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Multiple signal transduction pathways are capable of modifying BCL-2 family members to reset suscepti-
bility to apoptosis. We used two-dimensional peptide mapping and sequencing to identify three residues (Ser70,
Ser87, and Thr69) within the unstructured loop of BCL-2 that were phosphorylated in response to microtubule-
damaging agents, which also arrest cells at G,/M. Changing these sites to alanine conferred more antiapoptotic
activity on BCL-2 following physiologic death signals as well as paclitaxel, indicating that phosphorylation is
inactivating. An examination of cycling cells enriched by elutriation for distinct phases of the cell cycle revealed
that BCL-2 was phosphorylated at the G,/M phase of the cell cycle. G,/M-phase cells proved more susceptible
to death signals, and phosphorylation of BCL-2 appeared to be responsible, as a Ser70Ala substitution restored
resistance to apoptosis. We noted that ASK1 and JNK1 were normally activated at G,/M phase, and JNK was
capable of phosphorylating BCL-2. Expression of a series of wild-type and dominant-negative kinases indicated
an ASK1/Jun N-terminal protein kinase 1 (JNK1) pathway phosphorylated BCL-2 in vivo. Moreover, the
combination of dominant negative ASK1, (dnASK1), dnMKK?7, and dnJNK1 inhibited paclitaxel-induced
BCL-2 phosphorylation. Thus, stress response kinases phosphorylate BCL-2 during cell cycle progression as

a normal physiologic process to inactivate BCL-2 at G,/M.

Programmed cell death plays an indispensable role in the
development and maintenance of homeostasis within all mul-
ticellular organisms (62, 65). Genetic and molecular analysis of
Caenorhabditis elegans to humans has indicated that the path-
way of cellular suicide is highly conserved (14, 56). Although
the capacity to carry out apoptosis appears to be inherent to all
cells, their susceptibility varies markedly and is influenced by
external and cell-autonomous events (49). Multiple steps in
this process are subject to regulation, from cell surface death
receptors to the BCL-2 family of proteins, to Apaf-1 and finally
the caspases, which proteolytically cleave death substrates (10).
Apoptosis has two predominant effector pathways, the activa-
tion of caspases and organelle dysfunction, of which mitochon-
drial dysfunction is best characterized (16). The BCL-2 family
of proteins resides at a critical decisional point upstream to
irreversible cellular damage, and the proteins focus much of
their activities at the level of the mitochondria. The BCL-2
family possesses both pro- and antiapoptotic molecules, and
their ratio determines, in part, the response to a death signal
(44). Evidence that many of these molecules have inactive and
active conformations has emerged. These transitions mediated
by posttranslational modifications in response to death or sur-
vival signals are perhaps best characterized for the prodeath
members.

Modifications to proapoptotic members include phosphory-
lation, dimerization, and proteolytic cleavage and often result
in subcellular translocation. BAD belongs to a divergent “BH3
domain only” subset of the BCL-2 family, which possesses
substantial sequence homology only within the BH3 amphi-
pathic « helix (46, 69). In the presence of survival factor, BAD
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is inactivated by phosphorylation on two serine residues
(Ser112 and Ser136) and sequestered in the cytosol bound to
14-3-3 (70). Upon factor deprivation, BAD is activated by
dephosphorylation and found associated with BCL-X, /BCL-2
at membrane sites including mitochondria. AKT/PKB/RAC, a
Ser/Thr kinase downstream of phosphatidylinositol 3-kinase, is
site specific for Ser136 of BAD (3, 11, 12). PKA is a BAD
Ser112 site-specific kinase tethered to the outer mitochondrial
membrane by an A-kinase anchoring protein which focuses
this kinase-substrate interaction at the organelle where active
BAD functions (22). Activation of the proapoptotic molecule
BAX appears to involve subcellular translocation and dimer-
ization (17, 24, 66). In viable cells, a substantial portion of
BAX is monomeric and found either in the cytosol or loosely
attached to membranes. Death stimuli result in the transloca-
tion of BAX to the mitochondria, where it is membrane inte-
gral and cross-linkable as a homodimer. Cytosolic BID is ac-
tivated by caspase-8-mediated cleavage following tumor
necrosis factor receptor 1/Fas death signals (18, 30, 34). The
truncated p15 (tBID) targets mitochondria, and immunodeple-
tion studies suggest that tBID is required for the release of
cytochrome c. Structural insight into the active versus inactive
conformation of BCL-2 family molecules has come from com-
parison of the three-dimensional structure of BID with that of
BCL-X,; (7, 38). One model posits that molecules with a buried
hydrophobic face of the BH3 domain appear to be either
antiapoptotic or inactive proapoptotic proteins. Active confor-
mations can result from exposure of the BH3 domain and
potentially other hydrophobic faces.

The founder of this family, antiapoptotic BCL-2, was discov-
ered as a proto-oncogene at the chromosomal breakpoint of
t(14;18)-bearing human B-cell lymphomas (1, 8, 60). BCL-2 is
phosphorylated in response to multiple treatments, yet reports
vary as to whether this modification activates or inactivates the
molecule. BCL-2 is phosphorylated following exposure to the
chemotherapeutic taxanes paclitaxel and taxotere, which pro-
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mote microtubule assemblage (21). Phosphorylation appears
to occur in an unstructured loop of BCL-2, as deletion of this
loop eliminates paclitaxel-induced phosphorylation (5, 15, 54)
and mutation of select serines reduces it (19). Deletion of this
loop enhanced BCL-2 antiapoptotic ability, arguing that phos-
phorylation of BCL-2 inactivates the molecule. Paclitaxel binds
peptides resembling the BCL-2 loop, suggesting a specific
physical interaction among taxanes, microtubules, and a kinase
for BCL-2 (51). However, the capacity of drugs including vin-
cristine and vinblastine, which damage microtubules by other
mechanisms, and even nocodazole to result in BCL-2 phos-
phorylation raises the possibility that this modification is re-
lated to a G,/M cell cycle block (32, 53). In contrast, interleu-
kin-3 (IL-3), a growth and survival factor used in another cell
system, results in the phosphorylation of BCL-2 (36, 47). This
phosphorylation has been proposed to be either required for
antiapoptotic function (27) or needed to relax the antiprolif-
erative effect of BCL-2 (47). Multiple kinases have been pro-
posed to mediate the phosphorylation of BCL-2 following
these varied stimuli. These include paclitaxel-activated Raf-1
(2), bryostatin-1-induced mitochondrion-localized PKCa (52),
paclitaxel or vincristine-induced PKA (55), or Jun N-terminal
kinase/stress-activated protein kinase (JNK/SAPK) when over-
expressed or activated by paclitaxel (35, 54).

