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BAD is a proapoptotic member of the Bcl-2 protein family
that is regulated by phosphorylation in response to survival fac-
tors. Although much attention has been devoted to the identifi-
cation of phosphorylation sites in murine BAD, little data are
available with respect to phosphorylation of human BAD pro-
tein. Using mass spectrometry, we identified here besides the
established phosphorylation sites at serines 75, 99, and 118 sev-
eral novel in vivo phosphorylation sites within human BAD
(serines 25, 32/34, 97, and 124). Furthermore, we investigated
the quantitative contribution of BAD targeting kinases in phos-
phorylating serine residues 75, 99, and 118. Our results indicate
that RAF kinases represent, besides protein kinase A, PAK, and
Akt/protein kinase B, in vivo BAD-phosphorylating kinases.
RAF-induced phosphorylation of BAD was reduced to control
levels using the RAF inhibitor BAY 43-9006. This phosphoryla-
tion was not prevented by MEK inhibitors. Consistently, expres-
sion of constitutively active RAF suppressed apoptosis induced
by BAD and the inhibition of colony formation caused by BAD
could be prevented by RAF. In addition, using the surface plas-
mon resonance technique, we analyzed the direct consequences
of BAD phosphorylation by RAF with respect to association with
14-3-3 and Bcl-2/Bcl-X; proteins. Phosphorylation of BAD by
active RAF promotes 14-3-3 protein association, in which the
phosphoserine 99 represented the major binding site. Finally,
we show here that BAD forms channels in planar bilayer mem-
branes in vitro. This pore-forming capacity was dependent on
phosphorylation status and interaction with 14-3-3 proteins.
Collectively, our findings provide new insights into the regula-
tion of BAD function by phosphorylation.

Apoptosis is a genetically programmed, morphologically dis-
tinct form of cell death that can be triggered by a variety of
physiological and pathological stimuli (1-3). This form of cel-
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lular suicide is widely observed in nature and is not only
essential for embryogenesis, immune responses, and tissue
homeostasis but is also involved in diseases such as tumor
development and progression. Bcl-2 family proteins play a piv-
otal role in controlling programmed cell death. The major func-
tion of these proteins is to directly modulate outer mitochon-
drial membrane permeability and thereby regulate the release
of apoptogenic factors from the intermembrane space into the
cytoplasm (for a recent review, see Ref. 4). On the basis of var-
ious structural and functional characteristics, the Bcl-2 family
of proteins is divided into three subfamilies, including proteins
that either inhibit (e.g. Bcl-2, Bcl-X;, or Bcl-w) or promote pro-
grammed cell death (e.g. Bax, Bak, or Bok) (5, 6). A second
subclass of proapoptotic Bcl-2 family members, the BH3%-only
proteins, comprises BAD, Bik, Bmf, Hrk, Noxa, truncated Bid,
Bim, and Puma (4). BH3-only proteins share sequence homol-
ogy only at the BH3 domain. The amphipathic helix formed by
the BH3 domain (and neighboring residues) associates with a
hydrophobic groove of the antiapoptotic Bcl-2 family members
(7, 8). Originally, truncated Bid has been reported to interact
with Bax and Bak (9), suggesting that some BH3-only proteins
promote apoptosis via at least two different mechanisms: inac-
tivating Bcl-2-like proteins by direct binding and/or by induc-
ing modification of Bax-like molecules. BAD (Bcl-2-associated
death promoter, Bcl-2 antagonist of cell death) was described to
promote apoptosis by forming heterodimers with the prosur-
vival proteins Bcl-2 and Bcl-X;, thus preventing them from
binding with Bax (10). More recently, two major models have
been suggested for how BH3-only proteins may induce apopto-
sis. In the direct model, all BH3-only proteins promote cell
death by directly binding and inactivating their specific anti-
death Bcl-2 protein partner (11, 12). In this model, the relative
killing potency of different BH3-only proteins is based on their
affinities for antiapoptotic proteins. Thus, the activation of Bax/
Bak would be mediated through their release from antiapopto-

2The abbreviations used are: BH3, Bcl-2 homology domain 3; mBAD,
mouse BAD; hBAD, human BAD; R/L, activated by co-transfection with
Ras12V and Lck; LBD, lipid binding domain; PKA, protein kinase A; PKB,
protein kinase B; ERK, extracellular signal-regulated kinase; PBS, phos-
phate-buffered saline; GST, glutathione S-transferase; ESI, electrospray
ionization; MS, mass spectrometry; LC, liquid chromatography; MEK,
mitogen-activated protein kinase/extracellular signal-regulated kinase
kinase.
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tic counterparts. Contrary to this model, Kim et al. (13) pro-
vided support for an alternative hierarchy model, in which BH3-
only proteins are divided into two distinct subsets. According
to this model, the inactivator BH3-only proteins, like BAD,
Noxa, and some others, respond directly to survival factors,
resulting in phosphorylation, 14-3-3 binding, and suppression
of the proapoptotic function. In the absence of growth factors,
these proteins engage specifically their preferred antiapoptotic
Bcl-2 proteins. The targeted Bcl-2 proteins then release the
other subset of BH3-only proteins designated the activators
(truncated Bid, Bim, and Puma) that in turn bind to and activate
Bax and Bak.

Non-phosphorylated BAD associated with Bcl-2/Bcl-X; is
found at the outer mitochondrial membrane. Phosphorylation
of specific serine residues, Ser-112 and Ser-136 of mouse BAD
(mBAD) or the corresponding phosphorylation sites Ser-75
and Ser-99 of human BAD (hBAD), results in association with
14-3-3 proteins and subsequent relocation of BAD (14, 15).
Phosphorylation of mBAD at Ser-155 (Ser-118 of hBAD) within
its BH3 domain disrupts the association with Bcl-2 or Bcl-X,,
promoting cell survival (16). Therefore, the phosphorylation
status of BAD at these serine residues reflects a checkpoint for
cell death or survival. Although the C-RAF kinase was the first
reported BAD kinase (17), its target sites were not clearly
defined. However, there is a growing body of evidence for direct
participation of RAF in regulation of apoptosis via BAD (18, 19).
In addition, Kebache et al. (20) reported recently that the inter-
action between adaptor protein Grb10 and C-RAF is essential
for BAD-mediated cell survival. On the other hand, numerous
reports suggest that PKA (21), Akt/PKB (22), PAK (18, 23, 24),
Cdc2 (25), RSK (26, 27), CK2 (28), and PIM kinases (29) are
involved in BAD phosphorylation as well. The involvement of
c-Jun N-terminal kinase in BAD phosphorylation is controver-
sially discussed. Whereas Donovan et al. (30) reported that
c-Jun N-terminal kinase phosphorylates mBAD at serine 128,
Zhang et al. (31) claimed that c-Jun N-terminal kinase is not a
BAD-serine 128 kinase. On the other hand, it has been shown
that c-Jun N-terminal kinase is able to suppress IL-3 withdraw-
al-induced apoptosis via phosphorylation of mBAD at threo-
nine 201 (32). Thus, taken together, with respect to regulation
of mBAD by phosphorylation, five serine phosphorylation sites
(at positions 112, 128, 136, 155, and 170) and two threonines
(117 and 201) have been identified so far. Intriguingly, only little
data are available regarding the role of phosphorylation in reg-
ulation of hBAD protein, although significant structural differ-
ences between these two BAD proteins exist.

During apoptosis, some members of the Bcl-2 family of pro-
teins, such as Bax or Bak, have been shown to induce permeabi-
lization of the outer mitochondrial membrane, allowing pro-
teins in the mitochondrial intermembrane space to escape into
the cytosol, where they can initiate caspase activation and cell
death (for a review, see Refs. 33 and 34). Despite intensive inves-
tigation, the mechanism whereby Bax and Bak induce outer
membrane permeability remains controversial (34). Based on
crystal structure (35), it became evident that Bcl-X; has a pro-
nounced similarity to the translocation domain of diphtheria
toxin (36), a domain that can form pores in artificial lipid bilay-
ers. This discovery provoked the predominant view that upon
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commitment to apoptosis, the proapoptotic proteins Bax and
Bak also form pores in the outer mitochondrial membrane (37).
As expected from the structural considerations, Bcl-X; was
found to form channels in synthetic lipid membranes (38).
Since then, other Bcl-2 family members like Bcl-2, Bax, and the
BH3-only protein Bid have been reported to have channel-
forming ability. These pores can be divided into two different
types: proteinaceous channels of defined size and ion specificity
(38-42) and large lipidic pores that allow free diffusion of
2-megadalton macromolecules (43, 44). With respect to the
BH3-only protein BAD, no pore-forming abilities have been
reported so far, although human BAD has been found to pos-
sess per se high affinity for negatively charged phospholipids
and liposomes, mimicking mitochondrial membranes (14).

