
Bak apoptotic function is not directly regulated by
phosphorylation
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During apoptosis, Bak and Bax permeabilize the mitochondrial outer membrane by undergoing major conformational change
and oligomerization. This activation process in Bak is reported to require dephosphorylation of tyrosine-108 close to an
activation trigger site. To investigate how dephosphorylation of Bak contributes to its activation and conformational change,
one-dimensional isoelectric focusing (1D-IEF) and mutagenesis was used to monitor Bak phosphorylation. On 1D-IEF, Bak
extracted from a range of cell types migrated as a single band near the predicted isoelectric point of 5.6 both before and after
phosphatase treatment, indicating that Bak is not significantly phosphorylated at any residue. In contrast, three engineered
‘phosphotagged’ Bak variants showed a second band at lower pI, indicating phosphorylation. Apoptosis induced by several
stimuli failed to alter Bak pI, indicating little change in phosphorylation status. In addition, alanine substitution of tyrosine-108
and other putative phosphorylation sites failed to enhance Bak activation or pro-apoptotic function. In summary, Bak is not
significantly phosphorylated at any residue, and Bak activation during apoptosis does not require dephosphorylation.
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The mitochondrial pathway of apoptosis is regulated princi-
pally by the Bcl-2 protein family.1,2 Each family member
contains up to four Bcl-2 homology (BH) domains. The BH3-
only members such as Bid and Bim contain just one BH
domain, and act as triggers of apoptosis. Two other pro-
apoptotic proteins, Bak and Bax, contain all four BH domains,
and participate in the key step of pore formation in the
mitochondrial outer membrane.3,4 The pro-survival proteins,
including Bcl-2 and Mcl-1, also contain all four BH domains,
and act by sequestering both the BH3-only proteins and
activated Bak and Bax.5–7 Interactions between family
members involve binding of the BH3 domain of pro-apoptotic
proteins to a surface hydrophobic groove, with sequence
differences determining binding affinity.8,9 Thus, cell death is
regulated by the relative levels of Bcl-2 proteins, and by
specific binding between members.

Non-activated Bak and Bax contain nine a-helices, with the
hydrophobic a5-helix surrounded by amphipathic helices.
During apoptosis, Bak and Bax activation involves major
conformational change including exposure of N-terminal
epitopes and the BH3 domain (a2), with the latter able to
bind to the hydrophobic groove (a3–a5) of another activated
molecule to generate symmetric homodimers.10–12 These
symmetric dimers are thought to multimerize to form the high
order oligomers that permeabilize mitochondria, perhaps via
self-association of the a6-helices.13 Activation of Bak and Bax

is triggered by binding of the ‘activator’ BH3-only proteins
(e.g. Bid and Bim) to the hydrophobic groove in Bak,9 and
perhaps the a1/a6 region in Bax.14 Thus, the hydrophobic
groove is a critical site for Bak activation as well as its
homodimerization.

Phosphorylation of several Bcl-2 family proteins regulates
their apoptotic function (reviewed in15). For example, phos-
phorylation-mediated ubiquitination accounts in part for the
short half-life of Mcl-1.16–18 Bim half-life is increased by
phosphorylation at certain residues,19 but decreased by
phosphorylation elsewhere.20 Phosphorylation of Bax at
several residues has been linked to altered apoptotic function
including altered mitochondrial translocation.15

Evidence of Bak phosphorylation derives from studies
performed by two groups. In early studies, multiple Bak
species following two-dimensional electrophoresis suggested
multiple post-translational modifications, although the role of
phosphorylation was not investigated.21 More recently, two-
dimensional electrophoresis also showed multiple Bak spe-
cies, with phosphatase treatment increasing the pI to that
predicted (5.6) for Bak.22,23 In addition, Bak shifted to a higher
pI after apoptotic signaling, suggesting that Bak was dephos-
phorylated during apoptosis. Analysis of the Bak a4 region by
mass spectroscopy indicated phosphorylation at four
sites (Y108, Y110, T116 and S117). Notably, Y108 depho-
sphorylation appeared necessary for Bak activation and

