
Abstract. Chk1 (checkpoint kinase 1) is a serine-threonine
kinase that is critical for G2/M arrest in response to DNA damage.
Chk1 phosphorylates Cdc25C at serine-216, a major regulatory
site, in response to DNA damage. Furthermore, Chk1 also
phosphorylates Cdc25A on serine 123 which accelerates its
degradation through the ubiquitin-proteasome pathway and arrests
cells in late G2-phase after DNA damage. In the present study, we
demonstrated that Chk1 phosphorylates pro-apoptotic protein
BAD (Bcl-2/Bcl-XL-Antagonist, causing cell Death) in vitro. In
vitro phosphorylation analysis with various mouse BAD peptides
has revealed two phosphorylation sites for Chk1 at serine-155 and
serine-170. When wild-type and mutant BAD (S155A) constructs
were transfected into 293T cells, an association between BAD and
Chk1 was observed by co-immunoprecipitation. In addition, there
was an increase in the phosphorylation of serine-155 following
DNA damage by adriamycin treatment. Our results suggest that
Chk1 associates with BAD and phosphorylates the BAD protein
at serine-155. Taken together, our results suggest that Chk1 may
inactivate BAD by associating with and phosphorylating residues
critical for BAD function in response to DNA damage.

Cell cycle checkpoints respond to DNA damage by arresting

cell cycle progression, thus providing time for DNA repair. In

mammalian cells, there are two checkpoints in the cell cycle,

G1- and G2/M-phase. Cells can be arrested in either G1- and

G2-phase or G2-phase alone depending on the status of p53.

In the late G2-phase, Chk1 (checkpoint kinase 1) plays a major

role in regulating the G2/M transition following DNA damage.

The mechanism that controls G2 arrest after DNA damage is

conserved among eukaryotes from yeast to human. Chk1

phosphorylates Cdc25C dual specificity phosphatase at serine-

216, which facilitates the binding of 14-3-3 protein to the

Cdc25C protein (1, 2). This binding causes the export of

Cdc25C to the cytosol and prevents Cdc2 [Cdk1 (cyclin-

dependent kinase 1)] activation. Cdc25C activates the Cdc2

kinase by removing inhibitory phosphates (Thr14 and Tyr 15)

and allows cell entry into mitosis. 

Chk1 also phosphorylates Cdc25A on serine -123 and three

additional sites, accelerating the degradation of Cdc25A

following ionizing radiation exposure (19). Once Cdc25A is

inactivated and degraded, it causes G1 arrest and a S-phase

delay (17). It has been shown recently that Chk1

phosphorylates Cdc25A on serine -178 and threonine -507 to

facilitate the binding between Cdc25A and 14-3-3. Quenching

of Cdc25A by 14-3-3 prohibits the activation of cyclin B1/Cdk1

by Cdc25A and prevents the premature entry into mitosis (18).

The Bcl-2 family protein BAD promotes apoptosis by

binding to Bcl-XL and related cell death suppressors through

its BH3 domain. When BAD is phosphorylated at serine-112,

serine-136, or serine-155, it forms a complex with 14-3-3

proteins in the cytosol and no longer interacts with Bcl-XL

(3-9). When BAD is in its unphosphorylated state, BAD

forms heterodimer with anti-apoptotic Bcl-2 members and

promotes cell death. 

In the present study, we demonstrated that Chk1

phosphorylates BAD in vitro and associates with BAD in cells.

Our results suggest that phosphorylation of BAD by Chk1 may

play an important role in promoting cell survival following

DNA damage. 

Materials and Methods

Cell culture and BAD plasmids. Embryonic kidney 293T cells were

maintained in DMEM plus 10% fetal bovine serum in a 37ÆC

incubator with 5% CO2. Wild-type (WT) and mutant (MT) mouse

BAD plasmids were kindly provided by Dr. Michael Greenberg as

described previously (5). GST-Cdc25C construct was kindly provided

by Dr. Jennifer Pitenpol. The full length Chk1 (Clone ID#3463972)

cDNA was obtained from Incyte Genomics. Chk1 cDNA was

subcloned into either UACSG2 vector or pCDNA 3.1 (+) vector for

expression in sf9 or 293T cells.

In vitro kinase assay. Various BAD peptides were generated based on

the human BAD sequence. The in vitro kinase assays were performed

using the following conditions. The Chk1 kinase buffer contains 

20 mM Tris-HCl, 10 mM MgCl2, 2 ÌM ATP, 1 mM DTT, 0.2 mM
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Na3V√4, 5 ÌM peptide substrate and 1 ÌCi [Á-33P]-ATP. Chk1

enzyme was purified from Sf-9 cells infected with baculovirus

encoding full length Chk1. 0.5 Ìg of purified Chk1 enzyme and 5 ÌM

of peptide were used in the kinase reaction. The kinase reaction

containing 40 Ìl of reaction media was performed at 30ÆC for 1h. The

Cdc25C peptide and all other BAD substrates were synthesized in

house. The kinase reaction was stopped by the addition of SDS-

sample buffer. The samples were then loaded onto 18% SDS-PAGE,

dried and developed using a Phospho-Imager (Amersham

Biosciences, Piscataway, NJ, USA).