The RAF kinases (A-, B-, and C-RAF) play a central role in
the conserved Ras-RAF-MEK-ERK signaling cascade and
mediate cellular responses induced by growth factors (45—47).
Direct involvement of C-RAF in inhibition of proapoptotic
properties of BAD established a link between signal transduc-
tion and apoptosis control (48, 49). However, the early works
did not identify the exact RAF phosphorylation sites on BAD
(17). Here we demonstrate that hBAD serves as a substrate of
RAF isoforms. With respect to hBAD phosphorylation by PKA,
Akt/PKB, and PAK1 in vivo, we observed different specificity
compared with RAF kinases. hBAD phosphorylation by RAF
was accompanied by reduced apoptosis in HEK293 cells (trans-
formed human embryonic kidney cells) and NIH 3T3 cells (a
mouse embryonic fibroblast cell line). Furthermore, we show
that in vitro phosphorylation of hBAD by RAF at serines 75, 99,
and 118 regulates the binding of 14-3-3 proteins and associa-
tion with Bcl-2 and Bcl-X;. By use of mass spectrometry, we
detected several novel in vivo phosphorylation sites of hBAD in
addition to the established phosphorylation sites, serines 75, 99,
and 118. Finally, we show here that hBAD forms channels in
planar bilayer membranes in vitro. This pore-forming capacity
was dependent on phosphorylation status and interaction with
14-3-3 proteins.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Immunoblotting—HEK293
cells and NTH 3T3 cells were cultivated in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum (heat-
inactivated at 56 °C for 45 min), 2 mM L-glutamine, and 100
units/ml penicillin/streptomycin at 37 °C in humidified air with
5% CO,.U0126 (Promega), PD98059 (Promega), BAY 43-9006,
forskolin (Alexis), isobutylmethylxanthine (Sigma), CI1040
(Axon Medchem), wortmannin (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), and LY294002 (Promega) were dissolved
in DMSO (Sigma), whereas H-89 (Sigma) was dissolved in eth-
anol. NIH 3T3 fibroblasts were seeded at 2 X 10° cells/well of a
6-well plate and grown for 24 h before transfection by Lipo-
fectamine (Invitrogen). HEK293 cells were seeded at 7.5 X 10°
cells/well on a 6-well plate and grown for 24 h before they
were transfected with expression plasmids by the calcium phos-
phate method (50). 16 h post-transfection, cells were washed
twice with phosphate-buffered saline (PBS) and cultivated for
the indicated time in medium supplemented with 0.3% serum to
avoid activity of endogenous kinases. Cells were washed once in
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PBS, and equal amounts of cells were lysed by the direct addi-
tion of Laemmli buffer or in Nonidet P-40 buffer (10 mm Hepes,
pH 7.5, 142.5 mm KCl, 5 mm MgCl,, 1 mm EGTA, and 0.2%
Nonidet P-40 supplemented with a mixture of standard prote-
ase inhibitors). Protein concentration was determined by Brad-
ford method. SDS-PAGE and immunoblotting were performed
as described previously (14). The following primary antibodies
were used: monoclonal anti-phospho-ERK antibody (catalog
number 9106; Cell Signaling Technology), phosphospecific
antibodies against mBAD phosphoserines 112 and 155 (catalog
numbers 9295 and 9297; Cell Signaling Technology) and phos-
phoserine 136 (44-524Z; BIOSOURCE), polyclonal anti-actin
(A2066; Sigma), polyclonal anti-Akt/PKB (catalog number
9272; Cell Signaling Technology), polyclonal anti-BAD anti-
body (sc-943 and sc-8044; Santa Cruz Biotechnology), anti-
PAK antibody (sc-881; Santa Cruz Biotechnology), anti-B-RAF
antibody (sc-166; Santa Cruz Biotechnology), anti-PKA anti-
body (sc-903; Santa Cruz Biotechnology), and pan-RAF anti-
body (30K; Institute for Medical Radiation and Cell Research).

Cell Survival Assay—For the analysis of cell survival, HEK293
cells were transiently transfected in triplicates. 16 h post-trans-
fection, cells were washed twice with PBS and grown for 30 h in
medium supplemented with 0.3% serum. Cell viability was
assessed by staining cells in trypan blue (Sigma).

Colony Yield Assay—NIH 3T3 cells were transfected with the
indicated plasmids using Lipofectamine. The day after transfec-
tion, cells were split, and around 50 cells of each set of transfec-
tion were seeded in 6-cm dishes. Colony assays were performed
in triplicate by scoring the number of colonies (consisting of at
least 20 cells) in the dishes grown for 14 -18 days with appro-
priate antibiotic selection (450 wg/ml neomycin and 6 ug/ml
puromycin; Calbiochem). To visualize the growing colonies,
cells were washed once with PBS, fixed with methanol, and
stained with Giemsa dye (Sigma).

DNA Expression Plasmids—Human BAD ¢cDNA (kind gift of
John Reed, La Jolla, CA) and ¢cDNAs mutated at serine 75
(S75A), serine 99 (S99A), serine 118 (S118A), serines 75/99
(S75A/S99A), and serines 75, 99, and 118 (S75A/S99A/S118A)
were cloned into pGEX-4T-1 (Amersham Biosciences). Dele-
tion mutants of hBAD were PCR-amplified, with primer over-
hangs containing restriction sites and cloned into GST fusion
vector pGEX-TT cleaved with the appropriate enzymes. Site-
directed mutagenesis was performed by using QuikChange
(Stratagene). To generate N-terminal His-tagged hBAD, the
c¢DNA was released by EcoRI/Notl from pGEX-4T-1 and
ligated in the EcoRI/Notl sites of pFastBac H1 (Invitrogen).
Human Bcl-X; (John Reed, La Jolla, CA) was isolated from
pcDNA3 using EcoRI and ligated with blunt ends in pFastBac-
GST linearized by Stul. PAK1 constructs were from Jonathan
Chernoff (Philadelphia, PA). Akt/PKB plasmids were kindly
provided by Jakob Troppmair (Innsbruck, Austria). pGEX-
Bcl-2 was kindly donated by John Reed.

Purification of Kinases, BAD, Bcl-X,;, and 14-3-3 Proteins—
Expression and purification of RAF kinases, PAK1, Akt/PKB,
14-3-3 proteins, and Bcl-X; from Sf9 insect cells (an insect cell
line derived from pupal ovarian tissue of Spodoptera frugi-
perda) were performed as previously described (14, 51-53). For
purification of phosphorylated His-hBAD, Sf9 cells were
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infected with baculoviruses at a multiplicity of infection of 5
and incubated for 48 h at 27 °C. The Sf9 cell pellet (2 X 10® cells)
was lysed in 10 ml of lysis buffer containing 50 mm sodium
phosphate, pH 8.0, 150 mm NaCl, 10 mm sodium pyrophos-
phate, 25 mm B-glycerophosphate, 25 mm NaF, 10% glycerol,
0.5% Nonidet P-40, and a mixture of standard proteinase inhib-
itors for 30 min with gentle rotation at 4 °C. The lysate was
centrifuged at 27,000 X g for 30 min at 4 °C. The supernatant
(10 ml) containing His-hBAD was incubated with 0.5 ml Ni** -
nitrilotriacetic acid-agarose for 2 h at 4 °C with rotation. After
incubation, the beads were washed three times with lysis buffer
containing 0.2% Nonidet P-40, 300 mm NaCl, and 20 mMm imid-
azole, and hBAD was eluted with an imidazole step gradient.
GST-tagged 14-3-3 proteins and GST-hBAD were expressed in
Escherichia coli using pGEX-2T vector (Amersham Bio-
sciences) and purified by glutathione-Sepharose affinity chro-
matography. For lipid bilayer experiments, GST-hBAD was
additionally purified by ion exchange chromatography using an
AKTA system (GE Healthcare). 14-3-3 proteins were released
by thrombin (Sigma) cleavage using standard protocols. The
purity of the proteins was assessed by SDS-PAGE and staining
with Coomassie Blue. To enrich and separate phosphorylated
His-hBAD from the non-phosphorylated fraction, His-hBAD
purified from Sf9 cells (0.5 mg) was incubated with 0.5 mg of
recombinant GST-14-3-3{ on glutathione-Sepharose beads
(300 ) for 40 min at room temperature. After excessive wash-
ing with 10 mm Hepes, pH 7.4, 150 mm NaCl, and 0.01% Non-
idet P-40, the phosphorylated hBAD fraction was released from
the complex by 1% Empigen (Calbiochem).

Kinase Activity Assay—Human GST-BAD was incubated
with purified preparations of RAF kinases, PKA, Akt/PKB, or
PAK]1 in 50 mMm Hepes buffer, pH 7.6, in the presence of 10 mm
MgCl,, 1 mm dithiothreitol, and 500 um ATP. The mixture was
incubated at 30 °C for 30 min, and the reaction was terminated
by the addition of Laemmli buffer. The proteins were separated
by SDS-PAGE and transferred to nitrocellulose membranes.
The extent of BAD phosphorylation at serines 75, 99, and 118
was detected by phosphospecific antibodies. To inhibit kinase
activity in vitro, purified kinases were preincubated with BAY
43-9006 or H-89 at room temperature for 30 min.

Mass Spectrometry Analysis of BAD Phosphorylation—Puri-
fied His-hBAD samples (about 100 pmol of each) were applied
to SDS-PAGE. Proteins were visualized by Coomassie Blue
staining, applying the method of Neuhoff et al. (54). In-gel
reduction, acetamidation, and tryptic and/or GluC digestion
were done according to Wilm et al. (55). After elution of the
peptides, solutions were desalted using a Millipore C18 ZipTip
according to the manufacturer’s instructions. ESI-MS was
performed on a Bruker APEX II FT-ICR mass spectrometer
(Bruker Daltonic GmbH Bremen) equipped with an Apollo-
Nano-ESI ion source in positive ion mode.

To determine the exact positions of phosphates within the
peptides, the nano-LC-MS/MS analysis was carried out as fol-
lows. Purified hBAD samples were separated by SDS-PAGE,
and protein bands were excised, washed, and digested in gel as
described previously (56). Afterward, generated peptides were
extracted using 15 ul of 0.1% trifluoroactic acid, and samples
were analyzed by nano-LC-MS/MS on an LTQ Orbitrap XL
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mass analyzer (Thermo Scientific, Dreieich, Germany) coupled
to an Ultimate 3000 LC/MS system (Dionex, Amsterdam, The
Netherlands) using multistage activation as described previ-
ously (57). To this end, peptides were preconcentrated on a Pep-
Map trapping column (100-um inner diameter, 5-um particle
size, 100-A pore size, 1-cm length; Dionex) and separated on a
PepMap nano-LC column (75-um inner diameter, 3-um particle
size, 100-A pore size, 15-cm length; Dionex) at a flow rate of 270
nl/min, using a gradient ranging from 5 to 50% of 86% acetonitrile
and 0.1% formic acid. Raw data were transformed into mgf format
using extract_msn.exe as part of the Bioworks package, and gen-
erated peak lists were searched against an SGD data base with
concatenated standard protein and BAD sequences (6319 entries)
using Mascot version 2.2. The following search parameters were
used: trypsin as protease with a maximum of one missed cleavage
site, 10 ppm mass tolerance for MS, 0.5 Da for MS/MS, oxidation
of Met (+15.99 Da) and phosphorylation of Ser/Thr/Tyr (+79.96
Da) as variable modifications, and *C set to 1. All identified phos-
phopeptides were manually validated to correct for potentially
false phosphorylation site assignments.

