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Autosomal recessive loss-of-function mutations within the PARK2
gene functionally inactivate the E3 ubiquitin ligase parkin, resulting
in neurodegeneration of catecholaminergic neurons and a familial
form of Parkinson disease. Current evidence suggests both a mito-
chondrial function for parkin and a neuroprotective role, which may
in fact be interrelated. The antiapoptotic effects of parkin have
been widely reported, and may involve fundamental changes in
the threshold for apoptotic cytochrome c release, but the sub-
strate(s) involved in parkin dependent protection had not been
identified. Here, we demonstrate the parkin-dependent ubiquitina-
tion of endogenous Bax comparing primary cultured neurons from
WT and parkin KO mice and using multiple parkin-overexpressing
cell culture systems. The direct ubiquitination of purified Bax was
also observed in vitro following incubation with recombinant par-
kin. We found that parkin prevented basal and apoptotic stress-
induced translocation of Bax to the mitochondria. Moreover, an
engineered ubiquitination-resistant form of Bax retained its apo-
ptotic function, but Bax KO cells complemented with lysine-mutant
Bax did not manifest the antiapoptotic effects of parkin that were
observed in cells expressing WT Bax. These data suggest that Bax is
the primary substrate responsible for the antiapoptotic effects of
parkin, and provide mechanistic insight into at least a subset of the
mitochondrial effects of parkin.
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Parkinson disease (PD) is a neurodegenerative disorder that
affects 1-3% of the population over the age of 65 years (1).
The symptoms include tremor, rigidity, bradykinesia, and pos-
tural instability. These physical characteristics are caused by the
progressive degeneration of dopaminergic neurons of the sub-
stantia nigra pars compacta and, to a lesser extent, the catechol-
aminergic neurons of the locus coeruleus. Although most cases of
PD are sporadic in nature, a small number of genes are re-
sponsible for the rare familial forms of PD (2). Loss-of-function
mutations within the PARK2 locus, which encodes the protein
parkin, are the most common cause of autosomal recessive PD (3).

Parkin is a 465-amino acid protein that is expressed in multiple
tissues and functions as an E3 ubiquitin ligase (4). Ubiquitination
of substrates is a tightly regulated process, requiring the com-
bined activity of three enzymes: an E1 ubiquitin-activating en-
zyme, an E2 ubiquitin conjugating enzyme, and an E3 ubiquitin
ligase (5). E3 ubiquitin ligases are responsible for substrate
recognition, and as such contribute the specificity of a ubiquitin
reaction. Defects in parkin-mediated ubiquitination may result in
the failure to target specific substrates for degradation, leading
to accumulation of potentially toxic proteins and consequent cell
death (6). Parkin is widely neuroprotective (7); however, many of
the putative parkin substrates reported to date are not thought to
directly mediate toxicity in such a simple fashion [reviewed
elsewhere (8)]; therefore, parkin deficiency may limit cell sur-
vival via more complex means. For example, under specific
conditions of mitochondrial depolarization, parkin is recruited
to damaged mitochondria and mediates their autophagic deg-
radation (9). Despite these recent observations, additional
mechanistic insights into parkin function and its role in inhibiting
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apoptosis are necessary, as well as further elucidation of the
targets of parkin-dependent ubiquitination.

We recently showed that parkin expression induces funda-
mental changes in the mitochondrial response to apoptotic
stressors (10). Although these effects could be observed from
isolated mitochondria, several lines of evidence have suggested
that cytosolic parkin was primarily responsible. This model
would also be consistent with another recently identified parkin
substrate, PARIS, which is acted upon by cytosolic parkin but
which influences mitochondrial biology (11). Therefore, we hy-
pothesized that the protective effects of parkin were due to its
ability to regulate the function of a protein or series of proteins
within the cytosol that influence apoptosis, such as members of
the B-cell lymphoma 2 (Bcl-2) protein family. We report here that
parkin expression reduces the mitochondrial accumulation of Bax
under basal conditions, prevents the acute stress-induced trans-
location of Bax to the mitochondria, and directly ubiquitinates Bax.
Furthermore, the expression of a ubiquitination-resistant form of
Bax renders cells unresponsive to the well-described antiapoptotic
function of parkin. These data provide evidence of a specific
ubiquitin E3 ligase that may inactivate Bax to promote cell survival.
Furthermore, these findings provide mechanistic insight into the
antiapoptotic effects of parkin and the various mitochondrial
phenotypes in parkin-deficient models, and may be relevant to the
neuronal degeneration in PD.