1Molecular Genetics of Cancer Division, The Walter and Eliza Hall Institute of Medical Research, Parkville, Victoria, Australia and 2Department of Medical Biology,
The University of Melbourne, Parkville, Victoria, Australia
*Corresponding author: RM Kluck, Molecular Genetics of Cancer Division, The Walter and Eliza Hall Institute of Medical Research, Parkville, Victoria 3050, Australia.
Tel: þ 61 03 9345 2487; Fax: þ +61 03 9347 0852; E-mail: kluck@wehi.edu.au
3These authors contributed equally to this manuscript.

Received 15.11.12; accepted 21.11.12; Edited by G Raschellá
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conformational change, as alanine substitution at this position
increased Bak activation and pro-apoptotic function.22,23

Given that a4 forms part of the canonical hydrophobic
groove, a region implicated in both the activation and homo-
oligomerization of Bak,9,10 we explored how phosphorylation
alters Bak function. Although one-dimensional isoelectric
focusing (1D-IEF) readily detected phosphorylation of ‘phos-
photagged’ Bak, phosphorylation of untagged, wild-type Bak
(wtBak) was not evident in any cell type or condition examined.
In addition, Bak pro-apoptotic function was unchanged by
alanine or cysteine substitution of Y108, Y110, T116 or S117.
These findings strongly argue that dephosphorylation of Bak is
not required for its activation or function.

Results

1D-IEF to assess Bak phosphorylation. Bak phosphoryla-
tion has previously been analyzed by two-dimensional gel
electrophoresis.21,23 In this technique, the first dimension is
isoelectric focusing (IEF) of a single sample to separate
proteins on the basis of charge, and the second dimension is
SDS-PAGE to separate on the basis of molecular weight.
Here we used one-dimensional IEF as it allowed comparison
of multiple Bak samples in the same gel.24,25

As found for most membrane proteins,26 IEF of Bak was
initially problematic, and required significant optimization of
detergents and other buffer components to efficiently extract
Bak from the mitochondrial outer membrane, and to focus the
protein in the IEF gel. Once achieved however, human Bak
(hBak) expressed in Bak� /�Bax� /� mouse embryonic
fibroblasts (MEFs) routinely ran as a single species that
focused near the predicted pI of 5.6 (Figure 1, lane 2). This pI
reflects that of Bak in intact cells, as the same band was evident
when membranes were prepared in the presence of a cocktail
of phosphatase inhibitors, or only the tyrosine phosphatase
inhibitor, sodium orthovanadate (Figure 1, lanes 3 and 4). Bak
pI was also unaltered by incubation with l-phosphatase to
dephosphorylate all serine, threonine and tyrosine residues
(Figure 1, lane 5). The IEF conditions could detect added
negative charges as labeling with 4-acetamido-40-[(iodoacety-
l)amino]stilbene-2,20-disulfonic acid (IASD) lowered Bak pI
(Figure 1, lane 6). IASD contains two negative charges, and
therefore imparts two or four negative charges when bound to
one or both cysteines in Bak. These results suggest that Bak is
not significantly phosphorylated in these cells.

To directly verify that our IEF conditions could detect Bak
phosphorylation, we generated three Bak variants with
N-terminal ‘phosphotags’ containing the protein kinase A
(PKA) phosphorylation motif R/KR/KXpS/pT (Figure 2a).
In phospho1Bak, the N-terminal tag contains five residues
(RRASL) based on BimEL sequence (80RRSSL84) that is
constitutively phosphorylated by PKA in MEFs.19 As Ser83 is
the target of PKA, Ser82 was substituted for alanine to ensure
a single phosphorylation target. As a control for no phosphor-
ylation within this tag, Ser83 was replaced with alanine
(phospho1S-ABak). A second variant, phospho2Bak, was based
on a sequence (126EILSRRPSYR135) from the CREB (cAMP
response element binding) protein. This tag had the potential
to be phosphorylated at two serine residues, as phosphoryla-
tion of the second serine by PKA converts the first serine into a

