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a b s t r a c t

Death-associated protein kinase 2 (DAPK2), a Ca2þ/calmodulin-regulated serine/threonine kinase, in-
duces apoptosis. However, the signaling mechanisms involved in this process are unknown. Using a
proteomic approach, we identified 14-3-3 proteins as novel DAPK2-interacting proteins. The 14-3-3
family has the ability to bind to phosphorylated proteins via recognition of three conserved amino acid
motifs (mode 1-3 motifs), and DAPK2 contains the mode 3 motif ((pS/pT)X1-2-COOH). The interaction of
14-3-3 proteins with DAPK2 was dependent on the phosphorylation of Thr369, and effectively suppressed
DAPK2 kinase activity and DAPK2-induced apoptosis. Furthermore, we revealed that the 14-3-3 binding
site Thr369 of DAPK2 was phosphorylated by the survival kinase Akt. Our findings suggest that DAPK2-
induced apoptosis is negatively regulated by Akt and 14-3-3 proteins.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

The death-associated protein kinase (DAPK) family is a group of
serine/threonine kinases associated with a wide spectrum of
apoptotic signaling pathways, including interferon g, tumor ne-
crosis factor-a, and anoikis [1,2]. The family consists of five mem-
bers: DAPK1, DAPK2/DAPK-related protein kinase (DRP-1), DAPK3/
zipper-interacting protein kinase (ZIPK)/DAP-like kinase (DLK), DAP
kinase-related apoptosis-inducing protein kinase 1 (DRAK1), and
DRAK2. The members of the DAPK family show high sequence
homology in their N-terminal catalytic domains, whereas the
structures of their C-terminal regions are different. Although both
DAPK1 and DAPK2 possess a Ca2þ/calmodulin (CaM)-binding
domain and are activated by Ca2þ/CaM, DAPK1 also contains other
unique domains such as eight ankyrin repeats, a cytoskeletal
binding domain, and a death domain, which are involved in pro-
teineprotein interactions [3]. The cytoskeletal binding domain
defines the intracellular localization of the protein through its
ase; CaM, calmodulin; MLC2,
CnA-a, calcineurin A-a; PARP,

sa).
interaction with actin. The ankyrin repeats are involved in associ-
ation with DAPK-interacting protein-1, promoting tumor necrosis
factor-induced apoptosis [4], and the death domain regulates the
proapoptotic function of DAPK1 by interacting with netrin-1 re-
ceptor UNC5H2 [5]. In contrast, DAPK3 lacks a Ca2þ/CaM-binding
domain; however, it has a leucine zipper domain, which is required
for dimerization and interactions with other leucine zipper-
containing proteins such as the apoptosis antagonizing transcrip-
tion factor [6]. Although DAPK2 contains a unique C-terminal tail
involved in homodimerization, functional proteins interacting with
DAPK2 have not yet been identified.

14-3-3 proteins bind to a number of functionally diverse
signaling proteins including protein kinases and protein phospha-
tases, and are involved in important cellular processes such as
signal transduction, cell cycle control, and apoptosis [7,8]. The
members of this family (seven isotypes in mammals: b, g, ε, h, s, t,
and z) recognize specifically phosphorylated serine/threonine res-
idues of the target proteins. Most of the 14-3-3-binding proteins
contain either of the three consensus motifs: RSXpSXP (mode 1),
RX(Y/F)XpSXP (mode 2), or pS/pTX1-2-COOH (mode 3), where pS
and pT denote phosphoserine and phosphothreonine, respectively.
To date, more than 300 proteins have been shown to interact with
14-3-3 family members; these interactions can affect the biological
activity or the localization of the binding proteins. For example, 14-

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:kyuasa@tokushima-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2015.05.105&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
http://dx.doi.org/10.1016/j.bbrc.2015.05.105
http://dx.doi.org/10.1016/j.bbrc.2015.05.105
http://dx.doi.org/10.1016/j.bbrc.2015.05.105