Lipid Bilayer Experiments—The channel-forming ability of
proteins was assessed in artificial lipid bilayer membranes using
a Teflon chamber as described previously (58, 59). Briefly, to
form the membranes, a 1% (w/v) solution of diphytanoylphos-
phatidylcholine (Avanti Polar Lipids) in n-decane was used.
Purified hBAD proteins (phosphorylated and non-phosphoryl-
ated) or Bcl-X; was added to the KCI buffer in both compart-
ments of the chamber, and the single-channel conductance of
the pores was measured after application of a fixed membrane
potential. To test the effects of 14-3-3 proteins on the pore-
forming abilities of hBAD, purified heterodimeric 14-3-3
protein (14-3-3{-14-3-3€) was incubated with the phosphoryl-
ated form of BAD for 30 min at room temperature prior to
channel formation. Samples were applied on both sides of the
diphytanoylphosphatidylcholine membrane in KCI buffer, and
single-channel formation was measured.

Biosensor Measurements—The biosensor measurements
were carried out either on a BIAcore-X or BIAcore-] system
(Biacore AB, Uppsala, Sweden) at 25 °C. The biosensor chip
CM5 was loaded with anti-GST antibody using covalent deri-
vatization according to the manufacturer’s instructions. Puri-
fied and GST-tagged proteins (GST-BAD WT and substitution
mutants) were immobilized in biosensor buffer (10 mm Hepes,
pH 7.4, 150 mm NaCl, and 0.05% Nonidet P-40) at a flow rate of
10 pl/min, which resulted in a deposition of ~1000 response
units. Next, the purified analytes (14-3-3¢ or Bcl-X;) were
injected at the indicated concentrations. The values for nonspe-
cific binding measured in the reference cell were subtracted. To
monitor the dissociation of Bcl-X; *GST-BAD complex induced
by BAD phosphorylation the biosensor chip was treated with
active C-RAF in the presence of 0.5 mm ATP. The modified
biosensor buffer contained 5 mm MgCl, and 0.5 mum dithiothre-
itol. The working temperature was set to 30 °C. The evaluation
of kinetic parameters was performed by non-linear fitting of
binding data using the BiaEvaluation version 2.1 analysis soft-
ware. The apparent association (k,) and dissociation rates con-
stant (k,) were evaluated from the differential binding curves
(Fc2 — Fcl) assuming an A + B = AB association type for the
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protein-protein interaction. The dissociation constant K, was
calculated from the equation, K, = k/k,,.

RESULTS

Detection of Novel in Vivo Phosphorylation Sites of Human
BAD by Mass Spectrometry—Besides the highly conserved
murine BAD phosphorylation sites at serines 112, 136, and 155
(corresponding to serines 75, 99, and 118 in human BAD) that
are crucial for 14-3-3 binding and interaction with Bcl-2/Bcl-
X;, four other murine phosphorylation sites (positioned at
serines 128 and 170 and threonines 117 and 201) have been
reported (for references, see the Introduction). Although
human BAD compared with murine BAD shows striking differ-
ences in the length of its amino acid sequence (168 versus 204
residues) and in the number and locations of putative phospho-
rylation sites, no systematic analysis of in vivo phosphorylation
of this proapoptotic protein has been performed.

Since phosphospecific antibodies directed against the puta-
tive 14-3-3 binding sites (serines 75 and 99) and docking seg-
ment of Bcl-2/Bcl-X; proteins (surrounding serine 118) are
available, we examined first the phosphorylation status at these
established positions. As shown in Fig. 14, all three of these
sites were detectable in purified hBAD by use of phosphospe-
cific antibodies, indicating that a fraction of hBAD expressed in
Sf9 cells is associated with 14-3-3 proteins and decoupled from
Bcl-2/Bcl-X; proteins. Such a complex is predicted to be
excluded from mitochondria and, consequently, to act in an
antiapoptotic manner (15).

To analyze the complete phosphorylation status of human
BAD, we performed a detailed mass spectrometry analysis of
the protein purified from Sf9 cells. For that purpose, we
digested purified hBAD by trypsin and/or GluC, and the selec-
tive detection of phosphopeptides was carried out by both
ESI-MS and the nano-LC-MS/MS technique. Two independ-
ent measurements provided almost 89% coverage of the entire
protein sequence. The combined results obtained for hBAD
phosphorylation are summarized in Fig. 1B and Table 1,
revealing several novel in vivo phosphorylation sites. To com-
pare the mass spectrometry results obtained for human BAD
with the known phosphorylation sites in murine BAD, we
aligned the amino acid sequences of both BAD proteins (Fig.
1B). Remarkably, with exception of two novel phosphorylation
sites localized closely to the N terminus (serines 25 and 32/34),
most of the phosphorylated peptides obtained by mass spec-
trometry were localized in the C-terminal half of the protein.
The last 20 residues at the very C-terminal sequence bear no
phosphate molecules, whereby it should be noted that human
BAD does not possess threonine 201, which was found to be
phosphorylated in murine BAD. Two N-terminal phosphoryl-
ation sites were identified within the tryptic peptide 21-36, and
the positions of the phosphates (25 and 32/34) were verified via
fragmentation analysis using a nano-LC-MS/MS approach (see
Table 1). Next, we identified a peptide corresponding to the
hBAD 73-94 sequence carrying one phosphate. The fragmen-
tation analysis of this peptide did not provide an unambiguous
result; it suggested phosphorylation of either serine 74 or 75.
We propose, however, that this phosphate could be ascribed to
phosphoserine 75, since the phosphospecific antibody directed
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not at serine 75. Since the homolo-
gous serine in murine BAD (serine
128) has been reported to be phos-
phorylated, we can conclude that
this serine in front of the putative
14-3-3 binding region may also play
aregulatory role in human BAD sig-
naling. The next two peptides (pep-
tides 97—-109 and 99-109) carrying
one phosphate each cover the
sequence of the putative 14-3-3
binding domain that has been

A 200

100 Imidazole (mM)

—— e = &= human BAD
(Coomassie Blue staining)

—libEbes — oD

- @B@B @& -mBAD pS112 (pS75)

andbddses o-MBAD pS136 (pS99)

'.“.. a-mBAD pS155 (pS118) described to be phosphorylated at
serine 99. The antibody directed

B against the analogous site in mice
recognized position Ser-99 within
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FIGURE 1. Analysis of in vivo phosphorylation of purified human BAD protein. A, purification of human
BAD from Sf9 insect cells. The top panel shows Coomassie Blue staining after SDS-PAGE of human BAD
obtained by elution from nickel-agarose beads by 100 and 200 mm imidazole, respectively. The phosphoryla-
tion of serines 75, 99, and 118 was verified by use of phosphospecific antibodies. B, sequence alignment of
human and murine BAD protein and mass spectrometry analysis of phosphopeptides obtained by tryptic and
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GluC digestion of hBAD. For a detailed list of identified phosphopeptides, see also Table 1. The putative
phosphorylation sites of human BAD are highlighted in green, and their positions within the sequence are indi-
cated by numbers. The published phosphorylation sites of murine BAD are highlighted in magenta. The con-
served regions between human and murine BAD are shown in pink. The putative 14-3-3 binding sites are

carrying one phosphate each com-
prise the C-terminal part of BH3
domain of BAD, where serine 118

indicated by blue rectangles, and the conserved BH3 domains are shown by red rectangles.

TABLE 1

Human BAD phosphopeptides obtained by trypsin and/or GluC
digestion

The putative phosphorylation sites and the number of the phosphates detected in
each of the peptides by mass spectrometry are indicated. ND, not determined.

hBAD . . Phosphates/  Phosphorylation
Peptide Amino acid sequence peg tide l: iteg)
21-36 GLGPpPSPAGDGPSGSGK 1 Ser-25
21-36 GLGPSPAGDGPSGSGK 1 Ser-32 or Ser-34
73-94 HSSYPAGTEDDEGMGEEPSPFR 1 Ser-74 or Ser-75
71-94 SRHSSYPAGTEDDEGMGEEPpPSPFR 1 Ser-91
73-94 HSSYPAGTEDDEGMGEEPPSPFR 1 Ser-91
95-112 GRpSRpPSAPPNLWAAQRYGR 2 Ser-97 and Ser-99
97-109 PSRSAPPNLWAAQR 1 Ser-97
97-109  SRpPSAPPNLWAAQR 1 Ser-99
99-109 PSAPPNLWAAQR 1 Ser-99
116-126 RMpSDEFVDSFK 1 Ser-118
117-126 MpSDEFVDSFK 1 Ser-118
117-133 MpSDEFVDpSFKKGLPRPK 2 Ser-118 and Ser-124
132-142 PKpSAGTATQMR 1 Ser-134
134-142 pSAGTATQMR 1 Ser-134
124-149 SFKKGLPRPKSAGTATQMRQSSSWTR 5 ND

against the homologous site in mBAD identified also the hBAD
protein (Fig. 1A4). Interestingly, fragmentation analysis of the
tryptic peptide 71-94 revealed phosphorylation at serine 91 but

28008 JOURNAL OF BIOLOGICAL CHEMISTRY

(corresponding to serine 155 in
mBAD) is located. The phosphoryl-
ation of this residue regulates the interaction of BAD with Bcl-
2/Bcl-X; proteins. The fragmentation analysis localized a phos-
phate molecule at serine 118 within both peptides. This finding
documents that a fraction of BAD expressed in Sf9 cells does
not appear to be associated with the antiapoptotic proteins Bcl-
2/Bcl-X; . Importantly, the peptide 117—133 revealed two phos-
phorylation sites (serines 118 and 124). Because the number of
phosphates within the peptide 117-133 corresponds to the
number of phosphorylation possibilities, we conclude that
besides the well characterized serine 118, serine 124 represents
a novel regulatory site in hBAD. Phosphorylation of serine 124
may be of particular importance due to its proximity to the lipid
binding domain of human BAD comprising the FKK motif that
is located in close proximity to this serine (see Fig. 11).