substrate of glycogen synthase kinase-3.27 A third variant,
phospho3Bak, contains the HA-tag (DYPYDVPDYA) together
with a linking sequence (TRR) that generates the RRASG
sequence. Thus, all three phosphotagged Bak variants
contained the PKA phosphorylation motif at the N-terminus,
and had the potential to be serine phosphorylated at one or
two positions.

Each phosphotagged Bak variant was stably expressed in
Bak� /�Bax� /� MEFs, and shown to retain pro-apoptotic
function (data not shown). IEF of mitochondria-enriched
membrane fractions showed two bands in each phospho-
tagged variant (Figure 2b). Upper bands focused to the pI of
non-phosphorylated variants, whereas the lower bands
represented the phosphorylated forms, as they were lost
following l-phosphatase treatment and were not present in
the phospho1S-ABak sample. Only one serine in the tag of
phospho2Bak appeared to be phosphorylated. In summary, a
serine in each tag was efficiently phosphorylated in MEFs.
More importantly, the ability to detect Bak with a single
modification confirms that wild-type hBak stably expressed in
MEFs is not significantly phosphorylated.

On SDS-PAGE, the phosphotagged Bak variants displayed
aberrant migration (Figure 2c and Supplementary Figure 1).
Firstly, phosphorylation caused slow migration of phospho3Bak,
but not the other phosphotagged Bak variants (Figure 2c).
This is occasionally observed (e.g. Bim19), despite little
contribution of a phosphate group to the molecular weight.
Secondly, the phosphotagged Bak variants (except for
phosphorylated phospho3Bak) ran at a lower molecular weight
than wtBak, despite 5–12 additional residues (Figure 2c). This
faster migration correlated with the presence of two positively
charged residues (RR) in each tag (Supplementary Figure 1).
Differences in SDS binding may underlie both the slow
(negative PO4 group) and fast (positive RR residues)
migration of these Bak variants on SDS-PAGE.28

Figure 1 Bak runs as a single band at the predicted isoelectric point on IEF.
Membrane fractions from Bak� /�Bax� /� MEFs or those cells expressing wild-
type hBak were run on one-dimensional IEF gels (pH 3–7) and immunoblotted for
Bak. Where indicated, samples were prepared in the presence of a mixture of
phosphatase inhibitors (J; b-glycerophosphate, sodium molybdate, sodium
pyrophosphate, sodium fluoride and sodium orthovanadate), or a single tyrosine
phosphatase inhibitor (N; sodium orthovanadate). Also where indicated, samples
were incubated with l-phosphatase (l-ppase) or the sulfhydryl labeling agent,
IASD. Data are representative of three independent experiments
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The phosphotagged Bak variants also helped to calibrate
the pI gradient of IEF gels (Supplementary Figure 2a), and to
show that phosphatase inhibitors present during Bak
extraction were effective in blocking dephosphorylation
(Supplementary Figure 2b).

Bak phosphorylation is not evident in a variety of cell
lines. We next investigated whether endogenous Bak
expressed in cells other than Bak� /�Bax� /� MEFs might
be phosphorylated, as reported for HT1080 cells and hBak
expressed in Bak� /� MEFs23 and perhaps Jurkat cells.21

Membrane fractions from a range of human and mouse cell
lines were solubilized and assessed by IEF, but failed to
show phosphorylation of either human or mouse Bak
(Figure 3). Mouse Bak extracted from mouse-liver mitochon-
dria or from primary MEFs also migrated as a single band
before and after phosphatase treatment (Supplementary
Figure 3). Thus, Bak is not significantly phosphorylated in
either transformed or non-transformed cells.