When we initiated this study, we believed it important to
determine the precise sites of phosphorylation on BCL-2 in-
duced by paclitaxel by using a combination of tryptic phos-
phopeptide mapping and sequencing. Three residues within
the unstructured loop (Ser70, Ser87, and Thr69) were phos-
phorylated, and alteration of these sites to alanine conferred
resistance to physiologic death signals as well as microtubule-
damaging agents. We examined normal cycling cells enriched
by elutriation for distinct phases of the cell cycle and found
that BCL-2 is normally phosphorylated at G,/M. Moreover,
G,/M-phase cells proved more susceptible to a Fas death sig-
nal, and a BCL-2 Ser70Ala mutant restored resistance. Exam-
ination of candidate kinases eliminated the cyclin B1-Cdc2
complex, revealing instead that the ASK1/JNKI1 path was nor-
mally activated at G,/M phase. Expression of ASK1/JNK1 cor-
rectly phosphorylated BCL-2 in vivo, while dominant negative
forms of ASK1, MKK?7, and JNK1 (dnASK1, dnMKK?7, and
dnJNKT1) inhibited paclitaxel-induced BCL-2 phosphorylation.
Thus, stress-activated kinase inactivates BCL-2 at the G,/M
phase during normal cell cycle progression as a physiologic
process. Taxane treatment represents a convergence of G,/M
arrest, microtubule polymerization, and JNK activation that
also phosphorylates and inactivates BCL-2.

MATERIALS AND METHODS

Plasmids. Mammalian expression plasmid for human BCL-2 (hBCL-2) in
pSFFV was described previously (67). To replace Ser70, Ser87, or Thr69 with
Ala, a PCR-based site-directed mutagenesis kit (Stratagene) was used. The
expression vectors for the wild type (WT) and mutants were constructed in
pSFFV or pcDNA3. The Ser70 Ser87 double mutant and Thr69 Ser70 Ser87
triple mutant (AA/A) were constructed by subcloning. The hBCL-2-His bacterial
expression vector was made by replacing the C-terminal hydrophobic region of
hBCL-2 with a synthetic oligonucleotide-encoding hexahistidine tag and sub-
cloned in pET-25(+) vector. ASK1-hemagglutinin epitope (HA) and dnASK1-
HA(K709R) in pcDNA3 were described elsewhere (25). MKK4 and Flag-
p38(AGF) expression vectors were provided by R. J. Davis (13). HA-JNKI1
expression vector was a gift from J. S. Gutkind (9). pSRa-SEK1-K116R and
pSRa-JNKI1-APF vectors were from G. L. Johnson (28). Plasmid pMT3-HA-p38
was a gift from J. Kyriakis (50). pSRa-MKK7 and pSRa-MKK7KL expression
vectors were provided by E. Nishida (41). Bacterial glutathione S-transferase
(GST)-MKKG6(K/A) expression vector was kindly provided by H. Saito (58).

Stable transfections. Jurkat human T cells or WEHI-231 murine B cells were
cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 10
mM HEPES, 50 uM 2-mercaptoethanol, L-glutamine, penicillin, and streptomy-
cin. WEHI-231JM cells were kindly provided by C. B. Thompson (5). Transfec-
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tions with various constructs in pSFFV-neo were performed by electroporation
of 20 ug of linearized plasmid into 107 cells at 950 pwF and 200 V. After 48 h,
selection with 1 mg of G418 per ml was started in 96-well plates. Neomycin
(Neo)-resistant single-cell-originated clones were selected after 14 days.

Transient transfection assay. 293 cells were maintained in Iscove’s modified
Dulbecco’s medium (GIBCO BRL) supplemented with 10% FBS, penicillin, and
streptomycin. 293 cells grown in six-well dishes were transfected with the appro-
priate combinations of expression plasmids, using 8 pl of Lipofect AMINE
(GIBCO BRL). The total amount of plasmid DNA was kept at 1.75 pg by adding
empty vector pcDNA3. Cells were harvested 24 h after transfection and, where
indicated, treated with 1 uM paclitaxel for 8 h. The cell lysates were subjected to
Western blot analysis.

Western blot analysis. Cells were lysed in 50 mM Tris (pH 7.5)-150 mM
NaCl-2 mM EDTA-1 mM EGTA-1% Triton X-100 containing proteinase in-
hibitors (1 mM phenylmethylsulfonyl fluoride [PMSF], 2 g of aprotinin per ml,
and 2 pg of leupeptin per ml) and phosphatase inhibitors (50 mM NaF and 1 mM
sodium orthovanadate), and cellular debris was removed by centrifugation at
14,000 X g. Samples were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to a membrane. After blocking
of the membrane with 3% milk and 2% bovine serum albumin in Dulbecco’s
phosphate-buffered saline (PBS) for 1 h, the membrane was incubated with
primary and secondary antibodies (Abs) for 1 h each and developed with en-
hanced chemiluminescence (Amersham). Anti-hBCL-2 Abs 6C8 and Bcl-2/100
(Pharmingen) were used at 1 pg/ml, anti-HA Ab (12CAS; Boehringer Mann-
heim) was used at 2 pg/ml, anti-Flag Ab (Sigma) was used at 5 pg/ml, anti-JNK1
(C-17) and anti-SEK1/MKK4 (K-18) Abs (Santa Cruz Biotechnology) were used
at 1:200, anti-human JNK1/JNK2 (G151-666) Ab (Pharmingen) was used at 1.5
pg/ml, and anti-phospho-SAPK/JNK Ab and anti-phospho-p38 mitogen-acti-
vated protein (MAP) kinase Ab (New England Biolabs) were used at 1:1,000.

Cell viability assay. Jurkat cells were treated with 0.001, 0.01, 0.1, or 1 pM
paclitaxel (Sigma) or dimethyl sulfoxide (DMSO) (control) for 24 h, collected,
and resuspended in 1 pg of propidium iodide (PI) per ml in PBS. Cell popula-
tions negative for PI measured with a FACScan (Becton Dickinson) were scored
as viable. Jurkat cells were also treated with 100 ng of anti-Fas antibody CH-11
(Upstate Biotechnology) per ml, and cell viability was assayed by PI exclusion at
indicated time points. WEHI-231 murine B cells were treated with the anti-
immunoglobulin M (IgM) antibody BET-2 supernatant at 1:100 dilution.

