-2 inhibitor actually stimulated glutathione efflux
(Figure 4B, n=6, *p<0.05 vs. Con). In contrast, incubation with rotenone had no effect on
mitochondria pre-loaded with GSH-MEE. We compared the amount of total glutathione in
freshly isolated mitochondria versus the Con samples in the treatment paradigms of Figures
4A and 4B; no differences in the levels of total glutathione were observed (an average of
17.84 +/− 1.69 nmoles/mg, n=3, data not shown). Finally, we assessed the effects of HA14-1
or recombinant Bim on the transport of [3H]GSH into isolated mitochondria. Both Bcl-2
inhibitors, HA14-1 (20μM) or Bim (2μM), significantly inhibited GSH uptake into
mitochondria (Figure 4C, #p<0.01 vs Con and *p<0.05 vs Con, n=3). These data show that
HA14-1 and Bim suppress mitochondrial GSH transport and that HA14-1 is capable of
inducing efflux of glutathione from isolated mitochondria.

Bcl-2 co-immunoprecipitates with OGC and this interaction is enhanced by GSH-MEE
HA14-1, a BH3 mimetic that binds Bcl-2 within the hydrophobic groove, selectively
depletes mitochondrial glutathione and antagonizes the interaction between Bcl-2 and GSH
in CGNs, and inhibits GSH uptake/stimulates glutathione efflux in isolated brain
mitochondria. These data suggest a possible role for Bcl-2 in regulating mitochondrial
glutathione transport. It has been previously shown that the IMM anion transporters OGC
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and DIC are responsible for glutathione transport across the inner mitochondrial membrane
into the matrix in liver and kidney [11, 12]. Therefore, we next examined the potential of
Bcl-2 to interact with the OGC in a transient co-transfection system. CHO cells
overexpressing Bcl-2 and a V5-tagged OGC were lysed in 0.1% Triton X-100 with 1 mM
DTT, and immunoprecipitated with or without a V5 antibody. Bcl-2 co-immunoprecipitated
with V5-OGC upon addition of the V5 antibody but did not precipitate in the presence of
protein A/G agarose beads alone (Figure 5A). Next, we determined the effects of GSH-MEE
on the interaction of Bcl-2 with OGC. CHO cells overexpressing Bcl-2 and V5-OGC were
treated with 2 mM GSH-MEE for 4 h, and cells were lysed and immunoprecipitated in
buffer also containing 2 mM GSH-MEE. In control conditions, CHO cells overexpressing
Bcl-2 and V5-OGC were untreated, lysed, and immunoprecipitated in buffer containing 1
mM DTT. The relative amount of Bcl-2 co-immunoprecipitated with V5-OGC was
appreciably increased in the presence of GSH-MEE versus DTT (Figure 5B). Densitometric
analysis using normalization of the Bcl-2 band intensity to the V5-OGC band intensity
revealed a significant increase (approximately five-fold) in Bcl-2 co-immunoprecipitation
with V5-OGC in the presence of GSH-MEE versus DTT (Figure 5C, n=9, p<0.05 vs. DTT).
GSH-MEE enhanced the interaction between Bcl-2 and OGC irrespective of the time in
which it was added into the experiment, such as treating the cells only or simply adding
GSH-MEE to the immunoprecipitation buffer (data not shown). Moreover, in a cell free
system, recombinant Bcl-2 also interacted directly with recombinant GST-tagged OGC in
the presence of GSH (Figure 5D). Both recombinant Bcl-2 and recombinant GST-OGC co-
immunoprecipitated with a Bcl-2 antibody and a Slc25a11 (OGC) antibody (Figure 5D).
Finally, upon the addition of ethacrynic acid to the immunoprecipitation buffer (which
already contained GSH therefore ethacrynic acid was used to deplete the GSH), the
interaction between recombinant OGC and recombinant Bcl-2 was antagonized (Figure 5E).
These results indicate that Bcl-2 is an interacting partner for OGC and this novel protein-
protein interaction is enhanced by GSH.