The alignment of human and murine BAD reveals that
both BAD proteins contain the conserved segment RPKSAG,
which represents an appropriate consensus sequence for
some kinases. The phosphorylation of murine BAD at serine
170 within this segment has been previously reported (60). Our
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MS analysis revealed two tryptic peptides (132—142 and 134 —
143) carrying one phosphate each. This phosphorylation site
was ascribed unambiguously to serine 134, which is homolo-
gous to murine serine 170. Finally, we detected a peptide that
was cleaved by GluC and trypsin carrying five phosphates (Fig.
1B and Table 1). This peptide has been ascribed to the C-ter-
minal BAD region located between residues 128 and 149. How-
ever, this sequence stretch bears up to eight possible phospho-
rylation sites. Unfortunately, we were not successful in
specifying the exact positions of all of the phosphates detected
by MS analysis within this fragment. Nevertheless, the phos-
phorylation of serines 124 and 134 is probable, since it has been
detected within several peptides listed in Table 1.

Taken together, we present here for the first time a detailed
analysis of human BAD phosphorylation. We have confirmed
several phosphorylation sites that are common to both human
and murine BAD and identified in addition a number of novel
phosphorylation sites that are specific for human BAD. These
novel sites may be involved in regulation of 14-3-3 binding and
membrane anchoring of BAD.

Human BAD Is a Direct Substrate of RAF Kinases—Next, we
investigated whether RAF kinases are directly involved in phos-
phorylation of human BAD in vivo. It was previously shown that
C-RAF phosphorylates hBAD (17). In these preliminary
reports, the precise sites of RAF-mediated BAD phosphoryla-
tion have not been determined. More recent reports support
the view that C-RAF participates in BAD phosphorylation
either in conjunction with PAK (18) or the adaptor protein
Grb10 (20). The role of other RAF isoforms (A- and B-RAF) has
not been evaluated in this context. Particularly, the quantitative
contribution of the RAF kinases in phosphorylating serine res-
idues 112, 136, and 155 and the direct comparison of RAF iso-
forms with other BAD targeting kinases has not been per-
formed so far.

In order to address these open issues, we monitored the
phosphorylation pattern on critical serine residues (serines 75,
99, and 118 of human BAD) by different RAF isoforms in vivo
and in vitro and performed a comparative analysis involving
other BAD-phosphorylating kinases, such as PAK, PKA, and/or
Akt/PKB. Due to the fact that the sensitivity of the phosphospe-
cific BAD antibodies is too low to analyze phosphorylation sta-
tus of endogenous BAD in HEK293, NIH 3T3, or HeLa cells, we
decided to overexpress hBAD. Analyzing co-transfected
HEK293 cells we found that the exogenous BAD has been effi-
ciently phosphorylated at the critical positions not only by
active PAK1 and Akt/PKB mutants (PAK1-T423E and Akt/
PKB-T308D/S473D) but also in the presence of activated RAF
isoforms (Fig. 2A). In the absence of RAF kinases, Ras12V and
Lck did not lead to significant phosphorylation of hBAD (data
not shown). To exclude the participation of kinases other than
RAF in BAD phosphorylation that may have been activated by
overexpression of Ras12V and Lck, we co-expressed BAD with
a variety of constitutively active A-, B-, and C-RAF mutants
(Fig. 2C). Although inactive B-RAF-K483M (K,) or unstimu-
lated A- and C-RAF failed to phosphorylate BAD significantly,
mutants of RAF kinases with elevated kinase activity revealed
the same phosphorylation pattern as presented in Fig. 2A. Sim-
ilar results were obtained by stimulating endogenous PKA with
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forskolin in combination with isobutylmethylxanthine (Fig.
2B). Quantification of the results obtained by phosphospecific
antibodies directed against serine 75, 99, and 118 revealed that
active PAK1 and Akt/PKB were most efficient in the phospho-
rylation of the putative 14-3-3 binding site of BAD localized at
serine 99 (see bar graph in Fig. 2A). Compared with these data,
the activated or constitutively active forms of RAF kinases were
more efficient in phosphorylation of serines 75 and 118. To
investigate whether these results are HEK293 cell-specific, we
co-transfected also NIH 3T3 and HeLa cells with BAD and acti-
vated forms of RAF, PAK1, and Akt/PKB. The results obtained
with these cell lines were consistent among all three cell lines
(data not shown). In contrast to iz vivo data, more efficient
phosphorylation of recombinant GST-BAD by activated PAK1
or Akt/PKB was observed using the intact cell lysates compris-
ing the overexpressed active kinases from the experiment
described in the legend to Fig. 24 (Fig. 3). Although cell lysate
containing activated PAK1 was able to phosphorylate recombi-
nant GST-BAD to low levels at serines 75 and 99 and to a higher
extent at serine 118, activated Akt/PKB again showed efficient
phosphorylation of BAD predominantly at serine 99 and more
weakly at serine 118 and 75 (Fig. 3). These in vitro data are in
accordance with findings published earlier (22, 23, 61). BAD
phosphorylation by RAF kinases exhibited consistent data in
vivo and in vitro.

To demonstrate that BAD is a direct substrate of RAF
kinases, several inhibitors were applied to exclude the possible
influence of endogenous kinases. Importantly, we observed no
reduction of BAD phosphorylation after treatment of HEK293
cells co-transfected with hBAD and B-RAF using three differ-
ent MEK inhibitors (U0126, PD98059, and CI1040) or the PI3K
inhibitors wortmannin and LY294002 (Fig. 4, A and B). An
involvement of autocrine loops could be excluded, since treat-
ment with suramin, an inhibitor blocking the activation of
growth factor receptors at the plasma membrane through
interference with receptor-ligand binding (62, 63), did not pre-
vent phosphorylation of BAD by B-RAF (Fig. 4C). Importantly,
the RAF kinase inhibitor BAY 43-9006 reduced BAD phospho-
rylation at all three serine residues already at 1 um (Fig. 4D).
The results presented here (using RAF and MEK inhibitors) are
in accordance with data published by Jin et al. (18). Finally, the
PKA inhibitor H-89 reduced considerably the phosphorylation
degree at all three sites (Fig. 2B).

In Vitro Phosphorylation of BAD by Purified B- and C-RAF
Kinases—To further explore whether BAD is a direct substrate
of RAF, we analyzed phosphorylation of recombinant BAD by
purified RAF kinases in vitro. For C-RAF, we tested several acti-
vated forms, including constitutively active C-RAF (C-RAF-
Y340D/Y341D, termed C-RAF-DD), highly activated C-RAF
(co-expressed in the presence of Ras12V and Lck, called here
C-RAF-R/L), and truncated C-RAF lacking N-terminal regula-
tory domains (BxB WT and BxB-DD). In experiments with
B-RAF, the WT kinase was chosen because of its high basal
activity compared with A- and C-RAF WT. Asillustrated in Fig.
5A, all active RAF preparations phosphorylated hBAD at Ser-75
and Ser-118. Only C-RAF-R/L additionally phosphorylated
BAD at Ser-99. Of note, kinase-dead mutants of C- and B-RAF
(C-RAF-K375M and B-RAF-K483M) failed to phosphorylate
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FIGURE 2. Comparative analysis of hBAD phosphorylation in HEK293 cells by PKA, Akt/PKB, PAK1, and RAF kinases. HEK293 cells were transiently
transfected with the indicated expression vectors. A, C- and A-RAF kinases were activated in cells by co-transfecting Ras12V and Lck. In the case of Akt/PKB and
PAK1, activating mutants (T308D/S473D and T423E, respectively) were used. In B, endogenous PKA was stimulated for 30 min with 25 um forskolin and 500 um
isobutylmethylxanthine (IBMX). Pretreatment with 10 um H-89 for 30 min prevented PKA activity. In C, B-RAF WT and various constitutively active mutants of
RAF kinases (B-RAF-V600E, C-RAF-Y340D/Y341D (C-RAF-DD), and truncated C-RAF lacking N-terminal regulatory domains (BxB WT and BxB-DD)) were trans-
fected. As a negative control, a kinase-dead B-RAF (B-RAF-K483A) mutant was chosen. 16 h post-transfection, cells were cultivated for an additional 30 h in
medium supplemented with 0.3% serum. Total cell lysates were separated on a 15% SDS-polyacrylamide gel and blotted onto nitrocellulose membrane, and
phosphorylation of human BAD at serines 75, 99, and 118 as well as BAD expression was analyzed. Endogenous actin was used as a loading control. The
presence of different RAF proteins was verified with anti pan-RAF antibody. Representative blots from A and C were quantified by optical densitometry. These
experiments were repeated three times with the same results. KD, kinase-dead.

hBAD in vitro (Fig. 5, A and B). In the presence of Akt/PKB, we that active RAF prevents BAD-mediated apoptosis, we per-
observed phosphorylation at Ser-75, -99, and -118, whereas formed different cell survival assays using HEK293 and NIH
Ser-118 was the main target of PKA. PAK phosphorylated 3T3 cells. HEK293 cells were transiently transfected with the
Ser-75 and Ser-118 (Fig. 5C). In accordance with in vivo data indicated expression plasmids and starved for 30 h in medium
obtained by use of RAF inhibitor BAY 43-9006, we also supplemented with 0.3% serum. The number of apoptotic cells
observed in vitro effective inhibition of RAF-mediated hBAD  was determined by trypan blue exclusion (Fig. 64). As demon-
phosphorylation by BAY 43-9006 (Fig. 5B). strated in Fig. 64, BAD-induced apoptosis was effectively