Metabolic labeling and immunoprecipitation. Cells (107) were incubated in
phosphate-free 10% FBS-RPMI 1640 medium and treated with 1 pM paclitaxel
for Jurkat cells or 1 uM vincristine for WEHI-231 cells for 12 h, followed by the
addition of 3?P-orthophosphate at 2 mCi/ml. After 4 h of labeling, cells were
washed with phosphate-free medium twice and lysed in radioimmunoprecipita-
tion assay (RIPA) buffer (20 mM Tris [pH 7.5], 150 mM NaCl, 1% NP-40, 0.5%
deoxycholic acid, 0.1% SDS, 2 mM EDTA, 1 mM EGTA) with proteinase
inhibitors (1 mM PMSF, 2 pg of aprotinin per ml, and 2 ug of leupeptin per ml)
and phosphatase inhibitors (50 mM NaF and 1 mM sodium orthovanadate). The
lysate was spun at 14,000 X g, and the supernatant was cleared with protein A
beads for 30 min, followed by incubation with anti-hBCL-2 Ab 6C8 at 4°C for
1.5 h. The immune complex was captured with protein A beads for 1 h, washed
with RIPA buffer four times, resuspended in loading buffer, and separated by
SDS-PAGE. The separated samples were transferred to a membrane and visu-
alized by autoradiography. The same membrane was also subjected to immuno-
blot analysis with Ab Bcl-2/100 (Pharmingen).

Phosphatase treatment of immunoprecipitated BCL-2. BCL-2 was immuno-
precipitated with Ab 6C8 from 5 X 10° BCL-2-expressing Jurkat (Jurkat-BCL-2)
cells treated with 1 uM paclitaxel. The immune complex was incubated with 400
U of \ protein phosphatase (\PPase) in 1X APPase (50 mM Tris [pH 7.5], 0.1
mM EDTA, 5 mM dithiothreitol, 0.01% Brij 35) with or without phosphatase
inhibitors (50 mM NaF, 2 mM sodium orthovanadate, 5 mM EDTA, 5 mM
EGTA) at 30°C for 30 min. The reaction was terminated by adding SDS-PAGE
loading buffer and boiling for 5 min. The resultant samples were separated on an
SDS-14% polyacrylamide gel and subjected to immunoblot analysis.

Phosphoamino acid analysis and two-di 1 (2D) mapping. Immuno-
precipitated BCL-2 from 3?P-labeled Jurkat-BCL-2 cells was separated by SDS-
PAGE and transferred to a membrane. The portion containing phosphorylated
BCL-2 was excised after autoradiography, and the membrane was washed five
times with deionized water. The analysis was performed by the method described
by Boyle et al. (4), with minor modification.

For phosphoamino acid analysis, the BCL-2 on Immobilon-P (Millipore) was
incubated in 200 pl of 6 N HCI (Pierce) at 110°C for 90 min. After evaporation
of HCI, the samples were mixed with phosphoamino acid standard (1 g each of
cold phosphoserine, phosphothreonine, and phosphotyrosine [Sigma]) in pH 1.9
buffer (H,0-88% formic acid—glacial acetic acid, 897:25:78), and the mixtures
were applied onto a thin-layer chromatography (TLC) plate (J. T. Baker) and
separated with an HTLE-7000 electrophoresis system (CBS, Del Mar, Calif.).
Electrophoresis was carried out in pH 1.9 buffer at 1,500 V for 30 min for the
first-dimension separation and then in pH 3.5 buffer (H,O-acetic acid-pyridine,
945:50:5) at 1,300 V for 20 min for the second-dimension separation. Positions of
phosphoamino acids were determined by ninhydrin (0.25% in acetone) staining.

For 2D mapping, a nitrocellulose membrane containing each phosphorylated
BCL-2 species was treated with 0.5% PVP-360 (Sigma) in 100 mM acetic acid for
30 min at 37°C and then washed with deionized water five times and twice with
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50 mM NH,HCO;. The proteins on the membrane were digested with 10 pg of
tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin (Worthington
Biochemicals) in 50 mM NH,HCOj; overnight at 37°C. The digestion was then
carried out with another fresh 10 pug of TPCK-trypsin for an additional 2 h.
Peptides were dried, washed once with deionized water, and then treated with
performic acid on ice for 60 min. The resultant tryptic peptides were separated
on a TLC plate in the first dimension by electrophoresis in pH 1.9 buffer at 1,000
V for 27 min at 4°C, followed by ascending chromatography in the second
dimension in phospho-chromatography buffer (n-butanol-pyridine—acetic acid—
H,0, 75:50:15:60). Autoradiography was used to visualize **P-phosphopeptides.

For double digestion with TPCK-trypsin and proline-specific endopeptidase,
the tryptic peptide was incubated with 3 U of proline-specific endopeptidase
(ICN Biomedicals) overnight at 37°C in 50 mM NH,HCO; (pH 7.6) followed by
an additional 2-h incubation with 1 U of fresh enzyme. The digested peptides
were oxidized with performic acid and then subjected to 2D mapping as de-
scribed above.

To examine the comigration of a 3?P-labeled tryptic peptide with a synthetic
peptide, a mixture of tryptic 3*P-phosphopeptides and 20 pg of the synthetic
peptide bearing the corresponding phosphoamino acid were subjected to 2D
mapping. Unlabeled peptides were visualized by ninhydrin.

Manual sequencing of 3*P-phosphopeptide. The labeled peptides were
scraped and eluted in pH 1.9 buffer from TLC plates, lyophilized, and resolved
in 30% acetonitrile solution containing 0.1% trifluoroacetic acid. The peptides
were then conjugated to a Sequelon-AA membrane at 55°C by using a Seque-
lon-AA reagent kit (Millipore). Manual Edman sequencing was performed as
described previously (57), with minor modification. The primary change was a
55°C cleavage temperature instead of 50°C.

Centrifugal elutriations. Elutriations were performed as described previously
(33), with minor modification. In brief, 5 X 10® Jurkat cells were injected into a
Beckman JE-6B elutriation rotor and elutriated in RPMI 1640-0.5% FBS at
30°C at a constant rotor speed (2,100 rpm) with increasing flow rates from 9 to
35 ml/min. Fractions (100 to 150 ml) were collected and analyzed by FACScan
for cell cycle position, and appropriate fractions were analyzed.

In vitro kinase assay. For measurement of JNK1 activity in vitro, 5 X 10°
Jurkat cells were lysed in a lysis buffer (25 mM HEPES [pH 7.4], 150 mM NaCl,
20 mM B-glycerophosphate, 2 mM EDTA, 2 mM EGTA, 50 mM NaF, 1 mM
sodium orthovanadate, 1% Triton X-100) with proteinase inhibitors (1 mM
PMSF, 2 pg of aprotinin per ml, and 2 pg of leupeptin per ml). The lysates were
clarified by centrifugation and immunoprecipitated with anti-JNK antibody C-17
(Santa Cruz Biotechnology) for 2 h. The immune complex was recovered with
protein A-Sepharose beads (Sigma) and washed three times with lysis buffer and
twice with kinase buffer (25 mM HEPES [pH 7.4], 20 mM MgCl,, 20 mM
B-glycerophosphate, 0.5 mM EGTA, 0.5 mM NaF, 0.5 mM sodium orthovana-
date) with 1 mM PMSF. The immune complex on beads was divided into two
aliquots; one was used for a kinase assay with GST-c-Jun (79) (Santa Cruz
Biotechnology) as a substrate, and the other was used for assay with hBCL-2-His
as a substrate. The reaction was initiated by adding 30 wl of kinase reaction
mixture (kinase buffer plus 5 .Ci of [y->?P]ATP, 20 uM unlabeled ATP, 1 mM
DTT, and 1 pg of a substrate). After 20 min of incubation at 30°C, the reactions
were terminated by addition of 10 pl of 4X SDS-PAGE loading buffer boiled for
5 min. Samples were resolved by SDS-PAGE and visualized by autoradiography
or phosphorimaging. One-tenth of the immune complex on beads was used for
immunoblot analysis to compare amounts of immunoprecipitated JNK. To mea-
sure Cdc2 kinase activity, anti-cyclin B1 Ab GNS-1 (Pharmingen) was used.