Co-expression of Bcl-2 and OGC increases mitochondrial glutathione
We next examined the effects of Bcl-2 and OGC expression on mitochondrial glutathione
content. Here, we utilized CHO cells expressing DsRed-2 (Con), Bcl-2, V5-OGC, or a
combination of Bcl-2 and V5-OGC. At 24 h post-transfection, cells were lysed and
mitochondrial and cytosolic factions were obtained by differential centrifugation and
measured for total glutathione content. Control, Bcl-2, and OGC expressing CHO cells
showed similar mitochondrial glutathione content (Figure 6A). However, with the co-
expression of both Bcl-2 and OGC, total mitochondrial glutathione was significantly
increased compared to Bcl-2 expression alone (Figure 6A, n=3, *p<0.05 vs. Bcl-2/OGC).
Immunoblot analysis confirmed the expression of Bcl-2 and OGC in the appropriate
mitochondrial fractions (Figure 6B), and a Cox-IV blot demonstrated the relative purity of
the mitochondrial fractions (Figure 6C). Control levels of total mitochondrial glutathione
were an average of 12.69 +/− 1.81 nmoles/mg of protein. These data suggest that Bcl-2 and
OGC work in a concerted manner to increase the mitochondrial glutathione pool.

Bcl-2 protection from hydrogen peroxide toxicity is dependent on the function of OGC
Finally, we examined the consequences of increasing the mitochondrial glutathione pool via
co-expression of Bcl-2 and OGC in transiently transfected CHO cells. In agreement with
many previous studies [19, 34, 35], overexpression of Bcl-2 alone significantly protected
CHO cells from hydrogen peroxide-induced apoptosis as assessed by measuring the
percentage of adherent cells expressing active caspase-3 (Figure 7A, n=4, *p<0.05 vs Con
+H2O2, **p<0.01 vs Con+H2O2). In a similar manner, expression of either OGC alone or
OGC in combination with Bcl-2 also significantly protected cells from hydrogen peroxide.
Interestingly, co-incubation of CHO cells with the OGC inhibitor, phenylsuccinate (PhS), at
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a concentration (500 μM) which was titrated down to a maximally non-cytotoxic level, did
not significantly enhance the active caspase-3 staining either on its own or in combination
with the hydrogen peroxide exposure (Figure 7B). Overexpression of OGC, in either the
absence or presence of Bcl-2, maintained its protective effect against hydrogen peroxide
even in the presence of this low dose of PhS (Figure 7C, n=4, *p<0.05 vs Con+PhS and
H2O2, #p<0.01 vs Bcl-2+PhS and H2O2). These results are consistent with the low dose of
PhS being sufficient to only inhibit the transport capabilities of the endogenous OGC within
CHO cells. In marked contrast to the effects observed with OGC, Bcl-2 appeared to lose its
protective effect against hydrogen peroxide when the endogenous levels of OGC within
CHO cells were simultaneously inhibited by PhS. This point is demonstrated by the findings
that Bcl-2 alone was ineffective at attenuating caspase-3 activation in CHO cells treated
concomitantly with PhS and hydrogen peroxide (Figure 7C). These results suggest that
Bcl-2 protects cells from hydrogen peroxide-induced apoptosis via an OGC-dependent
mechanism (i.e., via an increase in mitochondrial glutathione transport resulting in an
enhancement of the mitochondrial glutathione pool).

