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the §Department of Experimental Medicine and Biochemical Sciences, University of Rome “Tor Vergata”, Via Montpellier 1, I-00133
Rome, Italy, the ¶Department of Clinical Physiopathology, University of Florence, Viale Pieraccini 6, I-50139 Florence, Italy, the
�Institute of Neurobiology and Molecular Medicine, National Research Council, Via Fosso del Cavaliere 100, I-00133 Rome, Italy,
the **Laboratory of Cell Biology, NCI, National Institutes of Health, Bethesda, Maryland 20892, ‡‡DIMES Biochemistry Section,
Mass Spectrometry Facility, Center of Excellence for Biomedical Research, University of Genoa, Viale Benedetto XV 7,
I-16132 Genoa, Italy, the §§Department of Public Health Science “G. Sanarelli,” University of Rome “La Sapienza,”
Piazzale A. Moro 5, I-00185 Rome, Italy, and ¶¶CEINGE Biotecnologie Avanzate, Department of Biochemistry and
Medical Biotechnologies, University of Naples “Federico II,” Via Comunale Margherita 482, I-80131 Naples, Italy

The antiapoptotic role of Bcl-2 can be regulated by its phos-
phorylation in serine and threonine residues located in a non-
structured loop that links BH3 and BH4 domains. p38 MAPK
has been identified as one of the kinases able to mediate such
phosphorylation, through direct interaction with Bcl-2 protein
in themitochondrial compartment. In this study, we identify, by
using mass spectrometry techniques and specific anti-phos-
phopeptide antibodies, Ser87 and Thr56 as the Bcl-2 residues
phosphorylated by p38 MAPK and show that phosphorylation of
these residues is always associated with a decrease in the antiapo-
ptotic potential of Bcl-2 protein. Furthermore, we obtained evi-
dence that p38MAPK-induced Bcl-2 phosphorylation plays a key
role in the early events following serum deprivation in embryonic
fibroblasts. Both cytochrome c release and caspase activation trig-
gered by p38 MAPK activation and Bcl-2 phosphorylation are
absent in embryonic fibroblasts from p38� knock-out mice
(p38��/� MEF), whereas they occur within 12 h of serum with-
drawal in p38��/� MEF; moreover, they can be prevented by p38
MAPK inhibitors and are not associated with the synthesis of the
proapoptoticproteinsBaxandFas.Thus,Bcl-2phosphorylationby
activatedp38MAPKisakeyevent in theearly inductionofapopto-
sis under conditions of cellular stress.

Bcl-2 family proteins play differential roles in the regulation
of mitochondria-mediated apoptosis, by either promoting or
inhibiting the release of apoptogenic molecules from mito-

chondria to the cytosol (1, 2). Bcl-2 family proteins modulate
the mitochondrial permeability through interaction with ade-
nine nucleotide translocator, voltage-dependent anion chan-
nel, by ADP/ATP exchange, or by interfering with oxidative
phosphorylation during apoptosis (2). The three-dimensional
structure of Bcl-2 proteins suggests that they are also capable of
forming channels in mitochondrial membranes (3–5).
Recent evidence indicates that the antiapoptotic functions of

Bcl-2 can be regulated by post-translational modifications,
including phosphorylation (6), dimerization (7), and/or proteo-
lytic cleavage (8). There is still controversy over the significance
of Bcl-2 phosphorylation, and two opposing models were ini-
tially proposed, the “taxol-induced” and the “interleukin-3-in-
duced” Bcl-2 phosphorylation (6). In the first model, Bcl-2
phosphorylation induces a strong inhibition of the antiapopto-
tic potential and is related to hyperphosphorylation of several
kinases, including Raf-1 kinase, but is independent of protein
kinase C (9). In the second model, stimulation with growth
factors, such as interleukin-3, induces Bcl-2 phosphorylation,
which increases the antiapoptotic potential of the protein (10),
whereas, in contrast, interleukin-3 deprivation inhibits Bcl-2-
phosphorylation and induces cell death. However, subsequent
reports clearly show that hyperphosphorylated Bcl-2 cannot be
considered a hallmark of the growth/survival mechanism of
action and that triggering specific tyrosine kinase receptors
decreases Bcl-2 phosphorylation still inhibiting cell death (6).
For example, binding of insulin receptor substrate proteins to
Bcl-2, triggered by insulin/insulin-receptor interaction, inhibits
its phosphorylation and has been proposed as one of the sur-
vival mechanisms induced by insulin (11). In memory B lym-
phocytes, as well as in continuos B lymphoblastoid cell lines,
nerve growth factor (NGF)3 inhibits apoptosis by preventing
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Bcl-2 phosphorylation (12–14). Probably, both phenomena are
not necessarily mutually exclusive and may reflect the function
of Bcl-2 in different cellular contexts, able to induce directly or
indirectly Bcl-2 phosphorylation. An alternative explanation is
that suchphenomena simply reflect the action of different Bcl-2
kinases, which phosphorylate different residues of the protein.
In fact, Bcl-2 phosphorylation occurs in at least one of the

four serine and threonine residues located in a nonstructured
loop that links the BH3 and BH4 domains (15), and different
kinases and phosphatases have been reported tomodulate such
phosphorylation (16–19). JNK was repeatedly indicated as a
potential Bcl-2 kinase, and it has been shown to induce Bcl-2
phosphorylation at four serine/threonine sites (Thr56, Ser70,
Thr74, and Ser87) (19). However, recent reports suggest that,
although paclitaxel-induced JNK activation is crucial for Bcl-2
phosphorylation, other kinases, such as CDK1, are responsible
for it (20). Consistently, during paclitaxel treatment, lack of
synchrony between JNK activation (early event) and Bcl-2
phosphorylation (late event) has been reported (21).
p38 MAPK is reportedly involved in several apoptotic path-