BAD Phosphorylation by RAF Promotes Survival of Mamma-  inhibited by B-RAF overexpression. About 24% of BAD overex-
lian Cells—BAD protein has to be phosphorylated in order to  pressing cells were apoptotic, whereas co-expression of B-RAF
neutralize its proapoptotic properties (2, 64). To demonstrate reduced the percentage of apoptotic cells to a level comparable
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FIGURE 3. In vitro phosphorylation of recombinant GST-BAD by
kinases overexpressed in HEK293 cells. HEK293 cells were transiently
transfected with the indicated plasmids. Inactive mutants of PAK1 and
Akt/PKB (K299R and K179A, respectively) were used as negative controls.
16 h post-transfection, cells were cultivated for an additional 30 h in
medium supplemented with 0.3% serum. Afterward, cells were washed
oncein PBS and lysed by the direct addition of Nonidet P-40 buffer. For the
kinase assay, 35 ug of the protein lysates containing the desired kinases
were mixed with 1 ug of recombinant GST-BAD (purified from E. coli) in
kinase buffer. Proteins were separated on a 12% SDS-polyacrylamide gel
and blotted. Phosphorylation of BAD was visualized with phosphospecific
BAD antibodies. Expression levels of RAF kinases, PAK1, and Akt/PKB are
shown in the lower panels. This experiment was repeated three times with
the same results.

with control cells. Under starvation conditions, substitution
mutants of human BAD, S75A, S118A, or S75A/S118A, induce
apoptosis to the same extend as was observed for wild type.
However, in contrast to co-expression with BAD WT, B-RAF
did not inhibit BAD-mediated apoptosis, when it was co-ex-
pressed with BAD-S75A, BAD-S118A, or BAD-S75A/S118A
mutants (Fig. 6B). Of importance, expression of the kinase-
dead form of B-RAF did not prevent the BAD-induced apopto-
sis of the cells as well (Fig. 6A).

In order to corroborate the importance of B- and C-RAF-
mediated BAD phosphorylation for the survival of mammalian
cells, we additionally performed colony yield assays (Fig. 6C).
BAD-overexpressing cells seeded at low density in Petri dishes
have difficulties in forming clonogenic colonies, clear evidence
that they are not protected against its proapoptotic activity. On
the other hand, co-expression with active B- or C-RAF is
expected to improve colony yields. In our experimental set, we
generated stable expression of the transfected DNA by double
selection with different antibiotics. As a result, we found that
the number of colonies formed by control cells and cells con-
tinuously expressing BAD in combination with C-RAF-DD or
B-RAF was at least 3 times higher compared with cells express-
ing BAD only (Fig. 6C).

ACEVEN
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The Associations of BAD with 14-3-3 Proteins and Bcl-2/
Bcl-X, Is Affected by RAF Kinases—Following prosurvival sig-
naling, BAD becomes phosphorylated, which enables complex
formation with 14-3-3 proteins. To analyze the putative 14-3-3
binding site(s) of hBAD, particularly with respect to phospho-
rylation by RAF, purified hBAD and its mutants (S75A, S99A,
S118A, S75A/S99A, and S75A/S99A/S118A) have been treated
in an in vitro kinase assay with active C-RAF-R/L, as described
in the legend to Fig. 5A. The real time association with 14-3-3
proteins has been performed by use of the BIAcore technique.
For that purpose, phosphorylated GST-BAD samples were cap-
tured on a chip surface, and interactions with purified 14-3-3¢
were monitored. In contrast to S75A and S118A mutants, no
14-3-3¢ binding was observed for BAD-S99A mutant, indicat-
ing that the domain surrounding Ser(P)-99 represents the
major 14-3-3 binding site. The double mutant (S75A/S99A)
and the triple mutant (S75A/S99A/S118A) did not interact with
14-3-3 as well (Fig. 7). GST-BAD WT revealed the highest
14-3-3 binding efficiency, indicating that a further binding site
may enhance or stabilize this association. These data suggest
that in vivo interaction of BAD with active C-RAF may result in
14-3-3 association and depletion of the BAD-14-3-3 complex
from mitochondrial membranes.

Next, we examined in more detail the interaction between
BAD and Bcl-2 or Bcl-X, respectively. In a direct comparison
of association-dissociation kinetics (supplemental Table S1),
we have measured that the Bcl-X; -BAD complex (K, = 0.65
nM) was more stable than Bcl-2-BAD (K, = 2.16 nm). Notably,
similar values have been reported for interaction between
Bcl-X; and synthetic peptide representing the BH3 domain of
BAD (65). In contrast, the affinity of BAD-BH3 peptide to Bcl-2
was much lower (K, = 15 nm), indicating that the binding
parameters using full-length proteins may differ considerably
from those using peptide samples (65). Due to the higher bind-
ing affinity, we used in the following experiments Bcl-X; as a
binding partner of BAD.

To investigate the relevance of phosphorylation of hBAD
with respect to Bcl-X; association, we first phosphorylated
hBAD (purified from E. coli) in vitro with various kinases, such
as PKA, Akt/PKB, B-RAF, and C-RAF-R/L. Next, the phospho-
rylated hBAD samples were immobilized on the Biosensor chip,
and interactions with Bcl-X; were monitored. As depicted in
Fig. 84, phosphorylation by C-RAF-R/L, B-RAF, and Akt/PKB
led to a ~25% decrease in Bcl-X; association. Incubation with
PKA resulted in a ~50% reduction. This result is in agreement
with earlier reports, suggesting that PKA phosphorylates BAD
preferentially at serine 155 (16, 66).

Finally, we asked whether RAF-mediated phosphorylation of
BAD reported above is able to trigger the dissociation of the
preexisting Bcl-X; -BAD complex. For that purpose, different
complexes of Bcl-X; with the following hBAD variants were
used (see Fig. 8B, inset): BAD WT, mutated BAD-S75A/S99A,
and truncated BAD(AN102) consisting of the C-terminal frag-
ment harboring the BH3 domain. We used BAD(AN102)
because it lacks phosphorylation sites Ser-75 and Ser-99 that
are involved in 14-3-3 binding. The complexes were formed on
the surface of the biosensor chip (Fig. 8B). To monitor the effect
of hBAD phosphorylation by RAF, C-RAF-R/L was injected in
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FIGURE 4.Kinase inhibitors indicate directinvolvement of RAF kinases in BAD phosphorylation. HEK293 cells were transiently transfected with BAD
and B-RAF expression vectors. 16 h post-transfection, cells were cultivated in medium supplemented with 0.3% serum. During that time, cells were
additionally treated with various concentrations of MEK inhibitors PD98059, U0126, and CI1040 (A), with PI3K inhibitors wortmannin and LY294002 (B),
with suramin (C), and with RAF inhibitor (BAY 43-9006) (D) for 22 h, respectively. Phosphorylation of BAD was detected with phosphospecific BAD
antibodies. The efficiency of the PI3K inhibitors has been verified by abolition of Akt-S473 phosphorylation in stimulated HEK293 cells (B). Treatment
with the RAF inhibitor BAY 43-9006 prevented both BAD and ERK phosphorylation in a concentration-dependent manner. These experiments were

repeated three times with the same results.

the presence of ATP. Whereas the complex with wild type BAD
dissociated readily, the complex with the C-terminal part of
BAD(AN102) remained stable. The double mutant (S75A/
S99A) dissociated slowly, indicating that phosphorylation sites
other than S75A and S99A are involved (Fig. 8B). From these
experiments, we conclude that RAF kinases do not only prevent
the formation of the complex between BAD and Bcl-X; butalso
possess the ability to mediate the disruption of existing BAD-
Bcl-X; complexes.

Channel-forming Activity of Human BAD in Planar Lipid
Bilayers Is Influenced by Phosphorylation and 14-3-3 Proteins—
Most Bcl-2 family proteins contain a C-terminal hydrophobic
transmembrane domain, indicating that these proteins may
exist as integral membrane proteins (67—69). Some of them,
including pro- and antiapoptotic members as well as BH3-only
protein Bid, show the ability to form pores in lipid bilayers
(38-44).