Results

Parkin Prevents Apoptosis and Cell Death. Parkin expression pro-
tects against caspase activation and cell death induced by stressors
such as staurosporine, C2 ceramide, rotenone, and 6-OHDA (10,
12-14), and we extended these observations to include another
stressor, etoposide. Neuronal dopaminergic MES and MES cells
stably overexpressing human parkin (MES-Parkin) were treated
with vehicle (DMSO) or etoposide (100 pM), and caspase 3/7
activity was measured at 18 h. Parental MES cells demonstrated
a 100% increase in caspase 3/7 activity that was prevented by the
stable over-expression of parkin (Fig. 14). To determine the
impact of parkin deficiency in a more physiological context,
primary neurons cultured from WT and parkin KO (parkin™")
mice (Fig. S14) were treated with a subtoxic dose of etoposide
(10 pM). The parkin-deficient neurons were significantly more
sensitive to apoptosis, showing a 74% increase in caspase 3/7
activity (Fig. 1B), confirming a role for endogenous neuronal
parkin in regulating the apoptotic response of the neuron. Par-
allel experiments examining multiple cell lines (Fig. S1B) con-
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Fig. 1. Parkin protects against apoptosis, reduces Bax at the mitochondria,
and mediates the ubiquitination of Bax. Caspase 3/7 activity was measured
from (A) MES and MES-Parkin cell lines 18 h after treatment with vehicle
(DMSO) or 100 uM etoposide (mean + SEM, n = 16; *P < 0.05 from WT
DMSO) or (B) WT and parkin”’ mouse primary cortical neurons 18 h after
treatment with DMSO or 10 uM etoposide (mean + SEM, n = 24; *P < 0.05
from WT DMSO, #*P < 0.05 from parkin™~ DMSO). (C) Soluble (cytoplasmic)
and mitochondrial fractions from MES and MES-Parkin cells were analyzed
by Western blot. (D) Cell-free in vitro ubiquitination assay of Bax by parkin.
FLAG-Ubiquitin, ubiquitin enzymes E1 and E2, and ATP were incubated with
recombinant parkin and purified Bax as indicated. Reactions were then
subjected to a Bax/FLAG-Ub IP-Western blot.

firmed that ectopic parkin expression blocked the induction of
apoptotic markers (Fig. S1 C and D) and prevented cell death at
later time points under a variety of well-published conditions
(Fig. S1E).

Numerous approaches have demonstrated the influence of
parkin on mitochondrial biology and apoptosis, with evidence
that this effect was mediated within the cytosol (10). Bax and
Bak are each sufficient for the apoptotic release of cytochrome ¢
(15), but only Bax is found both in the cytosol and at the mito-
chondria. Thus, a primary effect of parkin on regulating mito-
chondrial Bax could account for both the increased cell viability
demonstrated here and the altered threshold for mitochondrial
cytochrome ¢ release previously reported (10). Cytosol and
mitochondrial extracts from MES and MES-Parkin cells were
analyzed by Western blot (WB) for the levels of several endog-
enous Bcl-2 family proteins. The mitochondrial fraction from
MES-Parkin cells consistently showed decreased levels of Bax,
but not Bid, Bak, or Bcl-2 (Fig. 1C), whereas only modest
changes in cytosolic Bax were observed (Fig. 1C). Stable ex-
pression of the PD-linked parkin mutants R275W and W453X
had no effect on Bax levels (Fig. S24), indicating that functional
parkin was required. We have previously demonstrated that 48 h
of parkin expression was required to confer maximal protection
from apoptosis (10), and a similar time-dependent change in Bax
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was observed in WT but not mutant parkin-expressing cells (Fig.
S2B), temporally linking changes in Bax with parkin E3 ligase
activity and parkin-dependent cell survival.

To examine direct ubiquitination of Bax by parkin, we purified
Bax to homogeneity from Escherichia coli (Fig. S34), and then
performed a cell-free in vitro ubiquitin assay using recombinant
parkin, E1, and E2, and Flag-Ubiquitin. Bax protein was immu-
noprecipitated from the reaction mixtures (to separate ubig-
uitinated Bax from auto-ubiquitinated parkin), and the Western
blot was probed for Flag-Ubiquitin. Data showed a robust in-
crease in high-molecular-weight, poly-ubiquitinated Bax in the
presence, but not the absence, of parkin (Fig. 1D). Parkin was
unable to ubiquitinate Bax in the absence of E2, consistent with
the requirement of the combined activity each enzyme to carry
out the biological function of ubiquitination (5).