The immune complex kinase assay for endogenous ASKI1 activity has been
described previously (25, 43). Anti-ASK1 antiserum (DAV) was used for immu-
noprecipitation. GST-MKK6 and GST-p38yKN were used for coupled kinase
assay, and GST-MKKG6(K/A) was used for a single-step kinase assay.

Preparation of recombinant protein. hBCL-2-His protein was induced in
Escherichia coli BL21(DE3) cells by adding 1 mM isopropyl-B-p-thiogalactopy-
ranoside and purified with Ni-nitrilotriacetic acid agarose (Qiagen) and a HiTrap
Q column (Pharmacia Biotech). The preparation of GST-MKKG6, GST-p38yKN,
and GST-MKKG6(K/A) has been described elsewhere (43, 58).

RESULTS

Microtubule-damaging drugs induce BCL-2 mobility shifts
due to phosphorylation on serine and threonine residues. Mi-
crotubule-damaging drugs including paclitaxel result in BCL-2
mobility shifts when assessed by SDS-PAGE and immunoblot-
ting (Fig. 1A). To demonstrate that all of these shifts were due
to phosphorylation, Jurkat-BCL-2 cells were labeled with *2P-
orthophosphate, immunoprecipitated with anti-hBCL-2 Ab
6C8, and blotted to a membrane after SDS-PAGE. Three
discrete bands detected by autoradiography corresponded pre-
cisely to the three mobility-shifted upper bands noted upon
immunoblot development of the same membrane (Fig. 1A).
Treatment of immunoprecipitated BCL-2 with A-PPase con-
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FIG. 1. BCL-2 is phosphorylated on serine and threonine in vivo. (A) The
mobility shift of BCL-2 induced by paclitaxel is due to phosphorylation. BCL-2
was immunoprecipitated from 3?P-orthophosphate-labeled Jurkat-BCL-2 cells
treated with paclitaxel (+) or DMSO (—) by using anti-hBCL-2 Ab 6CS8, sepa-
rated by SDS-PAGE, and transferred to a nitrocellulose membrane. After au-
toradiography, the same membrane was subjected to Western analysis with
anti-hBCL-2 Ab Bcl-2/100. The three 3*P-labeled bands (arrows) corresponded
to three mobility-shifted bands by immunoblotting. The position of nonphos-
phorylated BCL-2 is indicated by a dash. (B) NPPase treatment of immunopre-
cipitated BCL-2. Immunoprecipitated BCL-2 from Jurkat-BCL-2 cells treated
with paclitaxel was incubated with NPPase at 30°C for 30 min with or without
phosphatase inhibitors (50 mM NaF, 2 mM sodium orthovanadate, 5 mM
EDTA, and 5 mM EGTA). The resultant samples were subjected to Western
blot analysis. (C) Phosphoamino acid analysis of BCL-2. BCL-2 was immuno-
precipitated from 3?P-labeled Jurkat-BCL-2 cells treated with paclitaxel, sepa-
rated by SDS-PAGE, and transferred to a polyvinylidene difluoride membrane.
Each radioactive band on the membrane (Fig. 1A) was hydrolyzed with hydro-
chloric acid. The amino acid composition was determined by 2D electrophoresis
on TLC plates. Encircled areas indicate the locations of phosphoserine (P-Ser),
phosphothreonine (P-Thr), and phosphotyrosine (P-Tyr), visualized by ninhydrin
staining; 1, 2, and 3 represent results from bands 1, 2, and 3, respectively.

verted the shifted mobilities to the bottom, nonphosphorylated
mobility (Fig. 1B). These data confirmed that all of the BCL-2
mobility shifts could be attributed to phosphorylation, and
phosphorylation could be monitored by immunoblotting.

To determine which amino acid residues were phosphory-
lated, these three bands were subjected to phosphoamino acid
analysis. In bands 1 and 2, serine residues were responsible for
phosphorylation (Fig. 1C), whereas band 3 was phosphorylated
on threonine in addition to serine residues (Fig. 1C). Thus,
paclitaxel induces BCL-2 phosphorylation on serine and thre-
onine residues.

Identification of Ser70, Ser87, and Thr69 in the loop region
of BCL-2 as the phosphorylation sites. Of note, the intensity of
band 2 was stronger than that of band 1 by autoradiography,
while their intensities were comparable by Western analysis
(Fig. 1A). Moreover, the ratio of the intensity of band 3 to that
of band 1 was greater by autoradiography than by immuno-
blotting. These observations suggested bands 2 and 3 would
possess multiple phosphorylation sites. To identify the precise
phosphorylation sites, 2D mapping on TLC plates and manual
Edman degradation sequencing of tryptic peptides of BCL-2
were performed. Immunoprecipitated BCL-2 from a lysate of
in vivo-labeled Jurkat-BCL-2 cells was separated by SDS-
PAGE and blotted to a nitrocellulose membrane, and bands 1,
2, and 3 were digested with trypsin. The tryptic peptides were
separated on a TLC plate according to charge and hydropho-
bicity. Band 1 (Fig. 1A) revealed a single spot on 2D mapping
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FIG. 2. Paclitaxel induces phosphorylation of Ser70, Ser87, and Thr69 in BCL-2 (A) 2D mapping and synthetic phosphopeptide comigration study of band 1. BCL-2
was immunoprecipitated from 32P-labeled Jurkat-BCL-2 cells treated with paclitaxel, size fractionated by SDS-PAGE, and transferred to a nitrocellulose membrane.
The tryptic peptides of band 1 (Fig. 1A) were separated on a TLC plate by electrophoresis at pH 1.9 and chromatography. A synthetic pS70 phosphopeptide
corresponding to band 1 migrated and was visualized on a TLC plate by ninhydrin staining. Moreover, the admixture of the pS70 peptide with the tryptic peptides
revealed comigration on TLC plates (not shown). (B) Manual sequencing of tryptic phosphopeptide from band 1. The *?P-labeled peptide was eluted from the TLC
plate, conjugated to a Sequelon-AA membrane, and subjected to manual Edman degradation. The radioactivity on the membrane (closed squares) or released into the
liquid (open bars) was measured at the end of each cycle. (C and D) 2D mapping, synthetic phosphopeptide migration, and manual sequencing of band 2 as described
above. (E and F) 2D mapping of synthetic phosphopeptide migration and manual sequencing of band 3 as described above. Tryptic peptides derived from bands 1, 2,
and 3 were also eluted from the radioactive spots on TLC plates (A, C, and E) and subjected to phosphoamino acid analysis, confirming their composition.
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(Fig. 2A) which, when subjected to manual sequencing, re-
leased the vast majority of the radioactivity, with a correspond-
ing decrease of radioactivity bound to the membrane at the
second cycle (Fig. 2B). BCL-2 possesses two tryptic peptides
with a serine at position 2, located at amino acids 23 to 26 and
69 to 98. These could be distinguished because the former had
no proline whereas the latter had seven. Double digestion with
trypsin and proline-specific endopeptidase changed the migra-
tion of band 1 on TLC plates (data not shown), indicating that
tryptic peptide 69-98 was phosphorylated and Ser70 was the
phosphorylation site. The comigration of a synthetic peptide
with a phospho-Ser70 confirmed this assignment (Fig. 2A).