Protein extraction and Western blot analysis. Protein extracts were

prepared from exponentially growing cells as described (10). Briefly,

cells were collected and the cell pellets were resuspended in lysis

buffer [(20 mM Tris-HCl, pH 7.4, 2 mM EGTA, 2 mM EDTA, 6 mM

‚-mercaptoethanol, 1% NP-40, 0.1% SDS and 10 mM NaF, plus the

protease inhibitors aprotinin (10 Ìg/ml), leupeptin (10 Ìg/ml) and

PMSF (1 mM)]. This suspension was sonicated three times with a

Sonifier Cell Disrupter (Branson Ultrsonics Co, Danbury, CT, USA).

The cells were spun briefly and supernatants were collected for the

determination of protein concentrations using the Bio-Rad assay (Bio-

Rad, San Diego, CA, USA). For Western blotting, 20 Ìg of total cell

lysate was resolved by SDS-PAGE. The proteins on these gels were

then transferred to immobilon-P membranes (Millipore, Bedford,

MA, USA), using transfer buffer (25 mM Tris-H Cl, 190 mM glycine,

and 10% methanol). Membranes were blocked with blocking buffer

(50 mM Tris, 200 mM NaCl, 0.2% Tween 20, 5 % non-fat dry milk)

and then incubated with the following antibodies: anti-human BAD

antibody (1:1000, Transduction Laboratories, Lexington, KY, USA)

and anti-human BAD Phospho-155 (1:500, provided by Dr. Michael

Greenberg). After treatment with blocking buffer without 5% non-fat

dry milk (washing buffer), a dilute solution (1:1000) of horseradish

peroxidase linked anti-rabbit donkey serum (Amersham, Arlington

Heights, IL, USA) was added. Membranes were then washed with

washing buffer and immune detection was performed using the ECL

Western blotting detection system (Amersham).

BAD transfection and immunoprecipitation. 293T cells were transfected

with either mouse wild-type (WT) or mutant (MT) (S155A) BAD

plasmids for 24h. In the last 7h of transfection, cells were either treated

with or without adriamycin (5 ÌM). Cells were harvested, lysed and

protein measurement was performed using the Bio-Rad protein assay.

Twenty Ìg of total cell lysate was resolved on a 12% SDS-PAGE then

transferred to PVDF membrane. Western blots were performed as

described in the Western blot analysis section. For immuno-

precipitation, 300 Ìg of total cell lysate was immunoprecipitated with 2

Ìg of Chk1 antibody (Santa Cruz, CA, USA). The Chk1-antibody

immunoprecipitated proteins were resolved on a 12% SDS-PAGE and

Western blotting was performed using the BAD antibody. 

Results and Discussion

A recent publication suggests that Chk1 has the

phosphorylation motif, º-X-‚-X-X-(S/T)*, where * indicates

the phosphorylated residue, º is a hydrophobic residue, ‚ is a

basic residue and X is any amino acid (Figure 1B, 12). We

identified two Chk1 phosphorylation consensus sites (serine

170 and serine 200) and a partial site (serine155) in the BAD

protein sequence. In order to determine if there is any cross

talk between the apoptotic pathway and the DNA damage

G2/M checkpoint, we performed in vitro Chk1 kinase assays

using the recombinant human BAD protein as a substrate (11).

As shown in Figure 2A, Chk1 phosphorylated the recombinant

human BAD protein. The Cdc25C protein and the Cdc25C

peptide containing serine-216 were used as positive controls

(Figure 2A). Autophosphorylation of Chk1 was also observed

(Figure 2A). To determine the exact phophorylation site(s) in

the BAD protein, we designed a number of peptides that

correspond to these potential Chk1 phosphorylation sites in

the mouse BAD sequence (Figure 1A). From the in vitro
phosphorylation study, we found that two sites were

phosphorylated by Chk1 (Figure 2B). The first phosphorylation

site is at serine-155 in the BH3 domain and the second

phosphorylation site is at serine-170 in the C-terminal domain.

While the serine-170 peptide contained the consensus Chk1

phosphorylation motif, the peptide with serine-155 did not

match the consensus perfectly (Figure 1B). However, the

serine-155 peptide was phosphorylated by Chkl (Figure 2B),

while the serine-200 peptide, which contains the exact Chk1

phosphorylation motif, was not phosphorylated (Figure 2B). 