Parkin Selectively Ubiquitinates Endogenous Bax. To examine
whether parkin ubiquitinated Bax in intact cells, we harvested
whole-cell lysates from MES and MES-Parkin cells treated with
the proteasomal inhibitor MG-132 (10 uM, 6 h) and used im-
munoprecipitation (IP) to capture endogenous Bax and to probe
for ubiquitination. Data revealed an increase in high-molecular-
weight, ubiquitinated Bax in the MES-Parkin cells, compared with
MES controls (Fig. 2 4 and C; a shorter exposure of the starts is
also provided in Fig. S3B). The specificity of this parkin-dependent
ubiquitination was addressed by analyzing endogenous Bid, an-
other proapoptotic Bcl-2 family protein, whose relative ubiquiti-
nation was not consistently altered by parkin (Fig. S3 C and D).
Additional controls for the effects of parkin and the specificity of
the antibodies used were conducted in WT and Bax KO MEF cells
(Fig. S44), where parkin increased the levels of ubiquitinated Bax
in WT MEFs compared with non-parkin expressing cells, and no
signal was observed in the Bax KO cells (Fig. S4B).

It was critical to determine whether endogenous neuronal par-
kin mediates the ubiquitination of Bax; therefore, we examined
the levels of endogenous ublqultlnated Bax in primary neurons
cultured from WT and parkin™~ mice. Cortical neurons were
cultured for 3 d in vitro (DIV) and then treated with MG-132
(10 uM, 6 h). Whole-cell lysates were subjected to Bax IP, followed
by WB for ubl()ultm Results showed a decrease in ubiquitinated
Bax in parkin™~ compared with WT neurons (Fig. 2 B and D),
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Fig. 2. Ubiquitination of endogenous Bax by parkin. MES and MES-Parkin
cells (A) or primary cortical neurons from WT and parkin"‘ mice (B) were
treated with proteasome inhibitor (MG-132, 10 pM) for 6 h and lysed in 1%
Nonidet P-40, and Bax was immunoprecipitated, peptide eluted, and probed
for ubiquitin by Western blot. A densitometric analysis of ubiquitinated Bax
relative to IPed Bax from MES and MES-Parkin cells (C) and cortical neurons
from WT and parkin"‘ mice (D) is provided (mean + SEM, n = 3).
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consistent with a preferential ubiquitination of endogenous Bax by
endogenous parkin.

Although many intracellular proteins are degraded by the
ubiquitin—proteasome pathway, some are degraded within lyso-
somes or during autophagy (16). To examine the fate of parkin-
ubiquitinated Bax, Bax was immunoprecipitated from parental
WT and Bax KO MEF cells with or without stable parkin ex-
pression 4 h after treatment with DMSO, the proteasome in-
hibitor MG-132 (10 pM), or the lysosome inhibitor ammonium
chloride (NH4Cl; 20 mM). Data confirmed a specific increase in
ubiquitinated Bax in parkin-expressing MEFs, as well as a further
selective increase in ubiquitinated Bax by the combination of
parkin expression and proteasomal inhibition (Fig. S4C), indicating
that a portion of parkin-ubiquitinated Bax may be targeted for
proteasomal degradation.