Band 2 also revealed a single radioactive spot on 2D map-
ping (Fig. 2C). Manual sequencing revealed a decrease in
radioactivity bound to the membrane, with corresponding re-
lease of *?P at the second cycle (Fig. 2D). However, approxi-
mately half of the radioactivity still remained on the mem-
brane, indicating another phosphorylation site in the same
tryptic peptide. Since phosphoamino acid analysis identified only
serine residues (Fig. 1C), these findings together implicated Ser87
as the second phosphorylation site. Comigration of a synthetic
peptide bearing phospho-Ser70 and phospho-Ser87 confirmed
the assignment of these phosphorylation sites (Fig. 2C).

2D mapping of band 3 also revealed a single radioactive spot
(Fig. 2E). Manual sequencing and comigration of a phospho-
Thr69-, phospho-Ser70-, and phospho-Ser§87-containing syn-
thetic peptide identified the first position, Thr69, as the third
phosphorylation site (Fig. 2E and F).

To confirm these assignments and in vivo usage of phosphor-
ylation sites, we generated Jurkat human T-cell clones and
WEHI-231 murine B-cell clones expressing WT hBCL-2, ala-
nine-substituted Ser70 (S70A) or Ser87 (S87A), or all three
phosphorylation sites including Thr69 plus the two Ser resi-
dues (AA/A). Cells were labeled in vivo with **P-orthophos-
phate, and BCL-2 was immunoprecipitated with anti-hBCL-2
Ab 6C8. As shown in Fig. 3A, the S70A BCL-2 now demon-
strated only one phosphorylated band. The S87A BCL-2 mu-
tant demonstrated one prominent and one faint phosphoryla-
tion band in Jurkat cells and a single band in WEHI-231 cells.
The BCL-2 triple mutant (AA/A) eliminated all phosphoryla-
tion of BCL-2. Thus, the phosphorylation of BCL-2 induced by
microtubule-damaging drugs was within the unstructured loop
region on Ser70, Ser87, and Thr69.

Substitution of BCL-2 phosphorylation sites results in a
gain of antiapoptotic function. To assess the relationship be-
tween BCL-2 phosphorylation and antiapoptotic function, Ju-
rkat clones and WEHI-231 clones stably expressing compara-
ble levels of WT BCL-2 and three BCL-2 mutants were
identified (Fig. 3B). Jurkat clones were treated with a dose
escalation of paclitaxel, and when assessed for viability, each
clone showed dose-dependent cell death (Fig. 3C). WT BCL-2
conferred only minimal resistance compared to the Neo con-
trol (~35% versus ~28% at 1.0 pM paclitaxel). However, all
three BCL-2 mutants demonstrated substantially stronger an-
tiapoptotic function than WT BCL-2 following paclitaxel treat-
ment. Jurkat clones expressing the three mutants S70A, S87A,
and AA/A showed nearly identical enhancement of antiapop-
totic function following anti-Fas Ab activation (~35 to 40%
viability at 24 h) compared to WT BCL-2 (~15%) (Fig. 3D).
All three mutated BCL-2 constructs were also more effective
than WT BCL-2 in WEHI-231 cells treated with anti-IgM Ab
(~45 to 50% versus ~30% at 72 h) (Fig. 3E). These data
indicate that eliminating phosphorylation even at a single site
(S87 or S70) improves antiapoptotic function of the molecule
following a wide array of death stimuli.
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Endogenous BCL-2 is normally phosphorylated at G,/M in
cycling cells. Since paclitaxel arrests cells at the G,/M phase of
the cell cycle, we asked whether its induction of BCL-2 phos-
phorylation might reflect an exaggerated response to a nor-
mally occurring phosphorylation of BCL-2 at G,/M. To assess
whether BCL-2 is normally phosphorylated throughout the cell
cycle, we examined the endogenous BCL-2 within Jurkat cells
enriched for specific cell cycle stages by centrifugal elutriation.
Elutriation-enriched G-, S-, and G,/M-phase cells from asyn-
chronously growing Jurkat T cells were assessed for BCL-2
phosphorylation. A mobility-shifted band typical of phosphoryla-
tion was prominent in the G,/M-phase population but much less
intense in S phase and was not visible in G;-phase cells (Fig. 4A).

Ser70 is the principal site normally phosphorylated during
the cell cycle. Endogenous BCL-2 from the G,/M-enriched
fraction of Jurkat cells displayed only a single mobility-shifted
band, consistent with a single phosphorylated site during nor-
mal cell cycle progression. To identify this phosphorylation
site, Jurkat clones expressing WT, S70A, or S§87A BCL-2 were
elutriated, and cell cycle-enriched fractions were analyzed.
One discrete mobility-shifted band was observed in the G,/M
fraction of WT and S87A clones but not in the S70A clone,
demonstrating that Ser70 is the major phosphorylation site in
cycling cells (Fig. 4B).

To determine if cells vary in susceptibility to apoptosis through-
out the cell cycle, the elutriated fractions were treated with anti-
Fas Ab, and cell viability was determined. The G,/M-enriched
cells expressing WT BCL-2 demonstrated an increased vulnera-
bility to cell death (~155%) compared to the asynchronous pop-
ulation (considered the control and denoted as 100% relative cell
death) (Fig. 4C). Evidence that this increased susceptibility at
G,/M was attributable to the phosphorylation of BCL-2 was pro-
vided by the Jurkat clone expressing BCL-2 S70A. The presence
of BCL-2 S70A restored resistance to the G,/M fraction of cells to
an anti-Fas Ab stimulus (Fig. 4C).