DISCUSSION
Bcl-2 is a key sentinel of the mitochondria that acts to suppress the intrinsic apoptotic
cascade via its inhibitory interactions with pro-apoptotic family members [36]. Beyond its
classical anti-apoptotic role, Bcl-2 is also known to have a critical antioxidant-like function
[19]. This antioxidant-like property has been linked experimentally to the regulation of
cellular glutathione content [reviewed in 37]. For example, overexpression of Bcl-2
increases cellular glutathione via an enhancement of glutathione synthesis and a diminution
of cellular glutathione efflux [21, 38, 39]. Accordingly, overexpression of Bcl-2 protects
cells from oxidative stress induced by glutathione depleting agents [20, 40, 41].
Furthermore, the protective effects of Bcl-2 against oxidative damage are significantly
diminished by depriving cells of glutathione precursors, for instance through incubation in
cysteine/methionine-deficient media [42]. Finally, Bcl-2 null mice show altered antioxidant
enzyme activities in brain, such as decreased glutathione peroxidase activity, and
demonstrate increased sensitivity to neural oxidative injury [23]. Many studies have
provided evidence of a connection between cellular glutathione status and the antioxidant-
like action of Bcl-2. However, the specific molecular mechanism(s) underlying this
relationship between Bcl-2 and glutathione has not yet been elucidated.

In our previous work we demonstrated a novel interaction between recombinant Bcl-2 and
GSH in a cell-free assay [24]. We showed that two dissimilarly structured BH3 mimetics
predicted to bind in the hydrophobic surface groove (i.e., the BH3 groove) of Bcl-2, HA14-1
and compound 6, each antagonized this novel Bcl-2/GSH interaction, as did recombinant
Bim [24]. From these previous data, we concluded that Bcl-2 is a de facto GSH-binding
protein and we hypothesized that this newly discovered property of Bcl-2 might play a
central role in its antioxidant-like function at mitochondria. Consistent with our hypothesis,
we report here that HA14-1 induces a specific depletion of the mitochondrial glutathione
pool in CGNs and this BH3 mimetic inhibits the Bcl-2/GSH interaction in intact CGNs. In
addition, HA14-1 and Bim inhibit the mitochondrial uptake of [3H]GSH and HA14-1
induces glutathione efflux in isolated rat brain mitochondria. Importantly none of these
results are observed in isolated mitochondria incubated with the complex I inhibitor,
rotenone, demonstrating that the effects of HA14-1 on mitochondrial glutathione transport
are independent of any inhibitory actions on the mitochondrial respiratory machinery.

To further establish a link between Bcl-2 function and mitochondrial glutathione transport,
we used a transient co-transfection system in CHO cells to demonstrate a novel interaction
between Bcl-2 and the IMM glutathione transporter, OGC. Significantly, this unique
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protein-protein interaction is markedly enhanced by GSH-MEE. We also show the
interaction between OGC and Bcl-2 is direct through the use of recombinant proteins in an
immunoprecipitation and this interaction is dependent on glutathione because the addition of
ethacrynic acid (which binds to GSH and forms non-functional adducts) significantly
abolished the ability of OGC and Bcl-2 to bind. Additional experiments using co-transfected
CHO cells reveal that Bcl-2 and OGC work in conjunction to significantly increase the
mitochondrial glutathione pool. Finally, we demonstrate that the ability of Bcl-2 to protect
cells from oxidative stress is largely dependent on an intact transporter function of OGC
because phenylsuccinate (an OGC inhibitor) abolishes the protective effect of Bcl-2 against
hydrogen peroxide-induced apoptosis in CHO cells.

Based on our current and previously published data, we propose the following model to
explain how Bcl-2 acts as a central regulator of the mitochondrial glutathione pool. Under
normal circumstances, OGC functions as an IMM glutathione transporter that helps to
maintain an adequate mitochondrial glutathione pool. We suggest that Bcl-2 localized to the
outer mitochondrial membrane acts as a “sensor” of cytoplasmic glutathione content, and
upon GSH-binding, a conformational change is induced within Bcl-2 that increases its
affinity for OGC. The Bcl-2/OGC interaction in turn, enhances the mitochondrial
glutathione transporter function of OGC to increase the mitochondrial glutathione pool. In
this manner, an increase in cytoplasmic glutathione content, which may occur via either
enhanced synthesis or reduced efflux [38, 39], may be transduced into the mitochondria to
induce a corresponding elevation in mitochondrial glutathione content. However, when
HA14-1 or Bim binds to Bcl-2 within the BH3 groove, this antagonizes (either directly or
allosterically) the interaction between GSH and Bcl-2, and as a consequence lowers the
affinity of Bcl-2 for OGC. Thus, BH3 mimetics and BH3-only proteins inhibit the capacity
of Bcl-2 to regulate mitochondrial glutathione transport through OGC, leading to a selective
depletion of mitochondrial glutathione, an increase in MOS, and activation of the intrinsic
apoptotic cascade.