Bak phosphorylation status does not change during
apoptosis. When analyzed by two-dimensional gel electro-
phoresis, Bak pI increased significantly when HT1080 cells

underwent apoptosis induced by camptothecin or UV,23

although not during Jurkat-cell apoptosis induced by stauro-
sporine.21 Thus we examined whether our IEF conditions
would detect a change in Bak pI during apoptosis. MEFs
were incubated with etoposide, staurosporine or camptothe-
cin for 24 h, at which time around 50% of Bak was activated
and formed homo-oligomers as shown by cysteine linkage
(Figure 4a). However, no change in Bak pI was apparent
(Figure 4b), indicating that Bak phosphorylation status does
not change significantly during apoptosis. UV-treatment of
MEFs also failed to alter Bak pI (data not shown).

Bak is not recognized by antibodies to phosphotyrosine.
We next examined tyrosine phosphorylation specifically, as
phosphorylation of Bak at Y108 was detected by mass
spectroscopy, and proposed to block Bak activation.22,23

After enriching for Bak by immunoprecipitation, even under
cell-culture conditions where tyrosine phosphatases were
blocked by sodium pervanadate, pTyr-containing Bak was
not detected by one antibody to phosphotyrosine (Figure 5).

Non-phosphorylatable Bak retains pro-apoptotic func-
tion. Mutagenesis was then used to specifically address the

Figure 2 Phosphotagged Bak variants confirm that IEF conditions can detect phosphorylated Bak. (a) Three tags containing the PKA phosphorylation motif (R/KR/KXpS/
pT, underlined) were added to the Bak N-terminus to generate positive controls of Bak phosphorylation. phospho1S-ABak, which lacks serine in the tag, was generated as a
negative control. Phosphorylatable serine residues are indicated (bold). pI and MW were calculated at http://web.expasy.org/protparam/, with a serine to glutamate substitution
representing phosphorylation. (b) IEF detects phosphorylated Bak variants. Membrane fractions from Bak� /�Bax� /� MEFs expressing the indicated phosphotagged Bak
variants were prepared in the presence of sodium orthovanadate, then resuspended in wash buffer, and incubated with or without l-phosphatase before running on IEF and
immunoblotting for Bak. *Phosphorylated species. Note that a lower band in the phospho1S-ABak samples was not evident in other experiments. (c) SDS-PAGE detects
phosphorylation of phospho3Bak. Samples prepared for IEF in (b) were supplemented with SDS sample buffer and run on reducing SDS-PAGE before immunoblotting for Bak.
Data are representative of three independent experiments
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role of putative Bak phosphorylation sites. Mass spectro-
metry of the Bak a4 region had shown phosphorylation not
only at Y108, but at Y110, T116 and S117.23 As these
residues are located in or near the hydrophobic groove
(Figure 6a), their phosphorylation may alter binding and/or
activation by BH3-only proteins. We thus substituted alanine
at Y108, T116 or S117. We had previously substituted Y110
with the non-phosphorylatable cysteine and found no change
in pro-apoptotic function.10 When stably expressed in Bak� /

�Bax� /� MEFs, each alanine-substituted Bak was first
assessed by IEF for an increase in pI (Figure 6b). However,
each variant migrated as a single band at the predicted pI
(same as wtBak), verifying that these specific sites are not
phosphorylated in Bak.

When treated with increasing doses of etoposide or
campothecin, BakY108A showed similar pro-apoptotic func-
tion to wtBak (Figure 6c), in contrast to previous findings.23

Likewise, BakT116A showed similar pro-apoptotic function to
wtBak, whereas BakS117A appeared slightly less functional,
at least in response to camptothecin (Figure 6c). Whereas
decreased function of BakS117A cannot be attributed to
changes in phosphorylation (e.g. Figure 6b), serine substitu-
tion may alter Bak stability and propensity to undergo
conformational change. Accordingly, S117 substitution with
glutamate (initially generated to mimic phosphorylation)
resulted in very low protein levels (data not shown).