Cyclin B1-Cdc2 is not a BCL-2 kinase. These findings sug-
gest that endogenous BCL-2 is phosphorylated by a kinase
activated at G,/M. An obvious candidate would be Cdc2, al-
though the BCL-2 phosphorylation sites S70 and S87 only
weakly match the phosphorylation consensus site for Cdc2
substrates (S/T-P-X-R>S/T-P) (40). To test this possibility,
cellular lysates from elutriation-enriched G, S, or G,/M frac-
tions of Jurkat cells were immunoprecipitated with anti-cyclin
B1 Ab, and an in vitro kinase assay was performed by using
recombinant BCL-2-His or histone H1 as the substrate. Cdc2,
as expected, was activated at G,/M and phosphorylated its
classic substrate histone H1 but did not phosphorylate BCL-2
(Fig. 5A). This indicates Cdc2 is not the responsible kinase
even though it has been shown to be activated by paclitaxel and
participates in the apoptosis of breast cancer cells (68).

To gain information about the BCL-2 kinase, we tested a
series of kinase inhibitors to determine if they affected BCL-2
phosphorylation. Jurkat-BCL-2 cells were pretreated with var-
ious kinase inhibitors and subsequently exposed to paclitaxel
(Fig. 5B). Staurosporine (a broad-spectrum Ser/Thr kinase
inhibitor) and genistein (a Tyr kinase inhibitor) each markedly
inhibited paclitaxel-induced BCL-2 phosphorylation. In con-
trast, phosphatidylinositol 3-kinase inhibitors (wortmannin and
LY 294002), a MEK inhibitor (PD98059), p38 inhibitors
(SB203580 and SB202190), a p70 S6 kinase inhibitor (rapamy-
cin), and a PKA inhibitor (Rp-cAMP) did not substantially
impair BCL-2 phosphorylation. Thus, this inhibitor study im-
plicates both protein tyrosine kinase(s) and Ser/Thr kinase(s)
in paclitaxel-induced BCL-2 phosphorylation.

ASK1 and JNK1 are activated at G,/M, and JNK1 phos-
phorylates BCL-2. BCL-2 phosphorylation sites conform to the
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FIG. 3. Substitution of phosphorylation sites in BCL-2 further enhances antiapoptotic activity. (A) Jurkat clones and WEHI-231 clones stably expressing WT or
alanine-substituted phosphorylation sites of BCL-2, consisting of Ser70 (S70A), Ser87 (S87A), or all three phosphorylation sites, including Thr69 plus the two serines
(AA/A), or an empty vector (Neo) were generated. Cells were treated with 1 wM paclitaxel for Jurkat clones or 1 pM vincristine for WEHI-231 clones and in vivo
labeled with 3?P-orthophosphate. BCL-2 was immunoprecipitated, separated by SDS-PAGE, and transferred to a membrane. After autoradiography, the same
membranes were used for immunoblotting. Arrowheads denote phosphorylated BCL-2, and dashes denote nonphosphorylated BCL-2. The residual-shifted band on
Western analysis of Jurkat cells bearing AA/A or Neo represents the endogenous hBCL-2 of Jurkat cells. (B) BCL-2 expression levels in Jurkat and WEHI-231 clones,
determined by Western blot analysis of lysates from equivalent cells of various Jurkat or WEHI-231 clones with anti-hBCL-2 Ab 6C8 and anti-B-actin Ab. (C to E)
Cell viability assays of Jurkat clones (C and D) or WEHI-231 clones (E). Jurkat clones expressing comparable WT, S70A, S87A, AA/A BCL-2, or Neo control vector
were stimulated with various doses of paclitaxel for 24 h (C) or anti-Fas antibody (100 ng/ml) (D), while WEHI-231 clones were treated with anti-IgM Ab (BET-2
supernatant at 1:100 dilution) (E). Viability was determined by PI exclusion using flow cytometry. The results represent the means of triplicate assays. Another
independent set of clones expressing matched levels of WT or mutant BCL-2 showed comparable results.

consensus motif for substrates of MAP kinase and JNK/SAPK,
yet the lack of response to kinase inhibitors (PD98059,
SB203580, and SB202190) suggests that ERKs and p38 are not
likely to be the BCL-2 kinase. Paclitaxel has been shown to
result in JNK/SAPK activation (64). Its candidacy was sup-
ported by an immune complex kinase assay performed with
endogenous JNK immunoprecipitated from Jurkat cells
treated with anisomycin (10 pg/ml) or UV (300 J/m?) for 30
min. The immunoprecipitated, activated JNK phosphorylated
recombinant BCL-2-His as well as its standard substrate GST-
c-Jun (data not shown). Since BCL-2 was phosphorylated at
G,/M in normally cycling cells, we next tested whether JNK
was activated at G,/M and capable of phosphorylating BCL-2.
JNK was immunoprecipitated from the cell cycle-enriched

fractions of elutriated Jurkat cells and subjected to in vitro
kinase assays. JNK from the G,/M fraction was threefold more
active than at G,, as assayed with c-Jun as a substrate, and also
proved more potent for phosphorylating recombinant BCL-2.

ASK1 is a member of the MAP3K (MAP kinase kinase
kinase) subfamily which activates the JNK pathway and is
required for tumor necrosis factor- and Fas-Daxx-induced ap-
optosis (6, 25). ASK1 has also been noted to be activated by
microtubule-damaging agents (64). Consequently, we exam-
ined ASK1 activity within the cell cycle fractions of Jurkat cells.
ASK1 activity was approximately sixfold higher at G,/M than
at the G, phase (Fig. 5C).

An ASK1/MKK7/JNK1 pathway is responsible for the phos-
phorylation of BCL-2 in vivo. To determine whether the
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FIG. 4. Phosphorylation of BCL-2 during the cell cycle. (A) Phosphorylation
of endogenous BCL-2 at G,/M phase. Jurkat-Neo cells were elutriated to enrich
for Gy, S, and G/M fractions and compared to asynchronous cells (Cont).
Cellular lysates were subjected to immunoprecipitation (IP) with anti-BCL-2
monoclonal Ab 6C8 and the subsequent Western blot was developed with anti-
hBCL-2 Ab Bcl-2/100. The percentages of cells in Gy, S, and G,/M were deter-
mined by PI staining using FACScan and CELLQUEST software. (B) Ser70 was
phosphorylated in cycling cells. Jurkat clones expressing WT, S70A, or S87A
BCL-2 were elutriated and subjected to Western analysis. (C) Cells with phos-
phorylated BCL-2 at G,/M demonstrated increased susceptibility to apoptosis.
Jurkat clones expressing WT or S7T0A BCL-2 were elutriated, and typical G-, S-,
and G,/M-enriched fractions were compared to asynchronous cells (Cont). Cells
were treated with 100 ng of anti-Fas Ab per ml, and cell viability was determined
by PI exclusion 6 h later. Values represent the relative viability of each fraction
when the viability of the asynchronous cells is set at 100%. Values are the means
of duplicate assays.