ways, including those triggered by NGF withdrawal, tumor
necrosis factor, and NO, all inducing Bcl-2 phosphorylation
(12–14, 22, 23). Under these conditions, Bcl-2 hyperphospho-
rylation induced by p38 MAPK always leads to proapoptotic
events, as indicated by the release of cytochrome c both in cel-
lular systems and in “cell-free” experiments (14). In contrast to
JNK, Bcl-2 phosphorylation is synchronous with p38 MAPK
activation and ismediated by a direct interaction between Bcl-2
and the activated enzyme in the mitochondrial compartment,
resulting in cytochrome c release and caspase activation. Cellu-
lar apoptosis, triggered a few hours after p38MAPK activation,
does not require de novo protein synthesis and can efficiently be
blocked by p38 MAPK-specific inhibitors. On the whole, these
data support the hypothesis that several kinases can phospho-
rylate specific Bcl-2 residues and evoke different biologic
events, thus underscoring the need to assess precisely those
residues.
In this study, we identified, by usingmass spectrometry tech-

niques and specific anti-phosphopeptide antibodies, Ser87 and
Thr56 as theBcl-2 residues phosphorylated by p38MAPK.Con-
sistently, substitution of these residues with alanine inhibits
cytochrome c release from isolated mitochondria after the
addition of activated p38MAPK.We also showed that deletion
of the p38� MAPK gene strongly delays apoptosis induced by
serum withdrawal in embryonic fibroblasts and that Bcl-2
phosphorylation induced by p38 MAPK plays a key role in the
early induction of apoptosis following serum deprivation.

EXPERIMENTAL PROCEDURES

Cell Cultures—Embryonic fibroblasts (MEF) from p38�
MAPK�/� and p38� MAPK�/� embryos were kindly donated
by Dr. Micheal Karin (University of California, San Diego) (24).
MEF were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum; CESS and MDCK
cell lines were purchased by ATCC (Manassas, VA) and cul-
tured in RPMI 1640 medium supplemented with 10% fetal calf
serum.

Reagents—Mouse anti-cythocrome c Abs were purchased
from BD Pharmingen (clone 7H8.2C12 for Western blotting
analysis; clone 6H2.B4 for immunofluorescence analysis); rab-
bit anti-p38 MAPK, anti-PARP, anti-actin, anti-Fas/CD95,
anti-Bcl-2, anti-Bax Abs, and mouse anti-human Bcl-2 Abs
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA); rabbit anti-phosphorylated p38 MAPK Abs were
purchased from New England Biolabs; and the p38 MAPK
inhibitor SB203580 was purchased from Calbiochem. Human
recombinant active p38 MAPK-GST and JNK-GST were pur-
chased from Upstate Biotechnology, Inc. (Lake Placid, NY).
Human recombinant Bcl-2-(1–205) and its mutants T56A and
S87A were expressed as N-terminal GST fusion protein using
pGEX-4T-1 vector in BL21 Gold cells (Escherichia coli).
Recombinant protein was purified by resuspending 1-liter cell
cultures in ice-cold phosphate-buffered saline (PBS) supple-
mented with 0.5 mM phenylmethylsulfonyl fluoride protease
inhibitor and 1 mM dithiothreitol. The cell suspension was
incubated with 1 mg/ml lysozyme for 30 min at 4 °C, sonicated
to reduce viscosity, and then mixed gently with 1% Triton
X-100 for 30 min at 4 °C and centrifuged at 10,000 � g for 30
min. The supernatant was applied to a glutathione-Sepharose
4B column (Amersham Biosciences) and purified using a wash
step with PBS until the A280 reached �0.001. Proteins were
elutedwith 50mM reduced glutathione in 200mMTris-HCl, pH
8, supplemented with 1 mM dithiothreitol, desalted against 50
mM Tris-HCl, pH 8, 1% glycerol, and stored at �80 °C.

Construction of Bcl-2 full-length mutants was performed as
described (14). The T56A/S87A Bcl-2 full-length double mutant
wasconstructedbyamutagenesis reactionusingaQuikChangeTM
site-directed mutagenesis kit (Stratagene) and the T56A Bcl-2-
full-length mutant cloned in pIRES2-EGF vector (Clontech) as
template. Bcl-2mutant sequences were then subcloned in pQE60
vector (Qiagen) for the expression as C-terminalHis6-tagged pro-
teins in M15 cells (E. coli). T56A and S87A Bcl-2 mutant
sequences (residues 1–205) were then subcloned in pGEX4T1
vector for expression as N-terminal GST fusion protein in BL21
Gold cells (E. coli) as described above.
Anti-phospho-Bcl-2 (Thr56 and Ser87) antibodies were pro-

duced in rabbits using as immunogens the synthetic peptides
SSQPGHpTPHPAA andAAGPALpSPVPPVV designed on the
sequences 50–61 and 81–93 of human Bcl-2, in which pT and
pS correspond to the phosphorylated threonine at residue 56
and serine at residue 87 of Bcl-2, respectively. The resulting
antiserum was purified as described (25).
Mass Spectrometry Analysis—A kinase assay was performed

by incubating Bcl-2-GST (20–30 �g) in the absence (untreated
sample) or presence (treated sample) of activated p38MAPK in
kinase buffer (50 mM Tris-HCl, 100 mMNaCl, 25 mM �-glycer-
ophosphate, 25 mM MgCl2, pH 7.4, protease and phosphatase
inhibitor mixtures, and 200 �M ATP) for 30 min at 30 °C. Both
treated and untreated samples were resolved on SDS-PAGE,
and Bcl-2-GST bands were excised from gels and then sub-
jected to overnight in-gel digestion with 12.5 ng/�l sequencing
grade trypsin (Promega) at 37 °C as described (26, 27). Bcl-2-
GST-digested peptides were recovered from gels, lyophilized,
and then analyzed by mass spectrometry.
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ForMALDI time-of-flight (TOF) analysis, mass spectra were
acquired in positive and negative ion mode using an Applied
Biosystems/SciexQ-StarXL instrument. All of the experiments
were carried out with an oMALDI 2 ion source (oMALDI-
QqTOF), setting theN2 laser power to 20�J with a pulse rate of
20 Hz.
Cythochrome c Release—MDCK cells, detached by trypsin-