Regarding the BH3-only protein BAD, Hekman et al. (14)
reported pronounced lipophilic properties and identified two
lipid binding regions (LBD1 and LBD2) in hBAD. Therefore, we
supposed that BAD, like several other Bcl-2 family members,
may possess channel-forming ability. To test this issue, we
investigated whether human BAD is able to form pores in arti-
ficial lipid bilayers. Here we used a planar bilayer configuration,
where two Teflon chambers are separated by a septum having a
small (800-um diameter) aperture in which the membrane
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bilayer is formed (58, 59). This or similar configurations are
commonly used for the characterization of channels formed by
Bcl-2 family proteins, mitochondrial porins, or bacterial toxins
(38-42, 70-72). It has been previously shown that Bcl-X;
forms channels in synthetic lipid membranes (38). Thus, we
applied this measurement as a positive control (Fig. 9E). For the
measurements with hBAD, we used two different preparations
that differ in their phosphorylation states. Besides the complete
dephosphorylated protein (produced and purified from E. coli),
we utilized hBAD expressed in Sf9 cells that was also analyzed
by mass spectrometry and was shown here to be phosphoryla-
ted at several serine residues (Fig. 1). In the case of dephospho-
rylated hBAD, we did not detect any pore formation (Fig. 9C).
In contrast, ~7 min after injection of phosphorylated hBAD
into both chambers, steplike current fluctuations representing
channel openings to various discrete conductance states were
observed. These channels can be classified in two groups: small
channels that show a flickering behavior between a closed and
an open state (Fig. 9B) and larger permanent open pores (Fig.
9A). The small flickering pores had a single-channel conduct-
ance of about 500 picosiemens. The large permanent open
pores occur to a lesser frequency and showed single-channel
conductance states of about 0.75 and 3.75 nanosiemens. Two
histograms of the probability P(G) for the occurrence of specific
conductivity states for 91 (Fig. 104) and 341 (Fig. 10B) single-
conductance events that were observed within the same exper-
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FIGURE 5. In vitro phosphorylation of recombinant GST-BAD by purified
PKA, PAK1, Akt/PKB, and RAF kinases. A-C, phosphorylation of non-phos-
phorylated BAD purified from E. coli was carried out as described under
“Experimental Procedures.” Recombinant GST-BAD (20 pmol) was phospho-
rylated by purified B- and C-RAF and corresponding RAF mutants (2 pmol
each) as indicated, catalytic subunit of PKA, constitutively active Akt/PKB, or
PAK1 (4 pmol each). B, whereas the RAF inhibitor BAY 43-9006 prevented BAD
phosphorylation in the concentration range between 1 and 100 um, the PKA
inhibitor H-89 had no effect on BAD phosphorylation, demonstrating that
purified B-RAF was not associated with PKA. Following SDS-PAGE and immu-
noblotting, BAD phosphorylation was visualized by phosphospecific anti-
bodies directed against phosphoserines 112, 136, and 155 of mouse BAD
(corresponding to phosphoserines 75, 99, and 118 of human BAD). These
experiments were repeated five times with comparable results. KD,
kinase-dead.

iment with phosphorylated hBAD are shown in Fig. 10. It has
been reported that phosphorylation of serines 112 and 136 of
mBAD (corresponding to serines 75 and 99 of hBAD) leads to
cytoplasmic sequestration by 14-3-3 proteins (15). To test the
functional consequence of this interaction with respect to
hBAD pore-forming abilities, phosphorylated hBAD was pre-
incubated with heterodimeric 14-3-3 protein (14-3-3¢-14-3-3¢€)
before analyzing the channel activity. The consequence was a
disruption of the assembly of hBAD into the lipid membrane.
Furthermore, 14-3-3 proteins cause removal or closing of exist-
ing BAD channels (Fig. 9D). 14-3-3 proteins alone had no meas-
urable effect on the lipid bilayer (data not shown).
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FIGURE 6. Expression of B- and C-RAF delays BAD-mediated apoptotic
death of HEK293 cells following growth factor removal. A and B, HEK293
cells were transiently transfected in triplicates with the indicated expression
vectors (ratio 1:1). 16 h post-transfection, cells were cultivated for an addi-
tional 30 h in medium supplemented with 0.3% serum. Cell viability was
assessed by trypan blue staining. Mean and S.D. values are shown. The exper-
iment was repeated twice. C, colony formation assay shows reproductive sur-
vival of triplicate cultures of NIH 3T3 cells stably expressing either empty
vectors, BAD alone, BAD in combination with B-RAF or activated C-RAF
(C-RAF-DD), and B-RAF and C-RAF-DD alone. BAD phosphorylation by RAF
protected cells from apoptosis and led to an increased number of colonies.

DISCUSSION

The phosphorylation of BAD provides an important connec-
tion between cell survival signaling and the apoptotic death
machinery. A current model of BAD function implicates phos-
phorylation of at least three serine residues (using mouse
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FIGURE 7. Phosphorylation of BAD wild type and BAD mutants by C-RAF promotes association with
14-3-3 proteins. Interactions of BAD with 14-3-3{ were monitored by the surface plasmon resonance tech-
nique. GST-BAD samples (200 pmol) were phosphorylated by highly activated C-RAF-R/L (10 pmol), as
described under “Experimental Procedures.” Approximately 1000 response units of phosphorylated BAD were
captured onto an anti-GST chip. 14-3-3¢ (200 nm) was injected, and the association-dissociation curves were

Three peptides (peptide 95-112,
97-109, and 99-109) carrying one
or two phosphates comprise the
sequence of the putative 14-3-3
binding domain RSRS*’AP. By use
of phosphospecific antibodies, the
serine 99 has been found to be phos-
phorylated in the hBAD sample (see
Fig. 1A). Surprisingly, in addition to
serine 99, the peptide 95-112 was
phosphorylated also at serine 97,
indicating a novel regulatory mech-
anism regarding association of
14-3-3 proteins with BAD. Possibly,
the phosphorylation of the second
serine in the position 97 within the
14-3-3 binding motif (RS°’RSAP)
inhibits the association of BAD with
14-3-3 proteins. Similar accumula-
tion of phosphates has been
observed within the C-terminal
14-3-3 binding motif of A-RAF
kinase (RS®®°AS°%?EP), where both
serines 580 and 582 were found to
be phosphorylated (73). We have

monitored. For better understanding, we used here (and in Fig. 8) the mouse nomenclature.

nomenclature, these are serines 112, 136, and 155). The conse-
quence of phosphorylation of thee sites is complex formation of
BAD with 14-3-3 proteins and removal of prosurvival Bcl-2
members at the outer mitochondrial membrane. Besides these
highly conserved phosphorylation domains, four other phos-
phorylation sites of murine BAD (positioned at serines 128 and
170 and threonines 117 and 201) have been identified. Remark-
ably, although much attention has been devoted to the phos-
phorylation-mediated regulation of murine BAD function, with
some exceptions, the regulation of human BAD by phosphoryl-
ation has so far not been investigated. Therefore, we performed
a systematic analysis of in vivo phosphorylation sites in human
BAD by combined use of phosphospecific antibodies and mass
spectrometry.

MS Analysis of Human BAD Phosphorylation and Identifica-
tion of Novel in Vivo Phosphorylation Sites—As shown in Fig.
1A phosphorylation of all three highly conserved serines in
purified hBAD were detectable by use of phosphospecific anti-
bodies, indicating that a fraction of human BAD expressed in
Sf9 cells is associated with 14-3-3 proteins. Such a complex is
predicted to be cytosolic or relocated to lipid rafts and not to be
associated with Bcl-2/Bcl-X; proteins (14, 15). To investigate
whether hBAD is phosphorylated on more than the three estab-
lished phosphorylation sites (serines 75, 99, and 118), the puri-
fied hBAD samples were analyzed by both ESI-MS and nano-
LC-MS/MS technique. The results obtained by MS analysis
revealed numerous novel phosphorylation sites (Fig. 1B and
Table 1). Interestingly, with the exception of serines 25 and
32/34, most of the phosphorylated peptides are clustered
within a 75-amino acid stretch comprising also the BH3-like
domain. In contrast, the last 20 residues at the very C-terminal
sequence bear no phosphate molecules.

28014 JOURNAL OF BIOLOGICAL CHEMISTRY

proposed that the multiple phos-
phorylation of the C-terminal 14-3-3 binding region in A-RAF
may be one of the reasons for the relative low activity of this
RAF isoform. On the other hand, perturbations within the
internal 14-3-3 binding domain of C-RAF (RSTS**°TP) have
been reported to be a reason for severe cardio-facio-cutaneous
disorders called Noonan and Leopard syndrome (74, 75). Dis-
placement of the serine 259 by phenylalanine abolished the
autoinhibitory mechanism of C-RAF, resulting in a permanent
active kinase form. In conclusion, we suggest that phosphoryl-
ation of the serine in position —2 relative to the obligatory
phosphorylated serine within the 14-3-3 binding motif (e.g. ser-
ine 99 in hBAD) is sufficient to displace 14-3-3 from BAD. In
this scenario, previous dephosphorylation of the crucial serine
within the 14-3-3 binding domain would be dispensable.

The binding motif surrounding serine 75 (RHSS”*YP) fulfills
the criteria for a typical 14-3-3 binding site as well (76). In
human BAD, phosphorylation of serine 75 has been detected by
use of phosphospecific antibody (see Fig. 1A4). Also, the frag-
mentation of the tryptic peptide 73—94 suggests phosphoryla-
tion of this residue (see Table 1). However, binding data pre-
sented in Fig. 7 obtained by mutated BAD proteins do not
support a significant contribution of this domain for associa-
tion of 14-3-3 proteins. We propose that phosphorylated serine
75 is functioning as a gatekeeper for the association to dimeric
14-3-3 molecules. In other words, the heterodimeric 14-3-3
proteins may occupy both functional 14-3-3 binding sites, with
a region surrounding serine 99 representing the high affinity
binding site. Besides displacement of 14-3-3 protein from the
internal binding site, also other functions of the phosphoserine
75 should be taken into account. Indeed, Fueller et al. (77)
reported recently that the transient phosphorylation of serine
75 in hBAD protein mediated by the activated catalytic domain
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FIGURE 8. Phosphorylation of recombinant BAD inhibits complex formation between BAD and Bcl-X,
and disrupts preexisting complex. A, purified GST-BAD (200 pmol) was phosphorylated by purified and
active B- and C-RAF, Akt/PKB, and PKA (20 pmol each) as described under “Experimental Procedures.” Associ-
ation of phosphorylated BAD with full-length Bcl-X; was monitored using the surface plasmon resonance
technique. Approximately 800 response units of GST-BAD phosphorylated with respective kinases were immo-
bilized by anti-GST-coated surface. Bcl-X, (200 nm) was injected, and the association-dissociation curves were
monitored. B, approximately 1000 response units of GST-tagged BAD WT, BAD-S75A/S99A (here termed as
BAD-S112A/5136A), and BAD(AN102) were immobilized, and Bcl-X, (200 nm) was injected. After saturation, the
formed complexes were treated with C-RAF-R/L in the presence of ATP. The structure of BAD samples used in

this assay is illustrated in the inset.

of C-RAF promotes polyubiquitylation of hBAD and increases
the turnover of this protein by proteosomal degradation. The
alignment of the amino acid sequences of several mammalian
BAD proteins reveals two PEST regions, which constitute a
marker for proteins that undergo proteosomal degradation.
Interestingly, one of these PEST regions overlap with the 14-3-3
binding domain surrounding phosphoserine 75, thus indicating
a competition between 14-3-3 binding and the ubiquitylation
machinery.