ASK1-JNK pathway phosphorylated BCL-2 in vivo, we co-
transfected 293 cells with an expression vector for BCL-2 to-
gether with an ASKI1 vector and/or increasing amounts of a
JNKI1 vector. BCL-2 phosphorylation was induced by JNK1 in
a dose-dependent manner but was dependent on the presence
of ASK1 (Fig. 6A). The activation of exogenous JNK1 was
confirmed by an anti-phospho-JNK-specific Ab (Fig. 6A).
Transfection of ASK1 alone resulted in modest phosphoryla-
tion of BCL-2 mediated by activation of endogenous JNK (Fig.
6A). In contrast, p38 kinase with or without ASK1 cotransfec-
tion was not nearly as effective at phosphorylating BCL-2 (Fig.
6A), consistent with the kinase inhibitor data (Fig. 5B).

The accuracy of transfected ASK1/JNKI1 in phosphorylating
the correct sites of BCL-2 was examined by comparing cotrans-
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FIG. 5. Gy/M-activated ASK1-JNK1 pathway and JNK1 phosphorylation of
BCL-2 in vitro. (A) G,/M-activated cyclin B1-Cdc2 complex does not phosphor-
ylate BCL-2. Elutriated G, (fraction [Fr] 3), S (Fr 8), and G,/M (Fr 11) fractions
of Jurkat cells were lysed and immunoprecipitated (IP) with anti-cyclin B1. The
phosphorylation of substrate histone H1 was assessed. The activity of this kinase
complex for recombinant hBCL-2-His was also assessed. Arrowheads denote the
position of the substrate. Cell cycle status was assayed by PI staining using a
FACScan and CELLQUEST software. (B) Genistein and staurosporine inhibit
paclitaxel-induced BCL-2 phosphorylation. Jurkat cells expressing WT BCL-2
were pretreated with various kinase inhibitors including 50 wM PD98059 (lane
3), 10 pM SB203580 (lane 4), 10 nM SB202190 (lane 5), 10 pg of genistein per
ml (lane 6), 0.1 M staurosporine (lane 7), 100 puM Rp-cAMP (lane 9), 10 pM
LY294002 (lane 10), 1 uM wortmannin (lane 11), 20 ng of rapamycin per ml
(lane 12), or DMSO (lanes 1, 2, and 8) for 60 min and then treated with (+) or
without (—) paclitaxel for 6 h. BCL-2 phosphorylation was examined by Western
blot analysis. (C) In vitro kinase (IVK) assay. The ASKI1-JNKI1 pathway is
activated at the G,/M stage in cycling cells, and JNK1 phosphorylates BCL-2 in
vitro. Lysates from elutriated fractions of Jurkat cells were immunoprecipitated
with anti-ASK1 (DAV) serum or anti-JNK1 antibody. The ASK1 complex was
incubated with GST-MKKG6 and then with GST-p38yKN as a substrate to mea-
sure kinase activity. JNK activity was determined with GST—c-Jun (79) as a
substrate. Recombinant hBCL-2-His was also incubated with the JNK1 complex.
The position of substrates is denoted by open arrowheads. The fold activation of
kinase activity is indicated as detected by phosphorimage analysis with activity at
G, set at 1.0. Western analysis of immunoprecipitates confirmed an equivalent
amount of the kinase protein in each fraction (not shown).

fections of mutant and WT BCL-2. ASK1/JNK1 resulted in two
mobility-shifted bands of WT BCL-2, suggesting single and dou-
ble phosphorylation of Ser70 and Ser87 (Fig. 6B). Consistent with
this, the single-site mutants (S70A and S87A) revealed a single-
shifted moiety. The lack of any mobility shift for the double (S7T0A
S87A) or triple AA/A (T69A S70A S87A) mutants confirmed
that ASK1/JNK1 phosphorylates the relevant BCL-2 sites nor-
mally phosphorylated at G,/M or by paclitaxel treatment.

To assess whether the endogenous ASK1/JNK1 pathway is
responsible for BCL-2 phosphorylation, we used dominant-
negative versions of kinases within this pathway (Fig. 6C). No
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FIG. 6. ASK1-JNK1 pathway phosphorylates BCL-2 in vivo. (A) Dose-de-
pendent phosphorylation of BCL-2 by JNK1 in vivo. 293 cells were transfected
with 20 ng of hBCL-2 or control vector together with indicated amounts of
HA-ASK1, HA-JNK1, and/or HA-p38, as shown. The total amount of trans-
fected DNA was kept constant by adding a compensating amount of empty
vector pcDNA3. After 24 h, cells were lysed and the phosphorylation of BCL-2,
expression level of each kinase, and activation of JNK and p38 were determined
by Western analysis. Open arrowheads denote the activated endogenous JNKs
(p46 and p54). (B) Substrate specificity of ASK1-JNK1 pathway in vivo. WT or
phosphorylation site mutant BCL-2 expression vectors (20 ng) were cotrans-
fected with ASK1 (500 ng) and JNK (750 ng) or pcDNA3 into 293 cells. Lysates
generated 24 h after transfection were assessed for BCL-2 phosphorylation by
Western analysis. (C) Inhibition of BCL-2 phosphorylation by dnASK1,
dnMKK?7, and dnJNK1. WT BCL-2 (20 ng) was cotransfected with dnASK1 (500
ng), dnSEK1 (500 ng), dnMKK?7 (500 ng), and dnJNKI (750 ng), as indicated,
into 293 cells. The total amount of DNA transfected was normalized by adding
pcDNA3. After 16 h, paclitaxel was added to a final concentration of 1 pM and
cells were incubated an additional 8 h. BCL-2 phosphorylation and the expres-
sion levels of the dominant-negative (dn) kinases were determined by immuno-
blotting.

single dominant-negative kinase expression vector was capable
of inhibiting paclitaxel-induced phosphorylation of BCL-2.
However, inhibition of multiple steps in the pathway by co-
transfection of dnASK1, dnMKK?7, and dnJNKI1 together
markedly inhibited BCL-2 phosphorylation. Of note, dnSEK1
was not as effective as dnMKK?7 (Fig. 6C). These data support
an ASK1/MKK?7/JNK1 axis in the phosphorylation of BCL-2.
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FIG. 7. Schematic representation of the ASKI/MKK7/JNK1 pathway in
BCL-2 phosphorylation. ASK1, a MAP3K, is activated by extracellular and
intracellular stimuli to induce JNK pathway activation. JNK phosphorylates
BCL-2, inactivating its antiapoptotic function. TNFR1, tumor necrosis factor
receptor 1.