EDTA, were washed twice in phosphate-buffered saline and
suspended in 8 ml of mitochondrial isolation buffer (250 mM
sucrose, 20 mMHepes, 10 mMKCl, 20 mMMgCl2, 1 mM EDTA,
1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride protease inhibitor, 2 �g/ml leupeptin, 10 �g/ml apro-
tinin, pH 7.4). Cells were passed through an ice-cold cylinder
cell homogenizer. Unlysed cells and nuclei were pelletted via a
10-min, 750 � g spin. The supernatant was spun at 10,000 � g
for 30 min at 4 °C, and the pellet containing the mitochondrial
fraction was incubated for 30 min on ice and 15 min at 22°C,
with or without extracts of E. coli cells (8.5%, v/v), expressing
native or mutated Bcl-2-His6 or transformed with the empty
plasmid, obtained by lysing the cells with 20mMHepes, pH 7.4,
30 mM KCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride
protease inhibitor, 20�g/ml aprotinin, 20�g/ml leupeptin, and
1%CHAPS. 0.25 ng of active p38MAPK, with or without 25�M
SB203580, was then added, and the phosphorylation reaction
was performed in the presence of 200 �M ATP (Amersham
Biosciences). p38 MAPK-untreated mitochondria were also
used as control. Mitochondrial mixture reactions were then
centrifuged at 4,000 � g for 10 min, and the supernatant and
pellet proteins were separated on SDS-PAGE, followed by
transfer to a polyvinylidene difluoride membrane (Amersham
Biosciences). The blot was probed with anti-human cyto-
chrome c peptide monoclonal antibody (7H8.2C12 clone; BD
Biosciences), diluted to 1:500, followed by a secondary probe
(1:5,000 dilution)with horseradish peroxidase-labeled antibod-
ies (Amersham Biosciences). The reaction was visualized by
ECL (Amersham Biosciences).
Immunoblotting Techniques—Lysates of p38��/� MEF and

p38��/� MEF cells, grown under conditions of serum depriva-
tion for different time periods, and lysates of CESS cells, cul-
tured in the presence of 200 nM K252A (Calbiochem) as apo-
ptotic stimuli for 2 h, were separated on SDS-PAGE and blotted
on a polyvinylidene difluoride membrane (Amersham Bio-
sciences). The blots were stained with the indicated primary
antibodies (1 �g/ml) followed by secondary probes (1:5,000
dilution) with horseradish peroxidase-labeled antibodies
(Amersham Biosciences). The reaction was visualized by ECL
(Amersham Biosciences).
KinaseAssay—For detection of Bcl-2 phosphorylation sites, a

kinase assay was performed by incubating 0.25 �g of recombi-
nant active p38 MAPK-GST or active JNK-GST and 0.25 �g of
recombinant Bcl-2-GST in kinase buffer (25 mMHepes, 25 mM
�-glycerophosphate, 25mMMgCl2, 2mMdithiothreitol, 0.1mM
orthovanadate, 200�MATP) for 30min at 30 °C in the presence
or absence of 25 �M SB203580 (Calbiochem). In another set of
experiments, the kinase assay was performed by incubating
0.5 �g of recombinant Bcl-2-GST or T56A Bcl-2-GST or
S87A Bcl-2-GST and 0.25 �g of recombinant active p38
MAPK-GST in kinase buffer for 30 min at 30 °C. p38MAPK-

untreated Bcl-2 proteins were used as controls. Protein mix-
tures were separated by SDS-PAGE, blotted onto a nitrocel-
lulose filter, and stained with anti-phospho-Bcl-2 (Thr56 and
Ser87) antibodies. The reaction was visualized by an ECL
detection system (Amersham Biosciences).
To assess the activity of recombinant enzymes, 0.25 �g of

active rp38 MAPK-GST or recombinant JNK-GST were incu-
batedwith 0.25�g of rATF-2-GST in kinase buffer for 30min in
the presence of 3 �Ci of [�-32P]ATP. Samples were run on
SDS-PAGE and autoradiographed.
Immunofluorescence Analysis—For immunofluorescence

analysis, p38��/� and p38��/� MEFwere seeded on glass cov-
erslips in 35-mmplates at a concentration of 7� 104 cells/glass;
24 h later, cells were washed twice with Dulbecco’s modified
Eagle’s medium and then incubated in Dulbecco’s modified
Eagle’s medium without serum for different times (6, 9, and
12 h). At the indicated time points, cells were washed twice in
PBS, fixed for 30 min at 4 °C in 4% formaldehyde, incubated
with 0.25 �g/ml 4�,6-diamidino-2-phenylindole for 10 min at
22 °C, and then permeabilized for 3minwith 0.3%TritonX-100
in PBS. After incubationwith 3% (v/v) bovine serum albumin in
PBS for 30 min to block nonspecific binding, the cells were
incubated with anti-cytochrome c antibody (6H2.B4 clone; BD
Pharmingen) in PBS plus 1.5% bovine serum albumin for 1 h at
37 °C in a humidified chamber. The coverslips were then rinsed
three times in PBS and incubated with the secondary antibody,
rinsed again in PBS, and examined by a Leika fluorescence
microscope coupled to a CCD camera, equipped with a �100
oil immersion lens.