Our proposed model is supported by several previously published observations. First, in
addition to our results showing that the BH3 mimetic, HA14-1, depletes mitochondrial
glutathione in CGNs, other BH3 mimetics have been shown to have similar effects in
different cell types. The highly selective Bcl-2 inhibitor, ABT-737, has been shown to
deplete cellular glutathione in Jurkat cells and HeLa cells, although mitochondrial
glutathione content was not explicitly measured in this study [43]. These findings, along
with our data showing that Bim directly inhibits GSH uptake into isolated mitochondria,
strongly suggest that inhibition of Bcl-2 is a common mechanism of depleting mitochondrial
glutathione. Second, there is a precedent for Bcl-2 to interact with and modulate the activity
of IMM transporters. For instance, Bcl-2 has been shown to enhance the ADP/ATP
exchange activity of the IMM adenine nucleotide translocase in proteoliposomes, isolated
mitochondria, and intact cells [44]. Interestingly, Bax displaces Bcl-2 from the translocase
and acts to inhibit the ADP/ATP exchange activity. Third, a previous study demonstrated a
positive correlation between an accumulation of Bcl-2 in the nuclear membrane and a
redistribution of glutathione into the nucleus, adding further support to a central role for
Bcl-2 in the regulation of glutathione transport that is not restricted to mitochondria [45].
Finally, the ability of BH3 mimetics and BH3-only proteins (e.g., Bim) to disrupt the Bcl-2/
GSH interaction is entirely consistent with the pro-oxidant state induced at mitochondria by
pro-apoptotic Bcl-2 family members [25, 46, 47].

Collectively, the results described above suggest that Bcl-2 plays a central role in the
regulation of mitochondrial glutathione transport and maintenance of the mitochondrial
glutathione pool. Moreover, this key antioxidant-like function of Bcl-2 likely involves direct
GSH-binding and a GSH-stimulated interaction with the IMM GSH transporter, OGC.
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While our paper was in prepration, Gallo et al. found a similar interaction between the C.
elegans homolog of OGC (MISC-1) and the Bcl-2 homolog (Ced-9), further providing
evidence for an interaction between Bcl-2 and OGC [48].

Given the substantial roles of glutathione depletion and MOS in neurodegeneration, one
could postulate how negatively impacting this novel function of Bcl-2 might contribute to
the pathophysiology of various neurodegenerative diseases. For example, GSH depletion in
the spinal cord of mice harboring a familial ALS mutation (G93A) in the SOD1 gene has
been shown to correlate with motor neuron degeneration during disease progression [49]. In
transgenic mice and rats, as well as human familial ALS patients, various mutant forms of
SOD1 are apparently recruited to spinal cord mitochondria [50]. In general, these mutant
forms of SOD1 are observed as misfolded aggregates that have been localized to essentially
every compartment of the mitochondria; however, mutant SOD1 has also been shown to
aggregate with Bcl-2 at mitochondria [51]. Most significantly, this interaction of mutant
SOD1 with Bcl-2 has been shown to induce a conformational change in Bcl-2 that exposes
its BH3 domain and converts Bcl-2 into a “toxic” protein at mitochondria [52]. Although the
authors of this elegant study support a direct toxic function of the conformationally altered
form of Bcl-2 at mitochondria, it is tempting to speculate that the interactions of Bcl-2 with
mutant SOD1 may also interfere with the novel role that Bcl-2 plays in regulating
mitochondrial glutathione transport. For instance, if only a fraction of Bcl-2 is actually
altered in conformation by its interaction with mutant SOD1, then this “toxic” form of Bcl-2
may in fact act like a BH3-only protein and disrupt the ability of adjacent unaltered Bcl-2
molecules to bind GSH and stimulate OGC-dependent glutathione transport into the
mitochondria. In fact, this model is consistent with findings in NSC34 motor neuronal cells
stably expressing G93A mutant SOD1. These cells demonstrate a significant depletion of the
mitochondrial glutathione pool with no effect on cytosolic glutathione content [53].
Moreover, these mutant SOD1-expressing cells demonstrate a more pronounced depletion of
mitochondrial glutathione and display an enhanced sensitivity to apoptosis in response to
ethacrynic acid when compared to non-transfected or wild type SOD1-expressing NSC34
cells [53, 54]. Thus, motor neuron toxicity induced by mutant SOD1 likely involves the
interaction of this protein with Bcl-2 in the outer mitochondrial membrane. The precise
consequences of this interaction, if any, on the capacity of Bcl-2 to regulate mitochondrial
glutathione transport requires further study.