Time-course experiments and Bak-activation assays
further addressed whether BakY108A was more susceptible
to activation as proposed.23 However, BakY108 and wtBak
showed equal onset of apoptosis following etoposide,
camptothecin or staurosporine (Figure 7a), including the use
of polyclonal cell lines derived by retroviral transduction on
three occasions (data not shown). In addition, conversion of

BakY108A to the activated conformation was not greater than
that of wtBak when assessed by exposure of the Ab-1
N-terminal epitope (Figure 7b). These mutagenesis studies

Figure 3 Bak phosphorylation is not evident in a panel of human and mouse
cells. Membrane fractions from the indicated cell lines were incubated with or
without l-phosphatase, run on IEF and immunoblotted for Bak. Note that hBak in
lanes 3 and 4 focused unevenly due to non-uniform isoelectric gradient sometimes
observed in these gels, but focused at the same pI in a repeat gel. Mouse Bak
predicted pI is 5.79. *Phosphorylated species. Data are representative of three
independent experiments

Figure 4 Bak phosphorylation does not change during apoptosis. (a) Bak
activation and oligomerization following apoptosis. Bak� /�Bax� /� MEFs express-
ing wild-type hBak were incubated with etoposide (10mM), staurosporine (2.5mM) or
camptothecin (6mM) for 24 h in the presence of the caspase inhibitor Q-VD-OPh.
Membrane fractions were then incubated with oxidant (CuPhe) to induce disulfide
linkage, and run on non-reducing SDS-PAGE before immunoblotting for Bak to reveal
monomers (M), intramolecular disulfide-linked monomers (Mx), dimers (D) and trimers
(T). (b) Bak pI does not change during apoptosis. Cells were treated as in (a), and
membrane fractions analyzed by IEF and immunoblotted for Bak. As a positive control
for Bak phosphorylation, lanes 1 and 2 contain membrane fractions from cells
expressing phospho1Bak treated with or without l-phosphatase. *Phosphorylated
species. Data are representative of three independent experiments

Figure 5 Bak tyrosine phosphorylation is undetectable even after inhibition of
tyrosine phosphatases in cell culture. Bak� /�Bax� /� MEFs expressing wild-type
hBak were treated with sodium pervanadate (H6Na3VO10), an inhibitor of tyrosine
phosphatases, for 20 or 40 min. Membrane fractions were then prepared in the
presence of phosphatase inhibitor cocktail, washed and incubated with or without
l-phosphatase prior to its lysis in 1% digitonin. Aliquots were immunoprecipitated
for Bak and run alongside lysates on SDS-PAGE and immunoblotted with anti-
phosphotyrosine antibody (top), then reblotted for Bak (bottom). A 50-kD band in
immunoprecipitated samples is IgG heavy chain. Data are representative of three
independent experiments
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confirm that phosphorylation at Y108 (or Y110, S116 and
T117) does not have an impact on the ability of Bak to be
activated or to mediate apoptosis.

Discussion

Bak and Bax are the key apoptotic effectors. Hence,
the molecular mechanisms by which they become activated
are of intense interest due to the therapeutic benefits of
altering Bak and Bax activation.1,29 We have reported that a
key step in Bak (and Bax) apoptotic function involves
reciprocal interaction of the BH3 domain with the canonical
hydrophobic groove of a partner molecule to form homo-
dimers.10,11,30 The hydrophobic groove is also a binding
site for direct activator BH3-only proteins Bid, Bim and
Noxa.9 Therefore, reports that Y108 in the Bak groove is
constitutively phosphorylated, and that dephosphorylation is a
requisite event for Bak activation,22,23 prompted us to
examine the mechanism involved.