RESULTS

p38MAPKPhosphorylation of Thr56 and Ser87 Bcl-2 Residues
Induces Release of Cythocrome c fromMitochondria: Biological
Evidence and Relevance—A variety of protein kinases, includ-
ing the MAPK family members, have been reported to induce
Bcl-2 phosphorylation (16–19). p38 MAPK was shown to
induce Bcl-2 phosphorylation and apoptotic cell death inmem-
ory B lymphocytes upon withdrawal of their survival factor
NGF (14). By transfecting lymphoid cells with Bcl-2 mutants in
which each Thr56, Ser87, Ser70, and Thr74 was substituted with
alanine, we demonstrated that only T56A and S87A Bcl-2
mutants protected cells from apoptosis induced by p38 MAPK
activation, thus indicating these sites as possible targets of the
kinase (14).
In order to obtain further functional evidence that p38

MAPK-mediated phosphorylation of the Ser87 and Thr56 resi-
dues of Bcl-2 inhibits the antiapoptotic function of the protein,
we produced the above reported Bcl-2 mutants in recombinant
form and tested their function on isolated mitochondria from
MDCK, a canine cell line that does not express Bcl-2 (28).Mito-
chondria, isolated as described (14), were incubated with
recombinant Bcl-2 mutants, with recombinant Bcl-2 deprived
of the entire loop region between the�1 and�2 helices (Bcl-2�
loop), or Bcl-2 wild type (Bcl-2 WT), as negative and positive
controls, respectively. Following insertion of recombinant pro-
teins in the membranes, activated p38MAPK was added to the
reaction mixture, and the release of cytochrome c was assessed
as a measure of Bcl-2 antiapoptotic function.
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Fig. 1A shows that, after 2 h of incubation, p38 MAPK
induced the release of cytochrome c from Bcl-2 WT-bearing
mitochondria, and the phenomenon was inhibited by
SB203580, a pyrimidyl imidazole-specific inhibitor of the
enzyme (29). By contrast, the p38 MAPK-induced release of
cytochrome c was not evident from mitochondria bearing the
Bcl-2 �loop and was strongly decreased from Bcl-2 S87A or
Bcl-2 T56A mutants compared with that elicited from Bcl-2
WT-bearingmitochondria. Consistently, the Bcl-2T56A/S87A
double mutant-bearing mitochondria were completely resist-
ant to p38MAPKactivity (Fig. 1B).Moreover, p38MAPK failed
to induce release of cythochrome c from mitochondria not
exposed to Bcl-2, thus indicating that the Bcl-2/p38 MAPK
interaction was causally related to the observed phenomenon,
as previously demonstrated (14).
On the whole, the above experiments confirm that the sub-

stitution of Thr56 and Ser87 residues with alanine inhibits the
cythocrome c release induced by p38 MAPK action on Bcl-2.
p38MAPK Phosphorylates Bcl-2 in Thr56 and Ser87 Residues:

Biochemical and Immunochemical Demonstration—To obtain
a direct biochemical demonstration of the Bcl-2 residues phos-
phorylated by activated p38MAPK, we performed amass spec-
trometry analysis of tryptic fragments of Bcl-2 after phospho-
rylation by p38 MAPK in vitro.
A cell-free kinase assay was performed by incubating

recombinant Bcl-2 with ATP in the presence or absence of

activated p38 MAPK. The reaction mixtures were separated
on one-dimensional SDS-PAGE electrophoresis, and gel
slices corresponding to phosphorylated or native Bcl-2 pro-
tein were excised and subjected to in-gel trypsin digestion.
Digested peptides were extracted from gels, dried, and ana-
lyzed for mass differences by MALDI-TOF MS. As shown in
Table 1, by monitoring the single charged ions of the two
serine- and threonine-carrying fragments, two peptides,
referred to hereafter as peptides A and B, respectively, were
identified.
First, we focused our analysis on peptide A, since peptide B

contains the three potentially phosphorylatable residues Ser70,
Ser87, and Thr74, a condition not allowing the identification of
the exact site phosphorylated by p38 MAPK. The unphospho-
rylated sample was used as negative control. Both the�80mass
(corresponding to the phosphate group) of the peptide A (as
monoprotonated) and its phosphate fragment were detected in
the p38 MAPK-phosphorylated sample. Fig. 2 shows enlarged
portions, corresponding to peptide Amass range, of mass spec-
tra of the peptide mixture from untreated Bcl-2 digest (Fig. 2A)
and p38MAPK-treated Bcl-2 digest (Fig. 2B). Both spectra pre-
sented a peak corresponding to unphosphorylated A peptide,
which contains the Thr56 residue as the only one within the
MAPK consensus sequence (TP/SP). Indeed, only mass spectra
of the peptidemixture from p38MAPK-treated Bcl-2 showed a
peak corresponding to phosphorylated A peptide, suggesting
that the enzyme actually phosphorylates the residue Thr56 of
Bcl-2. Next, we analyzed the phosphorylation status of the B
peptide. Fig. 2 shows enlarged portions, corresponding to the
peptide B mass range, of mass spectra of the peptide mixture
from untreated Bcl-2 digest (Fig. 2C) and p38 MAPK-treated
Bcl-2 digest (Fig. 2D). As expected, both spectra presented a
peak corresponding to unphosphorylated B peptide. Interest-
ingly, the mass spectra of peptide mixture from p38 MAPK-
treated Bcl-2 showed a peak corresponding to the monophos-
phorylated B peptide, indicating that the enzyme actually
phosphorylates at least one residue among the three amino
acids (Ser70, Ser87, and Thr74) lying within the MAPK consen-
sus sequence. However, no signal corresponding to the double-
or triple-phosphorylated peptides was detectable, suggesting
that only one residue was the target of the enzyme. These
results were confirmed when phosphopeptides were measured
in negative ion mode (data not shown).
Thus, both A and B monophosphorylated peptides were

unambiguously detected in the MALDI mass spectra. Never-
theless, the intensity of these peaks showed in Fig. 2 appeared
low as compared with the unphosphorylated ones. This obser-
vation is consistent with the expected quenching effect elicited
by the phosphate group on the MALDI ionization of the large
hydrophobic A and B peptides. A similar phenomenon was
observed when high pressure liquid chromatography-MS anal-
ysis of Bcl-2-GST tryptic peptides was performed (data not