Parkin Physically Interacts with Bax in a Bona Fide E3 Ligase-
Substrate Relationship. Catalytically inactive E3 ligase mutants
bind their cognate substrates with greater efficiency than the active
forms of the proteins (17), which has specifically been observed
with respect to parkin and its pathogenic, loss-of-function mutants
(18). We analyzed two distinct types of PD-linked parkin muta-
tions, a missense mutation (R275W), and a premature termination
(W453X), both presumed to result in loss of parkin function. The
association of Bax with parkin was determined by immunopreci-
pitating endogenous Bax from parental MES and CHO cells or
those stably expressing WT parkin or its PD-linked mutants, and
probing for the levels of coimmunoprecipitated parkin. In both
cell types, the R275W and W453X parkin mutants coimmuno-
precipitated with endogenous Bax, whereas the interaction be-
tween active WT parkin and endogenous Bax was at or below our
limit of detection (Fig. 3 A and B).
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Fig. 3. Bax physically interacts with parkin in cultured cells. (A) Whole-cell
lysates from naive MES or CHO cells and MES and CHO cells stably expressing
WT parkin (WT Parkin) or parkin mutants R275W and WA453X were subjected
to Bax IP. The eluates were probed for parkin to visualize a direct parkin—Bax
association. (B) MES cells were transiently transfected to express myc-parkin,
parkin mutant myc-R275W, or myc-HHARI, and were subjected to Bax IP and
the eluates probed for myc.
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To address the specificity of this interaction, we examined the
protein HHARI, an E3 ligase with structural similarity to parkin.
MES cells were transiently transfected with myc-tagged vectors
encoding WT parkin, R275W parkin, or HHARI and their relative
co-IP with endogenous Bax was compared. Results confirmed that
R275W parkin interacts with endogenous Bax, whereas only trace
amounts of WT parkin and HHARI were visible upon long expo-
sures (Fig. 3B). These data are consistent with the hypothesis that
Bax is selectively recognized by parkin and is a genuine substrate.

Lysine Residues in Bax Are Dispensable for Its Apoptotic Function but
Are Required for the Prosurvival Function of Parkin. To examine the
importance of ubiquitination as a regulator of Bax-dependent
cell death, we engineered a mutant Bax protein in which each of
its nine lysine residues were mutated to arginine (K—R; Bax &-
Lys, Fig. 44), thus rendering it unavailable for ubiquitination.
This construct demonstrated significantly longer half-life than
that of WT Bax (Fig. S4D), consistent with resistance toward
ubiquitination. We evaluated the apoptotic capacity of Bax @3-
Lys in Bax/Bak double KO (dKO) MEEF cells, as these cells
would require ectopic Bax expression for caspase activation. The
Bax/Bak dKO MEFs were transfected with empty vector, WT
Bax, or Bax (-Lys. Twenty-four hours posttransfection, the cells
were treated with DMSO or etoposide (10 pM) for 18 h, and
caspase 3/7 was measured. Caspase 3/7 activity was low in the
empty vector-transfected dKO MEFs treated with DMSO and
was not elevated by etoposide (Fig. 4B), as expected. The
overexpression of WT Bax promoted a significant fivefold ele-
vation in caspase activity that was further elevated to a 10-fold
increase by etoposide (Fig. 4B). Expression of the Bax @-Lys
mutant resulted in a comparable fourfold increase in basal cas-
pase activity, as well as a similar ninefold increase in etoposide-
induced caspase activation, compared with those of the empty
vector controls (Fig. 4B). These data indicate that the multiple
lysine mutations did not disrupt the apoptotic function of Bax,
making it a suitable tool for further investigation.

Reconstituting the dKO MEFs with either Bax variant allowed us
to evaluate the importance of a single protein on the protective
effects of parkin. Parental dKO MEFs and those stably expressing
human parkin were transiently transfected with WT Bax or Bax @-
Lys and treated with DMSO or etoposide (10 pM) for 16 h. Because
of the low transfection efficiency of the MEFs (<10%), biochemical
evaluation was not feasible; thus, cells were immunocytochemically
stained for the presence of Bax (green) and cleaved caspase 3 (red)
and analyzed on a cell-by-cell basis by a blinded recorder (Fig. 4 D-
K). Etoposide treatment resulted in 91% of the cells expressing WT
Bax to appear apoptotic, compared with 16% of DMSO-treated
cells, although the stable expression of human parkin prevented the
etoposide-induced activation of caspase 3 in WT Bax-expressing
cells (Fig. 4C). In the Bax @-Lys—expressing MEFs, etoposide
treatment resulted in 72% of the transfected cells becoming apo-
ptotic, similar to cells expressing WT Bax. However, the stable
expression of human parkin did not reduce the percentage of cells
with active caspase 3 when expressing Bax @-Lys (Fig. 4C), in-
dicating that parkin does not inhibit the induction of apoptosis
when Bax cannot be ubiquitinated.