DISCUSSION

The phosphorylation of BCL-2 is a further example of how
posttranslational modifications can interconvert active to inac-
tive conformations of BCL-2 family molecules. However, un-
certainty existed in the literature as to whether this phosphor-
ylation activates (36) or inactivates (21) the antiapoptotic
function of BCL-2. Consequently, we elected to first perform
detailed 2D mapping and sequence identification of the in vivo
phosphorylation sites on BCL-2 followed by their individual
and collective substitution. Ser70, Ser87, and Thr69 proved to
be phosphorylated, and all are located within the unstructured
loop region between the a1 and o2 helices of BCL-2. The three
mobility-shifted bands correspond to one, two, or three sites of
phosphorylation, respectively. The number of phosphorylated
sites appears to depend on the intensity of kinase activation.
During normal cell cycle progression, Ser70 is the principal
phosphorylation site. Haldar et al. (19) and Srivastava et al.
(55) also noted Ser70 as the major site of phosphorylation in
response to microtubule-damaging agents. We have also noted
that following paclitaxel, Ser70 is phosphorylated before Ser87
(not shown) although this sequence of events is not obligate, as
Ser87 is phosphorylated in an S70A mutant. The single S7T0A
and S87A mutants and the triple AA/A mutant all demonstrate
augmented antideath activity due to microtubule damage by
paclitaxel or vincristine or to the physiologic anti-IgM or anti-
Fas Ab signals. This evidence that BCL-2 phosphorylation is
inactivating is in keeping with the observation that phosphor-
ylated BCL-2 is less likely to heterodimerize with BAX mole-
cules (47, 55). This is consistent with the initial proposal that
the phosphorylation of BCL-2 would be inactivating (20). Our
findings disagree with observations on a different system in
which an S70A BCL-2 mutant displays less protection in NSF/
N1.H7 cells, an IL-3-dependent cell line (27), although we
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found that the S7T0A mutant was capable of protecting another
IL-3-dependent line, FL5.12 (44a). Of note, all BCL-2 mutants
studied here (S70A, S87A, and the triple AA/A) demonstrate
roughly comparable protection, which suggests that the three
sites might act in concert to regulate BCL-2. Of interest, the
protection offered by these mutants, including BCL-2 AA/A,
which eliminates all phosphorylation, was not as complete as
that reported for mutants lacking the unstructured loop (5, 54).
While this might suggest modifications to the loop beyond
phosphorylation, it is also conceivable that the loop deletion
more effectively locks BCL-2 in an active conformation
whereas phosphorylation only influences an equilibrium be-
tween active and inactive conformers.

The phosphorylation of BCL-2 at the G,/M phase of normally
cycling cells indicates that the phosphorylation of BCL-2 is a
normal physiologic process rather than exclusively a response to
microtubule damage. The capacity of drugs with multiple actions,
including nocodazole, taxanes and vinca alkaloids, to all result in
BCL-2 phosphorylation suggests that arrest at G,/M might be the
common event. What would be the purpose of inactivating BCL-2
at G,/M? Prior evidence of an interrelationship between cell cycle
progression and BCL-2 exists. In IL-3-dependent cells, the phos-
phorylation of BCL-2 was temporally correlated with entry into
the cell cycle (47). Bcl-2-deficient T cells demonstrated acceler-
ated cell cycle entry but at the risk of increased apoptosis. In
contrast, overexpression of BCL-2 delays entry into S phase and
in T cells apparently at the restriction point, reflected by dimin-
ished IL-2 production upon activation (31, 37, 45, 61). If BCL-2
had a similar arresting affect at G,/M, phosphorylation might be
required for its release. Alternatively, evidence presented here
supports another model: that cells are more susceptible to a death
signal during G,/M and that characteristic can be attributed to
phosphorylation of BCL-2. Thus, a rationale for lowering the
threshold for apoptosis at G,/M would be to ensure the elimina-
tion of cells with aberrations of chromosomal segregation. In
support of this model, overexpression of BCL-X; has been noted
to result in increased tetraploidization (39).

Our finding indicated that the same ASK1/JNK pathway is
responsible for the normal cell cycle-related and paclitaxel-
induced phosphorylation of BCL-2 (Fig. 7). This suggests that
the phosphorylation of BCL-2 in response to the microtubule-
damaging drugs could simply be an exaggerated normal pro-
cess secondary to their G,/M arrest. Alternatively, a more
intimate relationship could exist in that the same agents (tax-
anes, vinca alkaloids, nocodazole, and colchicine) that result in
the phosphorylation of BCL-2 also activate the ASK1/JNK
kinase pathway (64). In our examination, no single dominant
negative kinase in this pathway was capable of blocking pacli-
taxel-induced phosphorylation of BCL-2, consistent with other
observations (63). However, combined dominant negatives for
each step of the pathway (dnASK1/dnMKK?7/dnJNK1) inter-
fered quite effectively with BCL-2 phosphorylation. Consistent
with this, the combined overexpression of WT ASK1/JNK1 was
capable of phosphorylating BCL-2 in vivo. The JNK family has
been reported to mediate both proapoptotic and antiapoptotic
responses, perhaps reflecting cell type specificity (26). This is
supported by Jnkl/J/nk2 double-deficient embryos, which re-
vealed region-specific apoptosis with reduced death in the
hindbrain but increased apoptosis in the forebrain (29). Nei-
ther SEK1 nor p38 had obvious effects despite the fact that p38
is implicated as a component of the mitotic spindle checkpoint
(59). Recently, activated JNK1/2 has been shown to colocalize
with a MAP3K, MLK (mixed lineage) Ser/Thr kinase, to punc-
tate structures along microtubules. Of potential interest, MLK
interacts with the KIF3 family of kinesin motor proteins (42). In
further support of a direct relationship between microtubules and
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the cell death pathway, another BCL-2 family member BIM binds
to the LC8 dynein light-chain protein (48). In this context, or-
ganelles including mitochondria are transported along microtu-
bules by means of microtubule-associated motor proteins (23).
BCL-2 localizes to mitochondria, endoplasmic reticulum, and nu-
clear envelope, and transportation along microtubules arranges
these organelles on a metaphase plate to allow equal segregation
of them to daughter cells at mitosis. Thus, BCL-2 associated with
these organelles could be placed in apposition with activated JNK
pathway kinases found at microtubules. Thus, drugs which cause
microtubule dysfunction would be activating the same MAP3K/
JNK pathway, prompting the phosphorylation of a normal sub-
strate(s) including BCL-2 (Fig. 7).
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