FIGURE 1. Effect of Bcl-2 loop region deletion or of T56A- and S87A-Bcl-2
mutations on cytochrome c release from mitochondria elicited by acti-
vated p38 MAPK. Mitochondria isolated from MDCK cells were incubated
with lysates of E. coli cells expressing Bcl-2-His6 WT or the indicated mutants,
in reaction buffer containing ATP and active rp38 MAPK in the presence or
absence of SB203580 (A). Mitochondria were also incubated with lysates of
E. coli expressing Bcl-2-His6 WT or T56AS87A-Bcl-2-His6 double mutant or
lysates of E. coli transformed with the empty vector in reaction buffer contain-
ing ATP and, when indicated, active rp38 MAPK (B). Supernatants of reaction
mixtures and mitochondrial lysates were run on SDS-PAGE, blotted, and
stained with anti-cytochrome c Abs. The mitochondrial extracts were immu-
noblotted also with anti-Bcl-2 Abs to ascertain the insertion of the recombi-
nant proteins into the organelle membranes. Results from one experiment of
three performed are shown. The densitometric analysis performed in three
different experiments demonstrated levels of p38 MAPK-induced cyto-
chrome c release from T56A-, S87A-, S70A- and T74A-bearing mitochondria of
17 � 5, 15 � 4, 88 � 10, and 70 � 8%, respectively, compared with the one
from Bcl-2 WT-bearing mitochondria. Deletion of the Bcl-2 loop region or
T56A or S87A single site mutations or the T56A/S87A double site mutations in
this region inhibit cytochrome c release from mitochondria induced by acti-
vated p38 MAPK.

TABLE 1
Peptides deriving from trypsin digestion of Bcl-2 protein

Peptide Bcl-2 sequence (M � H)� molecular weight
A 27–63 3,596.69
B 69–98 2,886.62
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shown) using different analyzers (single quadrupole and tan-
dem quadrupole TOF). For the same reasons, tandem mass
sequence analysis failed to give the exact mapping of the phos-
phorylation sites.
Overall, the MALDI/MS analysis strongly indicated as tar-

gets of p38 MAPK enzymatic action the Thr56 residue and one
among the three potentially phosphorylatable residues Ser70,
Ser87, and Thr74.
Since functional data (see Fig. 1 and Ref. 14) suggested Thr56

and Ser87 residues of Bcl-2 as the targets of the enzyme, to
obtain direct evidence of their phosphorylation, we used a dif-
ferent experimental approach. Polyclonal antibodies against
Thr56- or Ser87-phosphorylated sites of the protein were gener-
ated by immunizing rabbits with the synthetic phosphopep-
tides SSQPGHpTPHPAA and AAGPALpSPVPPVV, designed
on the sequences 50–61 and 81–93 of human Bcl-2. Phospho-
rylated Bcl-2 proteins, obtained by an in vitro kinase assay with
recombinant p38MAPK (as reported above), were separated by
SDS-PAGE electrophoresis, blotted on nitrocellulose mem-
branes, and stained with anti-Bcl-2-specific phosphopeptide
antibodies. Fig. 3A shows that, as expected, the anti-phospho-
Thr56-Bcl-2 antibody stained the proteins after p38 MAPK
enzymatic action, but not the native proteins. However, a
phosphorylated Bcl-2 band was also revealed using an anti-
phospho-Ser87 antibody. Furthermore, SB203580 was able to
inhibit phosphorylation of both Bcl-2 residues, thus con-
firming that they are targets of p38 MAPK enzymatic action.

An in vitro kinase assay per-
formed with activated JNK as a
phosphorylating enzyme showed no
direct phosphorylation of the Thr56
or Ser87 residues of Bcl-2. However,
both activated JNK and p38 MAPK
were able to phosphorylate their
common substrate ATF-2 (Fig. 3B).
In order to check the specificity of

the anti-phospho-Bcl-2 antibodies
and to definitely identify the target
residues of p38 MAPK enzymatic
action, a kinase assay was per-
formed by incubating recombinant
Bcl-2 T56A-GST or recombinant
Bcl-2 S87A-GST mutants or, as a
positive control, recombinant Bcl-
2-GST with active p38 MAPK. Fig.
3C shows that the anti-phospho-
Thr56-Bcl-2 antibody stained both
the native protein and the S87A
mutant, but not Bcl-2 T56A protein
after p38 MAPK enzymatic action.
On the contrary, the anti-phospho-
Ser87-Bcl-2 antibody recognized
Bcl-2 and T56A Bcl-2 proteins, but
not the S87A mutant after the
enzyme action. Moreover, both
antibodies did not react with pro-
tein substrates not exposed to p38
MAPK. These results demonstrate

that the anti-phospho antibodies react strongly with their tar-
get phosphoresidues and only weakly, if at all, with other phos-
phoamino acids. Moreover, the results obtained with the anti-
phospho-Bcl-2 antibodies definitively indicate Thr56 and Ser87
as the Bcl-2 residues phosphorylated by p38 MAPK.
The same antibodies were used to detect phospho-Bcl-2 in

CESS cells, a human B-cell line, in which activation of p38
MAPK induced by the TrkA inhibitor K252A results in Bcl-2
phosphorylation, with Ser87 and Thr56 being the most likely
targets (14). Fig. 4 shows that both anti-phospho-Thr56- and
anti-phospho-Ser87-Bcl-2 antibodies revealed a band of phos-
phorylated Bcl-2 protein, although the signal was much lower
than that obtained with recombinant protein, probably due to
the proteasomic degradation of the phosphorylated Bcl-2, as
reported by others (30). As expected, phosphorylation of both
residues was inhibited by SB203580 treatment, thus indicating
Thr56 and Ser87 as the target of p38 MAPK action also in this
cellular system.
Altogether, MALDI/MS analysis of tryptic Bcl-2 digests and

specific anti-phospho antibody experiments contribute to
demonstrate that the Thr56 but also the Ser87 Bcl-2 residues are
specific targets of p38 MAPK enzymatic action.
Relevance of p38 MAPK-induced Bcl-2 Phosphorylation in