Parkin Prevents Stress-Induced Translocation of Bax to Mitochondria.
Recent data from multiple groups have shown that parkin can be
rapidly recruited to the mitochondria after mitochondrial de-
polarization, where it participates in mitophagy (9, 19). Prior
work from our group suggested that the antiapoptotic effects of
parkin were mediated by cytosolic parkin, the major pool of the
protein at rest. Interestingly, under apoptotic conditions but not
depolarization, Bax is recruited from the cytosol to the mito-
chondria, where it participates in cytochrome c release (20).
Thus, we asked whether the subcellular localization of Bax or
parkin was altered during apoptotic stress, and whether parkin
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influenced the established translocation of Bax during apoptosis.
MES and MES-Parkin cells were treated with DMSO or staur-
osporine (1 pM, 5 h), and cytosolic and mitochondrial fractions
were prepared from each condition. Consistent with prior work
(21), staurosporine induced the translocation of Bax from the
cytosol to the mitochondria in MES cells (Fig. 54). However,
this redistribution of Bax did not occur in MES-Parkin cells
(Fig. 54). Similar data were also obtained after exposure to C2
ceramide (Fig. S54), another stressor inhibited by parkin (10,
12). Parkin, however, did not translocate to the mitochondria
after either staurosporine or C2 ceramide treatment (Fig. 54 and
Fig. S54, respectively). Conversely, CHO-Parkin and MES-Par-
kin cells showed robust mitochondrial translocation of parkin
after mitochondrial depolarization with CCCP (Fig. S5 B and C).
However, Bax localization remained largely unchanged in either
the absence or presence of parkin (Fig. S5 B and C), indicating
divergent effects of apoptotic and mitophagic induction on the
cellular localization of Bax and parkin. Evaluation of live CHO
and MES cells demonstrated staurosporine-induced but not
CCCP-induced GFP-Bax translocation to mito-mCherry-labeled
mitochondria (Fig. S6 A and B), which was prevented by both
stable and transient parkin expression (Fig. S6 C-F), consistent
with the biochemical findings. Conversely, we found that CCCP
but not staurosporine induced translocation of GFP-Parkin (Fig.
S7), as previously shown (9).
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Discussion

Loss-of-function mutations within the PARK?2 locus, encoding
the ubiquitin E3 ligase parkin, are the most common cause of
autosomal recessive PD (3). Parkin expression has been associ-
ated with significant protection from a variety of toxic stressors
both in cell culture and in vivo [reviewed elsewhere (7)]. Al-
though numerous substrates have been proposed, few, if any,
speak directly to such a potent prosurvival mechanism. The
current study builds on the prior observation that parkin ex-
pression or deficiency induces a fundamental change in the cel-
lular vulnerability to stressors by altering the mitochondrial
response to stress. Here we show that parkin limits the mito-
chondrial pool of Bax at rest and during stress, which may be
sufficient to account for numerous reports of parkin-dependent
alterations in apoptosis observed in vivo (22, 23), at the whole
cell level in vitro (12), and even in isolated mitochondria (10).
The identification of a Bax E3 ligase expands the established
pathways for regulating Bax function to include ubiquitination as
a means of promoting cell survival and may also reconcile prior
findings of the de-ubiquitinating enzyme Ku70 potentiating Bax-
dependent cell death (24). Furthermore, these findings provide
insight into the neuronal consequences of parkin deficiency as
they relate to inherited defects in the Parkin gene or the nu-
merous stress conditions and posttranslational modifications that
disrupt normal parkin function [reviewed elsewhere (25)].
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Fig. 5. Parkin prevents stress-induced accumulation of Bax at the mito-
chondria. (A) MES and MES-Parkin cells were treated with vehicle (DMSO) or
1 uM staurosporine (Sts) for 5 h and subjected to cellular fractionation. The
fractions were probed for Bax, parkin, and the cytosol and mitochondrial
markers actin and TOM20, respectively. (B) Schematic representation of the
effects of parkin E3 ligase activity on the apoptotic function of Bax.

Here we demonstrate the parkin-dependent ubiquitination of
endogenous Bax using parkin stable and transiently transfected
dopaminergic MES cells and numerous MEF lines. In addition,
primary cultured neurons were studied to confirm the influence
of endogenous neuronal parkin. To validate that the ubiquiti-
nation of Bax observed in living cells (Fig. 2) was a direct rec-
ognition of Bax by the E3 ligase activity of parkin, and not
a downstream effect of parkin expression, we used purified Bax
and recombinant parkin, and likewise found a robust ubiquiti-
nation of Bax in vitro (Fig. 1D). In addition, we observed that
WT parkin, but not its pathogenic loss-of-function PD-linked
mutants, decreased the mitochondrial levels of Bax (Fig. 1C and
Fig. S24), consistent with the requirement for intact parkin E3
ligase activity to modulate Bax localization.