In conclusion, we identify the regulation of mitochondrial glutathione transport and
maintenance of the mitochondrial glutathione pool as essential and novel functions of Bcl-2.
We establish Bcl-2 as a direct GSH-binding protein and a novel interacting partner for the
IMM glutathione transporter, OGC. Either BH3 mimetics or BH3-only proteins (e.g., Bim)
interfere with the Bcl-2/GSH interaction and result in inhibition of mitochondrial glutathione
transport. Bcl-2 and OGC appear to work in a concerted manner to significantly increase the
mitochondrial glutathione pool. Accordingly, the ability of Bcl-2 to protect cells from
oxidative stress is largely dependent on an intact transporter function of OGC. These
findings suggest a molecular mechanism for the well established antioxidant-like function of
Bcl-2, particularly at the level of the mitochondria. Finally, this novel function of Bcl-2 may
be a target of pathogenic proteins, such as mutant SOD1, which result in devastating
neurodegenerative disorders like ALS.
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HIGHLIGHTS

• Inhibition of Bcl-2 by the BH3 mimetic HA14-1 selectively depletes
mitochondrial glutathione.

• Bcl-2 interacts with glutathione in intact cells and this interaction is antagonized
by the BH3 mimetic HA14-1.

• The BH3 mimetic HA14-1 and recombinant Bim inhibit 3H-glutathione uptake
into isolated mitochondria.

• Bcl-2 interacts with the 2-oxoglutarate carrier (OGC) and this interaction is
enhanced by glutathione.

• Co-expression of Bcl-2 and OGC increase mitochondrial glutathione.