Apoptotic Cell Death of MEF Induced by Serum Withdrawal—
The results reported above clearly show that p38 MAPK
phosphorylation of the Thr56 and Ser87 Bcl-2 residues
strongly alters the antiapoptotic function of the protein. In

FIGURE 2. MALDI-TOF analysis of residue 27– 63 and 69 –98 Bcl-2 tryptic digested peptides obtained
by untreated or p38 MAPK-treated Bcl-2 recombinant protein. Recombinant Bcl-2-GST was incubated
in vitro with ATP in the presence or absence of activated p38 MAPK. The reaction mixtures were separated
on SDS-PAGE, and native (untreated sample) or p38 MAPK-phosphorylated (treated sample) Bcl-2 was
subjected to in-gel tryptic digestion as described under “Experimental Procedures” and analyzed by mass
spectrometry. MALDI-TOF spectra of Bcl-2 tryptic digested peptide 27– 63 containing the potentially
phosphorylatable residue Thr56 (red in the sequence) from untreated sample (A) and treated sample (B)
are shown. MALDI-TOF spectra of Bcl-2 tryptic digested peptide 69 –98, containing the potentially phos-
phorylatable residues Ser70, Thr74, and Ser87 (red in the sequence) from untreated sample (C) and treated
sample (D) are shown. p38 MAPK phosphorylates the Thr56 residue, and one among the Ser70, Thr74, and
Ser87 sites in the Bcl-2 loop region.
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order to demonstrate the relevance of this pro-apoptotic
molecular pathway in a cellular system, we obtained embry-
onic fibroblasts from p38� wild type mice (p38��/� MEF) or
knock-out (p38��/� MEF) mice (24) and induced their apo-
ptosis by serum withdrawal.
Cell lysates fromp38��/�MEFor p38��/�MEF, cultured in

the presence or absence of serum, were collected at different
times, and activation of p38 MAPK and phosphorylation of
Bcl-2 were revealed by Western blotting techniques with spe-
cific antibodies. Fig. 5A shows that expression of activated p38

MAPK started 6 h after serum starvation in p38��/� MEF, but
not in p38��/� MEF. Staining with anti-total p38 MAPK anti-
bodies revealed that the enzyme, obviously never expressed in
p38��/� MEF, is normally expressed in control p38��/� MEF.

p38��/� MEF and p38��/� MEF were also cultured in the
presence or absence of the p38 MAPK inhibitor SB203580 for
12 h. Fig. 5B shows the presence of a slowly migrating band of
Bcl-2 (29 kDa) in the cell extracts after staining with specific
anti-Bcl-2 antibodies, suggesting the occurrence of Bcl-2 phos-
phorylation. The phenomenon was already evident after 6 h of
serum withdrawal only in p38��/� MEF and was specifically
inhibited by SB203580. In contrast, phosphorylated Bcl-2 pro-
tein was not detected in lysates of p38��/� MEF. These results
indicate that activation of p38 MAPK is responsible for Bcl-2
phosphorylation induced by serum starvation in MEF.
According to the results reported above, in a second series of

experiments, we studied whether activated p38 MAPK could
induce cytochrome c release from mitochondria after serum
starvation of MEF. p38��/� MEF or p38��/� MEF were
seeded in Permanox slide chambers and cultured in serum-free
conditions. After 6, 9, and 12 h, cells were fixed with paraform-
aldehyde, permeabilized with Triton X-100, stained with fluo-
rescein isothiocyanate anti-cytochrome c and a 4�,6-diamidino-
2-phenylindole nuclear dye, and analyzed by fluorescence
microscope. Cytochrome c distribution analysis showed a typ-
ical mitochondrial localization in both p38��/� and p38��/�

MEF at time 0. A diffuse cytosolic localization of cytochrome c
was evident in a small percentage of p38��/�MEF (18� 2), but
not in p38��/�MEF.After 9 h, the percentage of p38��/�MEF
with cytosolic localization of cytochrome c further increased
(50 � 3), and morphologic changes of nuclei began to appear,
indicating an active apoptotic process. By contrast, the mito-
chondrial localization of cytochrome c was not altered in
p38��/� MEF. Furthermore, after a 6-h serum starvation,

FIGURE 3. Immunoblotting analysis of p38 MAPK-phosphorylated and
JNK-phosphorylated Bcl-2 protein. A, recombinant Bcl-2-GST was incu-
bated in reaction buffer containing ATP and active rp38 MAPK-GST or active
rp38 MAPK-GST plus SB203580 or active recombinant JNK-GST at 30 °C for 30
min. Reaction mixtures were run on SDS-PAGE, blotted, and stained with
anti-phospho-Thr56-Bcl-2 Abs or anti-phospho-Ser87-Bcl-2 Abs. Reaction mix-
tures were immunoblotted also with anti-Bcl-2 Abs to ascertain the presence
of the recombinant protein in each sample. Results from one experiment of
five performed are shown. Active p38 MAPK but not active JNK phosphoryl-
ates Thr56 and Ser87 residues on the Bcl-2 loop region. B, rp38 MAPK-GST or
recombinant JNK-GST were incubated with rATF-2-GST in the presence of
[�-32P]ATP. Samples were run on SDS-PAGE and autoradiographed. rATF-2-
GST was phosphorylated by either kinase. C, recombinant Bcl-2-GST or its
indicated recombinant mutants were incubated in reaction buffer containing
ATP in the presence or absence of active rp38 MAPK-GST for 30 min at
30 °C. Reaction mixtures were run on SDS-PAGE, blotted, and stained with
anti-phospho-Thr56-Bcl-2 Abs or anti-phospho-Ser87-Bcl-2 Abs. Reaction
mixtures were immunoblotted also with anti-Bcl-2 Abs to ascertain the
presence of the recombinant protein in each sample. Results from one
experiment of three performed are shown. The anti-phosphosite antibod-
ies (Ab) recognize specifically their target phosphoresidues and no other
phosphosites within the Bcl-2 sequence.