Using 1D-IEF, immunoprecipitation and mutagenesis, we
found no evidence of Bak phosphorylation in several mouse
and human cell lines, including after apoptosis. As blockade of
Bak-mediated apoptosis by phosphorylation (or by any other
means), would require a significant portion of the protein to be
modified, our results argue that Bak activation does not
require dephosphorylation at any residue. Our findings do not
exclude cell-specific or context-specific roles for Bak

phosphorylation, however, cells reported to support multiple
Bak phosphorylation21,23 did not do so when assessed by IEF
conditions that readily detected phosphorylation of three
phosphotagged Bak variants.

Our IEF conditions differ significantly from those previously
used for Bak.21,23 First, we found that the detergent ASB-16
and thiourea were both critical for the efficient extraction and
isoelectric focusing of Bak, with other detergents including
ASB-14, digitonin and TritonX-100 resulting in poor focusing.
Second, the use of 1D-IEF allowed direct comparison of
several Bak samples in each gel, controlling for variation in
sample preparation and gel integrity. The current IEF
approach could be used to examine post-translational
modifications, including phosphorylation, of other membrane
proteins, including other Bcl-2 family members.

Mutation of three putative phosphorylation sites in the Bak
a4-helix also failed to support a role for phosphorylation within
the hydrophobic binding groove in regulating Bak apoptotic
function. In particular, substitution of Y108 with alanine did not
alter Bak activation, oligomerization or apoptotic function.
This contrasts with reports that BakY108A was more readily
activated than wtBak.22,23 Whereas the reasons for this
discrepancy are not clear, in those studies BakY108A
function was tested in Bak� /�MEFs and HCT116 cells that
express Bax. As Bak and Bax can associate during
apoptosis,11 the Y108A mutation may increase Bak binding
to Bax to facilitate apoptosis. However, it is clear that in the

Figure 6 Mutagenesis of putative phosphorylation sites in the a4-helix does not alter Bak function. (a) Four putative phosphorylation sites are positioned near
the hydrophobic groove of Bak. Cartoon representation of non-activated Bak (2IMT;36) with a2–a4 region of the groove highlighted (black). Sidechains of four putative
phosphorylated residues are shown. (b) Alanine substitution in a4 does not alter Bak pI. Membrane fractions from Bak� /�Bax� /� MEFs expressing the indicated Bak
variants were treated with or without l-phosphatase and run on IEF prior to immunoblotting for Bak. Data are representative of three independent experiments. (c) Alanine
substitution at Y108, T116 or S117 does not alter Bak function. Cells in (b) were treated with etoposide or camptothecin for 24 h, and assessed for cell death (propidium iodide
uptake). Bak levels prior to apoptosis are also shown (insert). Cell death (%) is expressed as mean±S.D. of three independent experiments
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absence of Bax, BakY108A does not kill more efficiently than
wtBak (Figures 6 and 7).

Our studies have not examined whether Bak phosphoryla-
tion contributes to its degradation and turnover, as reported
for several other Bcl-2-family members.15 Given the relatively
long half-life of Bak (424 h in MEFs),31 only a small portion of
Bak may be phosphorylated at any one time, and thus not
detected on IEF. Further analysis is required to determine
whether phosphorylation of Bak, perhaps at Y108 and other
sites identified by mass spectrometry,23 are important for Bak-
protein turnover.

Whereas our results show that Bak apoptotic function is not
directly regulated by phosphorylation, multiple targets
upstream of Bak may be regulated by phosphorylation, and
thus account for the ability of MEK/ERK signaling and PTPN5
to regulate Bak-mediated apoptosis.22,23 Bim and Mcl-1 are
just two candidates, as they both regulate Bak, and both are
regulated by phosphorylation.32 Careful examination of such
pathways may well identify important therapeutic targets.