Four other phosphopeptides (114-127, 116 -126, 117-126,
and 117-133) carrying either one or two phosphates partially
cover the BH3 domain where the serine 118 (corresponding to
serine 155 in mBAD) is located. Phosphorylation of this residue
regulates the interaction of BAD with Bcl-2/Bcl-X; proteins.
Importantly, within the peptide 117-133, two phosphates were
detected (see Fig. 1B and Table 1). Because the number of phos-
phates within the peptide 117-133 corresponds to the number

OCTOBER 9, 2009 +VOLUME 284+NUMBER 41

nificantly the association with
liposomes (14). Therefore, we sug-
gest that the phosphorylation of ser-
ine 124 may be of regulatory impor-
tance due to its close proximity to
the FKK motif (S"2*EKK?7). It is
reasonable to speculate that the
negative charge of the phosphate
molecule may serve to neutralize
the influence of the positively
charged lysines 126 and 127, with
the consequence of reduced affinity of BAD for certain mem-
brane lipids or membrane lipid microdomains. Importantly,
the proposed regulation of BAD function by phosphorylation of
serine 124 seems to be unique for human BAD protein, since
most of the mammalian homologues do not contain the com-
plete FKK motif (see also the sequence alignment of several
mammalian species illustrated in Fig. 11).

Finally, we detected a peptide carrying five phosphates over-
lapping partially with the peptide 117-133 (see Fig. 1B). This
peptide has been ascribed to the C-terminal BAD region
located between residues 128 and 149. At present, we cannot
definitively specify the exact positions of all of the phosphates
found by MS analysis. Nevertheless, the phosphorylation of ser-
ine 124 is very probable, since it has already been detected
within the peptide 117-133. Also, the phosphorylation of
murine BAD at serine 170 (corresponding to serine 134 in
hBAD) has been previously reported (60). Since the alignment

1000
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FIGURE 9. Channel-forming activity of hBAD. Single-channel recordings of
purified hBAD or Bcl-X, (30 ng/ml, respectively) in a diphytanoylphosphati-
dylcholine membrane were monitored. The aqueous phase contained 1 m
KCI. The temperature was 20 °C, and the applied voltage was 20 mV. Phos-
phorylated hBAD forms large permanent open pores (A) as well as small chan-
nels that show a flickering behavior between a closed and an open state (B).
Non-phosphorylated hBAD has no pore-forming ability (C). Preincubation of
phosphorylated hBAD with the 14-3-3¢-14-3-3€ heterodimer (1:2, mol/mol)
for 30 min at 22 °C resulted in a disruption of hBAD assembly into the lipid
membrane and caused removal or closing of existing BAD channels (D).
14-3-3 proteins alone had no measurable effect on the lipid bilayer (data not
shown). E, Bcl-X; was used as a positive control. The vertical bars indicate
conductance of 2.5 nanosiemens. These measurements were repeated three
times with the same results.

of human and murine BAD shows that both BAD proteins con-
tain the conserved segment RPKS'**17°AG, it appears proba-
ble that this position is phosphorylated in both proteins.
Indeed, two other phosphopeptides (132-142 and 134-142)
confirmed this assumption. Nevertheless, the role of multiple
phosphorylations at the C-terminal end of the BAD protein
remains unclear. Such an accumulation of negative charged
residues may support the 14-3-3 depletion of BAD from
mitochondria.

Inhibition of BAD-mediated Apoptosis by RAF Kinases—The
proapoptotic protein BAD has been reported to be a substrate
for a broad spectrum of kinases. Here, we demonstrate that
BAD is phosphorylated in vivo and in vitro by RAF kinases as
well. However, the role of RAF kinases in BAD phosphorylation
is still controversial (15, 18, 20, 21). B-RAF has so far not been
considered as a BAD-phosphorylating kinase. Our results here
indicate that RAF kinases (particularly B- and C-RAF) play an
active role in BAD phosphorylation and regulation of apoptosis.
Due to quality limitations of the phosphospecific BAD antibod-
ies, it was almost impossible to analyze the phosphorylation
status of endogenous BAD in cell lines like HEK293, NIH 3T3,

28016 JOURNAL OF BIOLOGICAL CHEMISTRY

or HeLa. To avoid immunoprecipitation experiments where
phosphorylated BAD fractions are highly enriched in vitro, we
decided to perform forced expression experiments. An advan-
tage of this method is that it allows direct testing of RAF
kinases, Akt/PKB, or PAK1 on BAD phosphorylation and
avoids broad activation of effector kinases that normally occurs
after stimulation with growth factors like epidermal growth fac-
tor or platelet-derived growth factor.

It has been previously demonstrated that active C-RAF is
involved in BAD phosphorylation (17). However, the exact
position of BAD phosphorylation by RAF has not been eluci-
dated. Here we resolved BAD phosphorylation mediated by all
three RAF kinases and compared it with data obtained by PKA,
Akt/PKB, and PAKI. In vitro experiments are in accordance
with previously published reports (16, 21, 23) that PKA, Akt/
PKB, and PAK1 phosphorylate BAD to different extents at
serines 75, 99, and 118 (Figs. 3 and 5). Under the same condi-
tions, B-RAF phosphorylated BAD predominantly at Ser-75
and Ser-118, whereas highly active C-RAF-R/L phosphorylated
BAD at all of these positions (Fig. 5). In contrast, in vivo exper-
iments show that RAF kinases and PKA possess the ability to
phosphorylate BAD at all three crucial serines (75,99, and 118),
whereas Akt/PKB and PAK1 were more efficient in phospho-
rylation of serine 99, which is involved in association of 14-3-3
proteins (Fig. 2). These findings indicate that besides kinase
specificity, intracellular localization may be important for sub-
strate recognition.

Blocking of autocrine loops by suramin (e.g. NF-«B pathway
or stress kinase cascades) (Fig. 4) to down-regulate BAD phos-
phorylation suggests that these pathways do not play an essen-
tial role in BAD regulation. Cultivating cells with three different
MEK inhibitors (U0126, PD98059, and CI1040), we observed
no differences in BAD phosphorylation in the presence of
B-RAF (Fig. 4). In contrast, cells grown in the presence of RAF
inhibitor BAY 43-9006 or PKA inhibitor H-89 showed signifi-
cant reduction of BAD phosphorylation in vivo and in vitro,
suggesting that RAF kinases and PKA are involved directly in
suppression of BAD-mediated apoptosis. Although BAY
43-9006 was initially developed as a RAF kinase inhibitor, it can
additionally target the MAP kinase p38 and several tyrosine
kinases, including VEGFR-2, Flt-3, and c-Kit, but none of the
reported BAD kinases (78, 79). Importantly, Jin et al. (18)
showed, in accordance with our results, that C-RAF/PAK-me-
diated BAD phosphorylation could be effectively inhibited in
vivo in the presence of 2 uM RAF inhibitor BAY 43-9006. In
contrast, the use of MEK inhibitor PD98059 (20 um) did not
prevent BAD phosphorylation. Also, consistent with our data, it
has been shown by using the same cell line that Akt/PKB phos-
phorylates BAD efficiently at serine 136 (22). Collectively, we
compare here in the same experiment BAD phosphorylation by
RAF and other kinases and show that Akt/PKB and PAK1 phos-
phorylate BAD with different specificity compared with RAF
and PKA. Furthermore, we demonstrated that BAD-induced
apoptosis can be inhibited by B- and C-RAF and showed that
this inhibition is dependent on the phosphorylation of serines
75 and 118 of hBAD (Fig. 6).

Based on data presented here, we suggest that in vivo phos-
phorylation of BAD by RAF kinases represents an important
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14-3-3 binding, the domain sur-
rounding serine 99 represents the
preferential 14-3-3 binding site.
However, a second binding site may
enhance or stabilize this associa-
tion. Quantitative interactions of
BAD with truncated Bcl-2 and
Bcl-X; had previously been investi-
gated only using peptide samples
derived from the BH3 domain of
BAD (65, 80). Consistent with these
data, we detected a preference for
the interaction between BAD and
full-length Bcl-X;, suggesting that
Bcl-X; is the preferential binding
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indicating a high proportion of
C-RAF located at mitochondria
(81). The presence of activated
C-RAF at mitochondria is also sup-
ported by the contribution of Jin et
al. (18), who demonstrated that
PAK mediates C-RAF activation
and its subsequent translocation to
the mitochondria. At present, we
cannot completely exclude the pos-
sibility that RAF kinases and PKA
act simultaneously or synergisti-
cally, since it has been reported that
C-RAF and PKA form a complex in
vivo (82). However, the C-RAF-PKA
complex was found to be stable
only in non-stimulated cells. It is
possible that Akt/PKB and C-RAF
—t—t—+—+—+—+— also act as a complex in vivo. In this
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FIGURE 10. Histogram of the probability for the occurrence of a given conductivity unit. The histogram
was observed with membranes formed using 1% diphytanoylphosphatidylcholine in the presence of 30 ng of
phosphorylated hBAD. P(G) is the probability that a given conductance increment G is observed in the single-
channel experiments. It was calculated by dividing the number of fluctuations with a given conductance
increment by the total number of conductance fluctuations. A, large and permanent open pores (91 single-
channel events were integrated). B, small channels that show a flickering behavior between a closed and an

open state (341 single-channel events were considered).