FIGURE 4. Immunoblotting analysis of phosphorylated Bcl-2 in CESS cells
upon K252A-induced activation of p38 MAPK. CESS cells were incubated
in the presence of 200 nM K252A for 2 h in the presence or absence of 25 mM

SB203580, lysed, and immunoblotted with anti-phospho-Ser87 or anti-phos-
pho-Thr56-Bcl-2 antibodies and then with anti-Bcl-2 antibodies, as indicated.
Results from one experiment of three performed are shown. p38 MAPK phos-
phorylates Thr56 and Ser87 residues of Bcl-2 upon K252A treatment, a condi-
tion known to activate p38 MAPK.

FIGURE 5. Effect of serum withdrawal on p38 MAPK activation and
Bcl-2 phosphorylation in p38��/� MEF and p38��/� MEF. A, 8 � 105

p38��/� and p38��/� MEF were cultured in the absence of serum for the
indicated times, lysed, and immunoblotted with anti-phosphorylated p38
MAPK (upper gel) or with anti-total p38 MAPK (lower gel). Activated p38
MAPK was evident only in p38��/� MEF. B, 8 � 105 p38��/� and p38��/�

MEF were cultured in the presence or absence of SB203580 p38 MAPK
inhibitor for the indicated times, lysed, and immunoblotted with anti-
Bcl-2 Abs. Bcl-2 phosphorylation, shown as low migrating 29-kDa band,
was induced by serum deprivation only in p38��/� MEF and inhibited by
specific p38 MAPK inhibitor. Lack of expression of this kinase by gene
knock-out inhibits the phosphorylation of Bcl-2.
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mitochondrial structure was profoundly altered, showing the
typical apoptotic organization known as megamitochondria
(31) in p38��/� MEF, but not in p38��/� MEF (data not
shown).
Next, we cultured p38��/� MEF and p38��/� MEF under

conditions of serum deprivation for different times in the pres-
ence or absence of the specific inhibitor SB203580 and studied
PARP cleavage as a measure of caspase-3-like enzyme activa-
tion. Fig. 6 shows that, after 16 h, PARP cleavage is already
present in p38��/� MEF and is inhibited by SB203580. In con-
trast, PARP cleavage was not evident at the same time in
p38��/� MEF, thus suggesting that expression and activation
of p38MAPKplay a primary role in apoptosis induced by serum
starvation.
It was reported that p38�-deficient fibroblasts are more

resistant to apoptosis induced by different stimuli than p38�-
positive cells (32). The reduced apoptosis was correlated with
decreased expression of the mitochondrial proapoptotic pro-
tein Bax and of the apoptosis-inducing receptor Fas/CD-95 as
well as with increasing ERK MAPK activity (32). In order to
ascertain whether the reportedly altered expression of apopto-
tic proteins could take part in the apoptotic patterns observed
in our experiments, we cultured p38��/� MEF and p38��/�

MEF in the absence of serum for different times (6–24 h), and
studied Bax and Fas/CD-95 expression by Western blotting
analysis. Fig. 7 shows that Bax and Fas/CD-95 expression was
not altered, in either p38��/� MEF or p38��/� MEF, from 6 to
24 h after serum starvation. These data suggest that in the early
phases of serum starvation (6–24 h), cytochrome c release from
mitochondria is notmediated by increased synthesis of proapo-
ptotic proteins but is probably the consequence of p38MAPK-
mediated Bcl-2 phosphorylation. However, 36 h after serum
withdrawal, a slight increase in Fas as well as in Bax protein was
detected in p38��/� MEF (data not shown), suggesting that
multiple apoptotic pathways are engaged in the events that take
place in this model, following serum deprivation.

DISCUSSION

One of themost commonmechanisms for regulating protein
activity is phosphorylation, an event that generally leads to a
conformational change of the protein, with an increase or
decrease in its activity, largely depending on alterations of the
ligand/substrate binding properties. The members of the Bcl-2

family of proteins usually have a long half-life, and their regu-
lation by alterations of protein expression is limited (33); how-
ever, phosphorylation events may modulate their biological
activity by triggering or inhibiting the apoptotic pathway with-
out affecting gene expression. Furthermore, Bcl-2 may be the
target of different kinases, and multiple conformational
changes are expected, depending on the number and location of
the phosphorylated residues. Thus, it is not surprising that, at
least for Bcl-2, phosphorylation is reported either as increasing
or decreasing its biologic activity (6). Defining exactly the
kinases involved in Bcl-2 phosphorylation, their target sites
within the Bcl-2 sequence, and the functional changes induced
by the phosphorylation events can help design both diagnostic
and therapeutic strategies to limit or enhance the antiapoptotic
activity of Bcl-2 proteins by using specific kinase modulators.
As mentioned above, whether Bcl-2 phosphorylation

enhances or decreases the antiapoptotic potential of the protein
is still controversial (6). However, in given experimental condi-
tions and under the action of specific kinases, the antiapoptotic
function of the protein is clearly decreased (14, 15, 17). In pre-
vious papers, we described p38MAPK as the enzyme responsi-
ble for Bcl-2 phosphorylation in memory B lymphocytes upon
withdrawal of their survival factor, NGF (13, 14); under these
experimental conditions, p38 MAPK was the sole kinase
responsible for Bcl-2 phosphorylation. In the present study, we
identified, by MALDI-TOF mass spectrometry and immuno-
blot techniques with specific anti-Bcl-2-phosphopeptides, the
two residues Ser87 and Thr56 as those phosphorylated by p38
MAPK.
MALDI mass analysis of tryptic Bcl-2 digests, suitable to

detect single charged ions at large MW, allowed us to demon-
strate that p38 MAPK phosphorylates two residues within the
loop region between the �1 and �2 helices of Bcl-2. Although
exact mapping of the phosphorylation site by MS-MS analysis
was not successful due to the highly hydrophobic characteristic
of the two identified Bcl-2 phosphopeptides, the use of specific
anti-Bcl-2 phosphopeptide antibodies, together with Bcl-2
T56A and S87Amutants, allowed us to definitely identify Thr56
and Ser87 as Bcl-2 targets of p38 MAPK enzymatic action.
These data are consistent with our previous results showing
that transfection of B cell lines with the Bcl-2 mutants T56A
and S87A makes the cells more resistant to NGF withdrawal-
induced apoptosis. In this paper, we clearly demonstrated that
activated p38 MAPK is able to induce release of cytochrome c