In order to determine whether Chk1 can phosphorylate

BAD in vivo, co-transfection of Chk1 with either the wild-type
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Figure 1. Sequences of peptides that are used in vitro kinase assay. (A). 1.
Cdc25C peptide containing serine-216, a phosphorylation site for Chk1.
2. Mouse BAD sequence from residues 101 to 122. 3. Mouse BAD
sequence from residues 125 to 146. 4. Mouse BAD sequence residues from
139 to 165. This peptide sequence contains BH3 domain. 5. Mouse BAD
sequence residues from 139 to 165 with S155→A155 mutation. 6. Mouse
BAD sequence residues from 143-160. 7. Mouse BAD sequence from
residues 162-180. 8. Mouse BAD sequence from residues 162-180 with a
S170→A170 mutation. 9. Mouse BAD sequence from residues 185 to 204.
10. Mouse BAD sequence from residues 185 to 204 with a S200→A200
mutation. Consensus Chk1 phosphorylation residues are underlined. (B)
Chk1 consensus phosphorylation sequences are shown.



(WT) or mutant (MT, S155A) mouse BAD plasmid (5) was

performed. Embryonic kidney 293T cells were transfected with

Chk1 cDNA plus either WT BAD or MT BAD cDNA in the

presence or absence of the DNA-damaging agent adriamycin

(ADR). As shown in Figure 3A, ADR increased the total

phosphorylation at serine-155. Densitometric scanning of the

blot showed that there is approximately a 7-fold increase in

phosphorylation (data not shown). The BAD protein level was

similar in all four conditions (Figure 3A). 

To determine if there is an association between Chk1 and

BAD in cells, 293T cells were co-transfected with Chk1 plus

Han et al: Phosphorylation of BAD by Chk1

3909

Figure 2. BAD is phosphorylated by Chk1 in vitro. Mouse BAD peptides shown in Figure 1 were used in in vitro Chk1 kinase assay as described in
Materials and Methods. Kinase reaction samples were electrophoresed on SDS-gels and dried gels were analyzed with Phospho-Imager. Autoradiograms
of the gels are shown. Panel A. In vitro phosphorylation of BAD protein, Cdc25C protein and Cdc25C peptide by Chk1. Panel B. In vitro phosphorylation
of BAD peptides by Chk1. The numbers above each lane indicate the residues in the mouse BAD protein.

Figure 3. BAD is phosphorylated by Chk1 and Chk1 is associated with
BAD. (A). WT BAD or MT BAD plasmid together with Chk1 plasmid was
co-transfected into 293T cells. Twenty-four hours following transfection,
cells were treated with either 5 ÌM adriamycin or DMSO control for 7h.
Cells were then collected, lysed and electrophoresed on SDS-gels followed
by Western blotting using phospho specific serine-155 antibody as described
in Materials and Methods (B). Same samples as in (A). The samples were
immunoprecipitated with the Chk1 antibody followed by Western blotting
using the BAD antibody as described in Materials and Methods.



either WT BAD or MT BAD cDNA followed by

immunoprecipitation with the Chk1 antibody. The Chk1

antibody immunoprecipitated samples were electrophoresed

on SDS-gels and then probed with the BAD antibody. As

shown in Figure 3B, there was an association between Chk1

and BAD and this binding was increased upon ADR

treatment in the WT BAD transfected sample, consistent with

the increases in BAD-S155 phosphorylation upon ADR

treatment. However, no increase in Chk1-BAD association

was observed in the MT BAD (S155A) transfected sample.

This suggests that serine-155 may play a role in the Chk1 and

BAD association. As mentioned previously, there is another

in vitro phosphorylation site at serine-170 (Figure 1 and Figure

2). Since we do not have a phospho-serine-170 antibody at the

present time, we cannot assess whether phosphorylation at

serine-170 occurs in vivo. Therefore, it is possible that serine-

155 and serine-170 together may influence this association.

We are currently investigating this possibility.

In summary, we demonstrated that BAD is a substrate for

Chk1 in vitro and associates with Chk1 in vivo. BAD is now a

known substrate for several kinases including Chk1, AKT,

MAPKAP-K1 and PKA. Recently, it has been shown that

PKA phosphorylates BAD protein at serine-155 and promotes

cell survival (4, 5, 6, 9). PKA and MAPKAP-K1 phosphorylate

BAD at serine-112 (8, 15). However, AKT phosphorylates

BAD at serine-136 (13, 14). In addition, a recent publication

shows that serine-170 is also phosphorylated in response to

cytokines and this site may be important for inactivating BAD

(16). As shown in the case with PKA, it is reasonable to

speculate that Chk1 may phosphorylate BAD at serine-155

and/or serine-170 and inactivate it. Thus, in the event of DNA

damage, Chk1 activation not only leads to G2 arrest to allow

time for DNA repair, but also prevents cell apoptosis by

inactivating BAD. Thus BAD, a proapototic protein, is the

target of multiple stimuli such as growth factors, cAMP-

inducing agents and DNA- damaging agents. Further studies

are needed to dissect how these pathways regulate BAD. 
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