Materials and Methods
Cell culture. MEFs were generated from C57BL/6 Bak� /�Bax� /� mouse
embryos and transformed with SV40 large T as described.33 MEFs and HT1080
(human fibrosarcoma) cell lines were maintained in Dulbecco’s Modified Eagles
medium (DMEM) supplemented with 10% fetal calf serum (FCS), 250 mM
L-asparagine and 55mM 2-mercaptoethanol. HeLa (human epithelial) and HCT116
(human colorectal carcinoma) cells were maintained in DMEM supplemented with
10% FCS. WEHI-231 (human B lymphocyte) cells were maintained in DMEM
KELSO supplemented with 10% FCS, 1 mM L-asparagine, 55mM 2-mercap-
toethanol, 1� non-essential amino acids and 1 mM L-glutamine.

Bak constructs and retroviral expression. N-terminal-phosphotagged
Bak variants were generated by PCR mutagenesis, and alanine substitution of
putative phosphorylated sites performed by site-directed mutagenesis and overlap
extension PCR (primer sequences available on request). Bak variants were then
stably expressed in Bak� /�Bax� /� MEFs by transduction with pMX-IG (IRES-
GFP) retroviral constructs, and GFP-positive cells sorted to obtain polyclonal
populations.10

Apoptosis assays. Apoptosis was initiated by exposure of cells to UV
(100 J/m2) or by addition of the indicated concentrations of etoposide, staurosporine
(Sigma-Aldrich, St Louis, MO, USA) or camptothecin (Calbiochem, Merck KGaA,
Darmstadt, Germany). Cell death after 24-h incubation (unless indicated otherwise)
was assessed by propidium iodide uptake using flow cytometry.10

Preparation of mitochondrial fractions using phosphatase and
inhibitor treatments. To prepare membrane fractions enriched for
mitochondria, cells were resuspended (1� 107 cells/ml) in permeabilization buffer
(250 mM sucrose, 20 mM HEPES, pH 7.5, 50 mM KCl, 2.5 mM MgCl2, 0.025%
digitonin (Calbiochem), Complete protease inhibitor cocktail (Roche, Basel,
Switzerland) and 4 mg/ml pepstatin A (Sigma-Aldrich)), and incubated on ice for
10 min. Permeabilized cells were then centrifuged at 13 000� g for 5 min to obtain
the membrane fraction containing mitochondria.

To block phosphatases in membrane fractions, permeabilization buffer was
supplemented with either 2 mM activated sodium orthovanadate (Na3VO4) alone, or
a cocktail of phosphatase inhibitors (5 mM b–glycerophosphate, 1 mM sodium
molybdate, 2 mM sodium pyrophosphate, 10 mM sodium fluoride and 2 mM
activated Na3VO4 (each from Sigma-Aldrich)). Activated Na3VO4 was prepared as
previously described.34 Briefly, the Na3VO4 solution (200 mM in water) was adjusted
to pH 10 and boiled until colorless. After cooling to room temperature, the process
was repeated until the solution remained colorless and the pH had stabilized at 10.
Aliquots were stored at � 201C.

To inhibit tyrosine phosphatases during cell culture, sodium pervanadate
(H6Na3VO10), which is cell permeable, was first generated by combining activated

Figure 7 BakY108A is not more readily activated than wtBak. (a) Onset of BakY108A-mediated apoptosis is equivalent to that of wtBak. Bak� /�Bax� /� MEFs
expressing wt or Y108A Bak were treated with etoposide (10mM), camptothecin (6mM) or staurosporine (12.5mM), and tested at the indicated time points for propidium iodide
uptake. Cell death (%) is expressed as mean±S.D. of three independent experiments. (b) Exposure of the Ab-1 epitope in BakY108A following apoptosis is not more rapid
than for wtBak. Cells treated for 24 h as in (a) and also with UV, in the presence of the caspase inhibitor Q-VD-OPh, were analyzed for Ab-1 exposure by flow cytometry. Cell
detection with Ab-1 antibody (solid lines) or with secondary antibody only (broken lines) is shown. Cells (%) with Ab-1 exposure (to the right of marker) are indicated. Data
are representative of three independent experiments
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Na3VO4 (200 mM) with an equal volume of hydrogen peroxide (0.4 M) and
incubating at room temperature for 10 min. The resulting sodium pervanadate was
immediately added to cells at 1 mM.34,35