The physical interactions between a catalytically active E3 li-
gase and its substrate are transient, and therefore often difficult
to detect. However, catalytically inactive E3 ligase mutants may
bind their cognate substrates with a decreased off-rate, and may
be more readily detected in a complex (17); which has been
reported for parkin and its PD-linked mutants (18). Here, we
report in multiple cell lines that two distinct pathogenic parkin
mutants demonstrated greater association with endogenous Bax
than WT parkin (Fig. 34). In addition, an E3 ligase structurally
related to parkin, HHARI, did not associate with Bax (Fig. 3B).
Additional experiments explored the relationship between the
duration of parkin expression and changes in mitochondrial
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levels of Bax. Temporal changes in mitochondrial Bax after WT
parkin expression (Fig. S2B) mirrored the requisite duration of
parkin expression necessary to alter the mitochondrial threshold
for cytochrome c release (10). Several other cytoplasmic and
mitochondrial proteins known to participate in the complex
process of cytochrome c release in both proapoptotic and anti-
apoptotic roles were analyzed, but Bax was the only protein that
was consistently altered in a parkin-dependent manner (Fig. 1C).

Parkin has also been suggested to mediate neuroprotection via
its role in mitophagy. Indeed, numerous proteins at the outer mi-
tochondrial membrane have been found to be ubiquitinated fol-
lowing the induction of mitophagy and subsequent translocation of
parkin to mitochondria [reviewed elsewhere (26)]. However, it is
important to note that the effects of parkin on Bax that we report
here were observed both at rest and during the induction of apo-
ptosis (Fig. 54 and Fig. S7), conditions not consistent with CCCP-
induced parkin-dependent mitophagy. Furthermore, biochemical
and image-based analyses in multiple cell lines did not demonstrate
the translocation of parkin to the mitochondria during the in-
duction of apoptosis, but did demonstrate parkin-dependent effects
on Bax localization (Fig. 54 and Figs. S54 and S6), which differs
from our findings following CCCP treatment where parkin, but not
Bax, robustly translocates to mitochondria (Figs. S5 B and C, S6,
and S7). These data may further segregate the discrete parkin-de-
pendent effects on Bax reported here from the promiscuous ubig-
uitination of mitochondrial proteins recently reported during
mitophagy (27, 28), and indicate that the antiapoptotic and mito-
phagic functions of parkin proceed via different mechanisms, with
only mitophagy involving the mitochondrial translocation of parkin.

We speculate that the ubiquitination of Bax by parkin may de-
pend on conformational changes in Bax that allow for its recog-
nition by parkin. On the other hand, mitochondrial depolarization
may induce changes in parkin folding (i.e., unique access to the
UBL domain, phosphorylation by PINK1) that promote its mito-
chondrial translocation and facilitate the observed docking of the
proteasome adjacent to parkin-decorated mitochondria during
mitophagy (28). The hypothesis that a specific conformation or
pool of Bax is recognized by parkin is supported by the observation
that the cytosolic levels of Bax were not robustly affected by parkin
expression and that proteomic screens of whole tissue failed to
identify changes in Bax levels in parkin KO brain (29, 30). Con-
versely, it may also indicate that not all of the parkin-ubiquitinated
Bax is destined for degradation, as some studies suggest that
parkin can facilitate K63 ubiquitin linkages (31), which may alter
protein trafficking and not induce degradation. Further work will
be required to examine the precise biochemical fate of parkin-
ubiquitinated Bax in a neuronal context.