pathway in the phosphorylation of BAD domains that are
involved either in 14-3-3 protein association or mediate cou-
pling/decoupling of BAD with Bcl-2 and Bcl-X; proteins. To
corroborate these findings, we performed binding studies with
purified components by use of the BIAcore technique. In Fig. 7,
we demonstrate that in vitro phosphorylation of BAD by acti-
vated C-RAF promotes association of BAD with 14-3-3{. We
used 14-3-3¢, since of the seven 14-3-3 isoforms analyzed, this
isoform bound phosphorylated BAD most efficiently (14).
Whereas serines 75 and 118 are essentially not required for
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N scenario, C—RAF would Phosphoryl—
LA A ate mBAD mainly at serines 112 and
155, and Akt/PKB might be respon-
sible for Ser-136 phosphorylation.
These combined phosphorylations
would enable effective association
of 14-3-3 with BAD and separation
from the BAD-Bcl-X; . She et al. (83)
proposed that BAD might represent
the convergence point of the RAF-
and the PI3K/Akt kinase pathway. According to this report,
BAD protein acts as a switch that integrates the anti-apoptotic
effects of the epidermal growth factor receptor/MAPK and
PI3K/Akt pathways (as detected in MDA-468 cancer cells).
This model is further supported by the observation that BAD
can associate with PKB and B-RAF in conjunction with the
co-chaperone BAG-1 on the mitochondrial level (84).
Pore-forming Activity of Human BAD Is Regulated by Phos-
phorylation and 14-3-3 Proteins—Within the Bcl-2 family of
proteins, Bcl-X;, Bcl-2, Bax, Bak, and the BH3-only protein Bid
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hBAD  hBAD
S118 S124
{

Felis catus ALRYGRELRRMSDEFQGSFK-GLP 130
ARRYGRELRRMSDEFQGSFK-GLP 130
AQRYGRELRRMSDEFVDSFKKGLP 131
AQRYGRELRRMSDEFEGSFK-GLP 167

AQRYGRELRRMSDEFEGSFK-GLP 166
Kk okkkkkkkkkhkkkk | kkk kkk

Canis lupus familiaris
Homo sapiens

Rattus norvegicus

Mus musculus

FIGURE 11. Amino acid sequences of the BAD fragment surrounding the
BH3 domain from different mammalian species. Amino acid sequences
were aligned using the ClustalW algorithm (available on the World Wide
Web). The BH3 domain is highlighted in pink, and the vicinal FKK/FK regions
are in turquoise. This alignment reveals that, in contrast to the highly con-
served BH3 domain, the neighboring FKK lipid binding motif exists only in
humans.

have been reported to possess channel-forming ability in artifi-
cial lipid bilayers (38 —42). In addition, it was observed by con-
focal and electron microscopy that Bax and Bak coalesce during
apoptosis into large clusters on the surface of mitochondria
(85). Here we present biophysical evidence that the proapopto-
tic BH3-only protein BAD forms channels in artificial mem-
branes. To form pores, such proteins must contain helices that
are long enough to span the membrane bilayer, and these heli-
ces must be largely devoid of charged residues (70). Since an
average lipid bilayer has a hydrophobic cross-section of ~30 A
(86), the a-helix needs to be ~20 residues long in order to span
a membrane bilayer and to be able to participate in channel
formation (70). A helix probability plot of human BAD exhib-
ited a C-terminal region of about 20 residues with a high prob-
ability of a helical structure and only two charged residues (14).
This region is surrounded by positively charged residues, which
may additionally facilitate the association of the protein with
membranes. Although one helix is insufficient to form a chan-
nel, some molecules could come together, each contributing
their hydrophobic helix to create a pore. Furthermore, in the
vicinity of this putative C-terminal helix, a second lipid binding
domain in human BAD comprising the FKK motif has been
identified (14).

We show here that human BAD is able to form ion channels,
which exhibit multiple conductance states with complex open-
ing kinetics. Similar properties have been also reported for
other Bcl-2 family members, including Bcl-X,, Bcl-2, Bax, and
Bid (38, 39, 41, 42, 87). The presence of three different channel
activities with progressively greater conductances (~500,
~750, and ~3750 picosiemens) but occurring with progres-
sively lesser frequency raises the possibility of stepwise oli-
gomerization of BAD protein molecules in planar bilayers. The
BAX channel progresses within 2—4 min of its initial appear-
ance (42). This includes an early low conductance channel, fol-
lowed by a transition phase with multiple subconductance lev-
els and finally achieves an apparently stable ohmic pore of large
conductance. Our findings that the lower conductive hBAD
channels are flickering between a closed and an open state and
the higher conductive hBAD channels persist open raises the
question of what factors may control opening and closing of
hBAD channels in vivo. Although it was demonstrated that
phosphorylation of BAD does not affect membrane binding
(14), dephosphorylated hBAD fails to form discrete channels in
lipid bilayers. Possibly, some specific phosphorylation patterns
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of hBAD are responsible for the formation of particular con-
ductance states. Furthermore, we observed that 14-3-3 proteins
disrupt the assembly of hBAD into the lipid membrane and that
14-3-3 is able to remove or close existing hBAD channels. Based
on these data, we propose that the formation of hBAD pores is
a reversible process that is regulated by phosphorylation and
14-3-3 proteins. This fits well to the suggested model that BAD
is a membrane-associated protein that has the hallmarks of a
receptor rather than a ligand, which shuttles in a phosphoryla-
tion-dependent manner between mitochondria and other
membranes with 14-3-3 as a key regulator of this relocation
(14). Additionally, our results emphasize that phosphorylation
alone is insufficient to release BAD from membranes, because
the depletion process depends on 14-3-3 proteins. In vivo, the
formation of hBAD pores may also be affected by other proteins
that have been reported to interact with BAD. Two candidates
are Akt/PKB and B-RAF, which were demonstrated to co-im-
munoprecipitate with BAD (84). It is possible that these kinases
affect the pore-forming ability of hBAD besides the BAD-phos-
phorylating activity. Another open issue is the putative influ-
ence of other pore-forming members of the Bcl-2 family of pro-
teins, like Bcl-2 and Bcl-X,, that have been shown to interact
with BAD (10, 38, 41). Do they merely shut off their own and
hBAD pore-forming activity by heterodimerization, or do they
alternatively form counteracting pores? Our preliminary data
suggest that Bcl-X; does not abolish pore formation of hBAD
(data not shown). Similar observations were reported with
respect to the effects of Bax on the pore-forming ability of Bcl-2.
Although it was recently demonstrated that Bax interacts pref-
erentially with the membrane-inserted form of Bcl-2 (88), it was
reported that Bax does not merely abrogate pore formation of
Bcl-2 (41). These authors suggested that Bcl-2 allows the trans-
port across membranes in a direction that is cytoprotective,
whereas Bax does the opposite. Bcl-X; and hBAD may also be
involved in controlling such a homeostasis. In this regard, it
should be mentioned that hBAD forms pores in its phosphoryl-
ated and non-apoptotic state. Therefore, it is possible that it
cooperates with anti-apoptotic proteins instead of counteract-
ing them.

Results presented here raised the question, what could be the
physiological role of BAD channels? BAD has been found to
localize at the outer mitochondrial membrane and cholesterol-
rich rafts at the plasma membrane (14, 89). Therefore, the ion-
conducting BAD channels could contribute to the regulation of
the mitochondrial permeability transition (90), a process that
has been suggested to be critical in apoptosis (91, 92). Recently,
it was demonstrated that BAD targets the permeability transi-
tion pore and sensitizes it to Ca®"* in a phosphorylation-de-
pendent manner (93). It is also possible that hBAD conducts
molecules other than ions, such as cytochrome ¢ or further
apoptogenic factors. Also, Bax was originally described to form
ion-conducting channels (42), whereas cell-free studies on iso-
lated mitochondria demonstrated that it can accelerate the
release of cytochrome ¢ (94). Another function of BAD chan-
nels could be to influence metabolic processes apart from apo-
ptosis. It was already suggested that mitochondrial ion channels
such as those regulated by Bcl-2 family members may control
the export of metabolites, including ATP, under normal phys-
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iological conditions (95-97). An example for a Bcl-2 family
member that may regulate a non-apoptotic process by the for-
mation of pores is the naturally occurring proteolytic cleavage
fragment of Bcl-X; (Bcl-Xg). There is evidence that during
hypoxia, Bcl-X results in the formation of large conductance
channels (98), which contribute to the run-down of synaptic
transmission in the squid presynaptic terminal (99).

Other interesting aspects that could unravel the function of
pore formation by Bcl-2 proteins are observations that link apo-
ptosis to mitochondrial morphogenesis. Bax/Bak were found to
colocalize with mitochondrial fission sites and dynamin family
GTPases, Drpl and Mfn2 (85). Additionally, it was found that
during apoptosis close in time to Bax translocation and cyto-
chrome crelease, mitochondria fragment into small units (100).
This indicates that cytochrome c release may occur through
Bax-modified mitochondrial scission machinery. It is also fea-
sible that the insertion of hBAD into membranes is of greater
importance to its function as adaptor or docking protein than
for pore formation, as has been suggested for Bcl-2, Bax, and
Bcl-X, (70).

Conclusions—Generally, BH3-only proteins are proposed to
function as sentinels of the cellular health status. Data pre-
sented by She et al. (83) indicate that BAD might represent the
convergence point of the RAF- and the PI3K/Akt kinase path-
way. According to this report, BAD protein acts as a switch
integrating the antiapoptotic effects of the central mitogenic
and PI3K/Akt pathways. This model is further supported by the
observation that BAD can associate with both PKB and RAF
kinases at the mitochondrial level. Data presented here suggest
also that there is interplay between RAF and the PKB pathway
and that BAD can function as a node of these two signaling
pathways. Thus, C-RAF might coordinate the assembly,
recruitment, and possibly the activity of other kinases, resulting
in the correct signaling output. Identification of novel hBAD
phosphorylation sites indicates another type of regulation for
human BAD compared with murine (and some other mamma-
lian) BAD proteins. The finding that human BAD exhibits pore-
formingactivities opens new insights into the regulation of apo-
ptotic mechanisms mediated by Bcl-2 family of proteins.
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