• The protective effect of Bcl-2 against hydrogen peroxide depends on OGC
function.
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Figure 1. The BH3 mimetic, HA14-1, induces mitochondrial oxidative stress and apoptosis of
CGNs
A. CGNs were treated for 24 h with either HA14-1 (HA14; 15 μM) or vehicle, control (Con,
0.3% DMSO). Top panels: Fitc, tubulin; DAPI, nuclei; Cy3, active caspase-3. Arrows
indicate apoptotic cells with either condensed/fragmented nuclei, or immunoreactivity for
active caspse-3. Bottom panels: decolorized DAPI images to show nuclear morphology. B.
CGNs were treated with either vehicle (Con) or HA14-1 (HA14; 20 μM) for 4 h and then
fractionated into cytosolic and mitochondrial fractions. Mitochondrial fractions were then
measured for MDA concentration, or lipid peroxidation levels. Data are shown as μ moles
of MDA present per μg of protein and analyzed using a Student’s T-test, ***p<0.001, n=4.
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Figure 2. HA14-1 selectively depletes mitochondrial glutathione in CGNs
A. CGNs treated with either vehicle (Con), HA14-1 (HA14; 20 μM), or ethacrynic acid
(EA; 100 μM) for 4 h and then separated into mitochondrial and cytosolic fractions. Total
glutathione content of each fraction was measured using a DTNB colorimetric assay. Data
are shown as percent of control glutathione (GSH+GSSG) and analyzed using one-way
ANOVA with a post-hoc Tukey’s analysis. *p<0.05, **p<0.01 vs Con, n=4. Control levels
of total mitochondrial glutathione were an average of 6.78 +/− 0.33 nmoles per mg of
protein. B. Immunoblot shown is for Cox-IV to demonstrate the purity of the mitochondrial
and cytosolic fractions in (A). C. Graph showing the representative pools of cellular
glutathione between mitochondrial and cytosolic fractions, n=4.
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Figure 3. Bcl-2 co-immunoprecipitates with GSH following chemical cross-linking in CGNs, an
interaction antagonized by the BH3 mimetic, HA14-1
CGNs were pre-incubated with either vehicle (0.4% DMSO) or 20 μM HA14-1 for 2 h, after
which they were cross-linked (x-link) with DSS, which was quenched upon lysing (see
materials and methods). Lysates were immunoprecipitated (IP) with a monoclonal antibody
to GSH. Immune complexes were resolved by SDS-PAGE and immunoblotted (IB) for
Bcl-2. Mono=monomeric, dimer=dimeric, WCL=whole cell lysate.
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Figure 4. HA14-1 depletes glutathione from isolated rat brain mitochondria, in addition HA14-1
and Bim inhibit mitochondrial GSH transport
A. Isolated rat brain mitochondria were incubated in mitochondrial buffer with a
combination of 2 mM GSH-MEE and either vehicle (Con), HA14-1 (20 μM), or rotenone
(10 μM) for 4 h. Samples were then washed 3X in mitochondrial buffer and assyed for
glutathione (GSH+GSSG) content. Data are shown as percent of control glutathione (GSH
+GSSG) and analyzed using a one-way ANOVA with a post-hoc Tukey’s analysis. **
p<0.01 vs Con, n=3. B. Isolated rat brain mitochondria were incubated in mitochondrial
buffer with GSH-MEE (2 mM) for 2 h at 37°C, washed 2X, and then incubated in
mitochondrial buffer with either Con, HA14-1 (HA14; 20 μM), or rotenone (10 μM) for 2h
at 37°C. After which samples were washed 3X with mitochondrial buffer and assayed for
glutathione (GSH+GSSG) content using a DTNB colorimetric assay, data are normalized to
protein concentration. Two controls are shown because some of the experiments performed
with HA14-1 were carried out separately from several of the experiments performed with
rotenone. Data are represented as percent of the respective control glutathione (GSH/GSSG)
and analyzed using a Student’s T-test. *p<0.05 vs Con, n=6. Control total mitochondrial
glutathione levels for the isolated rat brain mitochondria experiments were an average of
17.84 +/− 1.69 nmoles/mg of protein. C. Isolated rat brain mitochondria were incubated with
either vehicle (Con; 0.4%DMSO), HA14-1 (HA14; 20 μM) or Bim (2 μM) for 20 min and
then 0.5μ Ci of [3H]GSH for 15 sec at room temperature. [3H]GSH was measured as