The ubiquitination of Bax has been argued to play a role in the
regulation of apoptotic cell death (24); however, the identity of
a specific E3 ligase responsible was previously unknown.
Therefore, the current data provide a missing link between de-
ubiquitination and the proapoptotic activity of Bax and mecha-
nisms for inhibiting Bax-dependent cell death via ubiquitination.
We propose that one of the likely critical functions that parkin
plays within the cell is to limit, via ubiquitination, the trans-
location of Bax to the mitochondria, thus dampening the apo-
ptotic response of the cell. These data directly address the
cellular resistance to apoptosis broadly observed following par-
kin expression in vitro and in vivo, and the intrinsic effect that
parkin expression or deficiency has on isolated mitochondria. We
recognize that other E3 ligases may ubiquitinate Bax (32), but
these may or may not influence Bax-dependent cell death. Based
on the unique vulnerability of the substantia nigra and locus
coeruleus in Parkin-null patients, however, we speculate that
parkin plays a specialized role in modulating Bax within these
discrete neuronal subpopulations. The interaction between parkin
and Bax may also play a role in the natural age-dependent de-
generation of catecholaminergic neurons in the normal human
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brain (33-35), which may be a consequence of the age-de-
pendent changes in parkin solubility (36) or stress-induced loss
of parkin function [reviewed elsewhere (25)].

Materials and Methods

Cell Culture, Plasmids, and Transfection Methods. All cell culture, plasmids, and
transfection methods used were previously described (10, 37-39). Mutant Bax
protein with all lysines replaced with arginines (Bax @-Lys) was engineered
by GenScript and subcloned into pcDNA 3.1(+) vector (Invitrogen).

Caspase 3/7 Assay. Caspase 3/7 activity was measured 18 h after drug treat-
ments using the SensoLyte AMC kit (AnaSpec) according to manufacturer’s
instructions, and quantified on a Synergy H1 (BioTek) plate reader.

IP, Cellular Fractionation, and Western Blot. Cellular lysates were subjected to
standard Western blotting conditions described in S/ Materials and Methods.
For IP, cells or neurons were treated with 10 pm MG-132 for 6 h before lysis.
Protein-normalized lysates were precleared with Protein-A agarose beads
(Roche Diagnostics) for 2 h at 4 °C and then immunoprecipitated using
a polyclonal Bax antibody conjugated to agarose beads (sc-493AC; Santa Cruz
Biotechnology) overnight at 4 °C. Beads were washed 3 x 15 min in 1x STEN
buffer (50 mM Tris, pH 7.6, 150 mM NacCl, 2 mM EDTA, 0.2% Nonidet P-40). Bax
was eluted 3x with an immunizing Bax peptide for the polyclonal antibody (sc-
493P; Santa Cruz Biotechnology). Eluates and starting lysates were subjected to
standard Western blotting conditions (antibodies and Western reagents used
detailed in S/ Materials and Methods). To produce cytosolic and mitochondrial
fractions, cells were homogenized and mitochondria pelleted as previously
described (10). In addition, the soluble supernatants were then centrifuged at
100,000 x g for 1 h to achieve a pure cytosolic fraction. All experiments were
performed in triplicate, and representative images are shown.
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In Vitro Ubiquitination Assay. To the Master Mix (50 mM Tris-HCl pH 7.5, 2 mM
MgCl;, 4 mM ATP, 1 pg/uL Flag-ubiquitin), E1 (UBE1; Boston Biochem), E2
(UbcH7; Boston Biochem), Hisg-Parkin (E3-150; Boston Biochem), and full-length
human Bax protein, generated and purified as described (40), were added as
required and incubated at 37 °C for 90 min. Bax was immunoprecipitated as
above, and equal volumes of each sample were prepared for Western blot
analysis. Blots were probed for ubiquitin by Flag antibody (M2, Sigma).

Immunocytochemistry. Bax/Bak dKO MEFs with and without stable parkin
expression were plated into poly-b-lysine—coated, two-well CultureSlides (BD
Biosciences). Cells were transiently transfected with empty vector, Bax WT, or
Bax @-Lys and treated with vehicle (DMSO) or 10 uM etoposide for 18 h. Cells
were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton-X,
and immunostained for Bax (sc-7480; Santa Cruz Biotechnology) and cleaved
caspase 3 (9661S; Cell Signaling). Cy2- and Cy3-conjugated secondary anti-
bodies were purchased from Jackson ImmunoResearch. Slides were cover-
slipped and confocal images were acquired using a Zeiss LSM 510 microscope.
Images were coded and given to a blinded observer who scored the per-
centage of Bax-transfected cells (green) that contained cleaved caspase (red).

Statistical Analysis. Caspase 3/7 activity data and cleaved caspase 3 quanti-
fication were compared using one-way ANOVAs, followed by Tukey’s post
hoc analyses.
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