To dephosphorylate at all serine, threonine and tyrosine residues, membrane
fractions from permeabilized cells were resuspended in wash buffer (300 mM
sucrose, 10 mM Tris-HCl pH 7.4, 1 mM EDTA, Complete protease inhibitors, and
4mg/ml pepstatin A) to remove the majority of the phosphatase inhibitors, and
treated with l-phosphatase (New England Biolabs, Ipswich, MA, USA) at 30 1C for
30 min according to the manufacturer’s protocol. The reaction was stopped by
adding either IEF or SDS-PAGE sample buffer.

SDS-PAGE and immunoblotting. SDS-PAGE was performed using 4–20
or 12% pre-cast Tris-glycine gels (Bio-Rad, Hercules, CA, USA). Samples
were loaded according to equal cell number and transferred to polyvinylidene
fluoride (PVDF) membranes. Bak was detected using rabbit polyclonal antibody
(B5897, Sigma). Phosphorylated tyrosine was detected with an anti-pTyr
antibody (PY99, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Secondary
anti-rabbit and anti-mouse horseradish peroxidase-conjugated antibodies
(Southern Biotech, Birmingham, AL, USA) were detected using Luminata Forte
Western HRP substrate (Millipore, Billerica, MA, USA) and digital imaging (BioRad
ChemiDoc XRSþ System).

1D-IEF. Membrane fractions prepared in permeabilization buffer supplemented
with phosphatase inhibitor cocktail were resuspended (1� 107 cells/ml) in wash
buffer, and where indicated by treating with l-phosphatase. Samples were then
solubilized by addition of 1% ASB-16 (w/v; Merck, Darmstadt, Germany), incubated for
30 min on ice and spun at 13 000� g for 5 min at 4 1C to remove unsolubilized cell
debris. The supernatant was combined with an equal volume of IEF sample buffer (7 M
urea, 2 M thiourea, 2% CHAPS, complete protease inhibitor, 4mg/ml pepstatin A,
50 mM DTT, 1% ASB-16 and 0.04% bromophenol blue), and 25ml immediately loaded
onto Novex, pH 3–7 IEF gels (Invitrogen, Carlsbad, CA, USA). Gels were focused with
increasing voltage (100 V for 1 h, 200 V for 1 h, 500 V for 30 min) powered by the
Consort EV265 power pack (Consort, Turnhout, Belgium). Gels were then soaked for
5 min in SDS buffer (75 mM Tris/HCl, pH 6.8, 0.6% SDS, 15% glycerol) and transfered
at 40 mA for 2.5 h to PVDF membranes, and immunoblotted as for SDS-PAGE.
Samples prepared for IEF were sometimes also run on SDS-PAGE after addition of an
equal volume of SDS sample buffer.

Detecting Bak activation and oligomerization. Bak activation and
oligomerization was monitored by disulfide linkage between endogenous cysteines
(C14 and C166) in hBak, as previously described.10 Briefly, membrane fractions
were incubated with the oxidant copper(II)(1,10-phenanthroline)3 (CuPhe) on ice
for 30 min before quenching the reaction with 20 mM EDTA, and then run on non-
reducing SDS-PAGE. Activated Bak was also detected by exposure of the Ab-1
epitope as previously described.10

Bak immunoprecipitation. To assess Bak tyrosine phosphorylation in
sodium pervanadate-treated MEFs, membrane fractions prepared in permeabiliza-
tion buffer supplemented with phosphatase inhibitor cocktail were resuspended in
permeabilization buffer containing 1% digitonin and incubated on ice for 30 min to
solubilize Bak. The resulting lysate was immunoprecipitated using the 7D10 anti-
Bak antibody that recognizes all forms of hBak.10
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