FIGURE 6. Effect of p38 MAPK inhibitor on caspase-3-like activation
induced by serum withdrawal. p38��/� and p38��/� MEF were cultured in
the presence or absence of SB203580 p38 MAPK inhibitor for the indicated
times, lysed, and immunoblotted with anti-PARP Abs. PARP cleavage, as a
measure of caspase-3-like activation, was detected only in p38��/� MEF and
was inhibited by SB203580. Results from one experiment of three are shown.
Caspase-3-like activation was clearly delayed in p38��/� MEF.

FIGURE 7. Effect of serum withdrawal on Bax and Fas/CD95 production by
p38��/� and p38��/� MEF. p38��/� and p38��/� MEF were cultured in
absence of serum for the indicated times, lysed, and immunoblotted with
anti-Fas/CD95 and anti-Bax Abs. Membranes were stripped and stained with
anti-actin Abs as protein loading control. Results from one experiment of
three performed are shown. Bax and CD95 Fas expression are not increased in
p38��/� and p38��/� MEF after 24 h of serum withdrawal.
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from isolated mitochondria of the Bcl-2-negative MDCK
canine cell line only after the addition of recombinant Bcl-2,
underscoring the relevance of Bcl-2/p38 MAPK interaction in
triggering the apoptotic events. In this experimental system, the
T56A/S87A Bcl-2 double mutant, as well as the S87A or T56A
Bcl-2 point-mutated recombinant proteins, showed an
increased ability to prevent cytochrome c release by activated
p38 MAPK, as compared with Bcl-2 WT. This evidence sug-
gests that p38MAPK-induced phosphorylation of the Ser87 and
Thr56 residues of Bcl-2 may induce conformational changes
able to decrease the antiapoptotic potential of the protein.
In a monomeric model of the murine antiapoptotic pro-

tein Bcl-2, constructed by comparative modeling using
human Bcl-XL as a template, it was shown that phosphoryl-
ation of Ser70 may result in a conformational change that
aids homo/heterodimer formation by exposing hydrophobic
residues in helix 2 important for the formation of dimers
(34). Based on these observations, we hypothesize that also
phosphorylation of Ser87 and Thr56 may inhibit homo/het-
erodimer formation. Accordingly, some studies have dem-
onstrated that phosphorylated Bcl-2 loses its capacity to het-
erodimerize with Bax (35, 36). However, the ability of p38
MAPK to induce cytochrome c release from isolated mito-
chondria (i.e. in the absence of massive Bax translocation
from cytosol) through Bcl-2 phosphorylation suggests that
phosphorylation-induced conformational changes of Bcl-2
can also compromise its ion channel-forming properties or
its interaction with components of the permeability transi-
tion pore. Further studies are needed to clarify this point.
Both in isolated mitochondria and in “in vitro” kinase assays,

activated JNK, here used in recombinant form, failed to phos-
phorylate Bcl-2, but not its nuclear substrates. Although in
some experimental systems the direct role of JNK inBcl-2 phos-
phorylation cannot be denied, since transfection with a domi-
nant negative and/or the use of specific inhibitors abolishes the
phenomenon, recent evidence indicates that, at least following
paclitaxel treatment, different kinases, such as CDK1, mediate
Bcl-2 phosphorylation (20). Consistently, during paclitaxel
treatment, lack of synchrony between JNK activation (early
event) andBcl-2 phosphorylation (late event) has been reported
(21). Thus, it is conceivable that JNK activation is only the first
step in a cascade of events leading to Bcl-2 phosphorylation and
that the ability of activated JNK to release cytochrome c from
isolated mitochondria, reported by some authors (15), is rather
related to Bcl-XL phosphorylation, as reported by others (37).
In this paper, we also demonstrate the relevance of p38

MAPK in apoptosis induced in a general condition of growth/
survival factor deprivation, such as serum starvation (38).
Removal of this kinase by gene knock-out strongly delays apo-
ptosis induced by serumdeprivation inmouse embryonic fibro-
blasts, as compared with WT, p38��/� MEF. These data are
consistent with those reported by Porras et al. (32). However,
whereas these authors correlate the protection from apoptosis
with a decreased synthesis of the mitochondrial proapoptotic
protein Bax and the apoptosis-inducing receptor Fas/CD-95
and with increased ERKMAPK activity, we demonstrated that,
at least in the early phase of serum deprivation (6–24 h), such
an event does not occur. Furthermore, we observed that the

release of cytochrome c, occurring a few hours after serum star-
vation inWT p38��/� MEF, is not evident at the same time in
p38��/� MEF, thus suggesting that Bcl-2 phosphorylation
mediated by p38MAPKmight be responsible for cytochrome c
release from mitochondria, as suggested by in vitro experi-
ments, and that both events are crucial at least in the early
phases of MEF apoptosis. The observation that both Fas and
Bax protein levels increase at later times, probably comple-
menting the initial trigger provided by cytochrome c release,
indicates that a complex interplay of multiple pathways oper-
ated in serum withdrawal conditions. On the whole, these
results suggest that Bcl-2 phosphorylation induced by p38
MAPKmay be considered a pathway of prominent importance
in those acute pathological conditions, such as hypoxia/ische-
mia, leading to a rapid activation of cell death programs. Con-
sistent with this hypothesis, activation of p38 MAPK was
reported in cell death caused by cardiac injury following ische-
mia-reperfusion in vivo (39), and ischemia- and doxorubicin-
induced cardiomyocyte apoptosis in culture is specifically
attenuated by p38 MAPK inhibitors (40–44).
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