decribed under Materials and Methods. Data are respresented as percent of Con (CPM
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values) and analyzed using a one-way ANOVA with post-hoc Tukey’s anaylsis. **p<0.01
vs Con, *p<0.05 vs Con, n=3 experiments completed in triplicate.
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Figure 5. Bcl-2 co-immunoprecipitates with V5-OGC from co-transfected CHO cells, GSH-MEE
enhances the interaction
A. CHO cells were co-transfected with Bcl-2 and V5-OGC (5μg each) lysed in Wahl buffer
containing 0.1% TritonX-100 and 1 mM DTT, and immunoprecipitated (IP) with a
monoclonal V5 antibody. Immune complexes were then resolved by SDS-PAGE,
immunoblotted for V5 and Bcl-2. WCL= Whole cell lysate, IP =immunoprecipitate, −V5
antibody=Protein A/G agarose alone was used in the IP. B. Same as in (A), except at 24 h
post-transfection cells were treated with 2 mM GSH-MEE for 4 h (and GSH-MEE was
added to the IP buffer). Alternatively, 1 mM DTT was added to the IP buffer. C.
Densitometry comparing pixel density of co-immunoprecipitated Bcl-2 with V5-OGC in the
presence of either 1 mM DTT (Con) or 2 mM GSH-MEE. Data are normalized to the
amount of V5 immunoprecipitated and are expressed as a percent of Bcl-2
immunoprecipitated in the presence of DTT (Con). Data was analyzed using a Student’s T-
test, *p<0.05, n=9. D. Recombinant Bcl-2 and recombinant GST-OGC were co-
immunoprecipitated with either anti-Bcl-2 (Bcl-2 IP) or anti-Slc25a11 (OGC IP) in 0.1%
Triton X-100/Wahl buffer with 11.1 μM GSH. Immune complexes were resolved by SDS-
PAGE, immunoblotted for Bcl-2 and Slc25a11 (OGC). E. Recombinant Bcl-2 and
recombinant GST-OGC were co-immunoprecipiated with anti-Bcl-2 in either 0.1% Triton
X-100/Wahl buffer with 10 μM GSH (−EA) or 0.1% Triton X-100/Wahl buffer with 10 μM
GSH and 100 μM ethacrynic acid (+EA). Immune complexes were resolved by SDS-PAGE,
immunblotted for Bcl-2 and Slc25a11 (OGC).
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Figure 6. Co-transfection with Bcl-2 and V5-OGC significantly increases mitochondrial
glutathione content
A. CHO cells were transfected with control (DsRed), Bcl-2, V5-OGC, or a combination of
Bcl-2 and V5-OGC (5μg each). After 24 h, cells were fractionated and mitochondrial
glutathione (GSH+GSSG) content was measured using DTNB, and normalized to protein
concentration. Data are expressed as percent of control glutathione and analyzed using a
one-way ANOVA with a post-hoc Tukey’s analysis *p<0.05 vs Bcl-2/OGC, n=3. Control
levels of total mitochondrial GSH were at an average of 12.69 +/− 1.81 nmoles/mg of
protein. B. Immunoblots of mitochondrial fractions indicating expression of Bcl-2, V5-
OGC, or a combination of both in transfected CHO cells. C. Immunoblot for Cox-IV
indicating purity of mitochondrial and cytosolic fractions.
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Figure 7. Bcl-2 protection against H2O2-induced apoptosis is OGC-dependent
A. CHO cells transfected with DsRed, Bcl-2, V5-OGC, or a combination of Bcl-2 and V5-
OGC were treated with 100 μM H2O2 for 24 h and stained for active caspase-3. Data are
represented as mean +/− SEM. Data were analyzed using a one-way ANOVA with a post-
hoc Tukey’s analysis. *p<0.05 vs Con+H2O2, **p<0.01 vs Con+H2O2, *** p<0.001 vs Con
+H2O2, and #p<0.001 vs Con, n=4. B. CHO cells transfected as in (A) and treated with
either vehicle, 100 μM H2O2 for 24 h alone or in combination with 500 μM phenylsuccinate
(PhS), or 500 μM phenylsuccinate (PhS) alone for 24 h and stained for active caspase- 3.
NS=not significant, data are represented as mean +/− SEM and analyzed using a Student’s
T-test. C. CHO cells transfected as in (A), treated with a combination of 100 μM H2O2 and
500 μM phenylsuccinate (PhS) for 24 h and stained for active caspase- 3. Data are
represented as mean +/− SEM. Data were analyzed using a one-way ANOVA with a post-
hoc Tukey’s analysis. *p<0.05 vs Con+PhS and H2O2 and **p<0.01 vs Con+PhS and H2O2,
n=4.
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