K. Yuasa et al. / Biochemical and Biophysical Research Communications 464 (2015) 70e75 71
3-3 proteins interact with BAD, a proapoptotic member of the Bcl-2
family, and suppress its binding to and inactivation of the pro-
survival protein Bcl2/Bcl-xL, thus preventing BAD-induced
apoptosis [9]. The binding of 14-3-3 proteins to BAD depends on
its phosphorylation by serine/threonine kinase Akt, which is a
central node in the downstream cell signaling of growth factors and
cytokines [10]. On the other hand, Ca2þ/CaM-regulated protein
phosphatase, calcineurin, dephosphorylates BAD, resulting in
dissociation from 14-3-3, BAD/Bcl-xL heterodimerization, and in-
duction of apoptosis [11]. Thus, binding of 14-3-3 proteins to target
proteins is controlled by a balance between protein kinase and
protein phosphatase activities.

In this study, we identified 14-3-3 proteins as novel DAPK2
binding proteins using a proteomic approach. We revealed that 14-
3-3 proteins were associated with DAPK2 phosphorylated at Thr369

by Akt. In addition, we showed that 14-3-3 proteins suppressed the
kinase activity of the proapoptotic protein DAPK2, blocking DAPK2-
induced apoptosis. Our findings provide a novel mechanism for the
regulation of DAPK2-induced apoptosis.

2. Materials and methods

2.1. Plasmid construction

cDNAs encoding mouse DAPK2, human 14-3-3 isoforms, mouse
Akt, and mouse calcineurin A-a (CnA-a) were cloned by PCR using
the respective specific primers. PCR products were cloned into the
TA-cloning vector pGEM-T Easy (Promega), and the inserted DNA
sequences were confirmed by DNA sequencing. A cDNA encoding
mouse DAPK2 was subcloned into the N-terminal FLAG-tagged
expression vector pFLAG-CMV-2 (Sigma) and N-terminal Strep-
tagged expression vector pEXPR-IBA105 (IBA), resulting in pFLAG-
DAPK2 and p105-DAPK2, respectively. Site-directed mutagenesis
was performed using PrimeSTARMutagenesis Basal Kit (Takara Bio)
according to the manufacturer's instructions. The mutations were
confirmed by DNA sequence analysis.

2.2. Cell culture and transfection

COS-7 and MCF-7 cells were cultured in Dulbecco's modified
Eagle's medium supplemented with 10% fetal bovine serum, 100
units/ml penicillin and 100 mg/ml streptomycin at 37 �C in 5% CO2.
Transfection was performed using Lipofectamine 2000 (Invitrogen
Life Technologies), according to the manufacturer's instructions.

2.3. Protein identification by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS)

MCF-7 cells were transfected with the p105-DAPK2. After 24 h,
cells were scraped in cell lysis buffer (20 mM TriseHCl, pH 7.5,
150 mM NaCl, 0.5% NP40, 1 mM EDTA, 10 mM leupeptin, and 10 mg/
ml aprotinin). The cell extracts were centrifuged at 10,000 � g for
10 min at 4 �C, and the supernatants were incubated with Strep-
Tactin Sepharose (IBA) over night at 4 �C. The beads were washed
five times with wash buffer (20 mM TriseHCl pH 7.5, 150 mM NaCl,
0.1% NP40, and 1 mM EDTA), and the bound proteins were eluted
with 2 x SDS-loading buffer. The eluates were resolved by 12% SDS-
PAGE, followed by silver staining (Silver Staining MS Kit, Wako Pure
Chemical). The bands in the SDS-PAGE gel were cut off and
destained twice in de-staining solution (Wako Pure Chemical) for
10 min. After dehydration in 100% acetonitrile, the gel pieces were
dried using a centrifugal evaporator. To reduce disulfide bonds, the
dried gel pieces were incubated with reducing reagent (10 mM
dithiothreitol and 25 mM ammonium bicarbonate) at 56 �C for
45 min. After removing the reducing reagent, the gel pieces were
incubated with alkylating reagent (55 mM iodoacetamide and
25 mM ammonium bicarbonate) for 30 min, washed with 25 mM
ammonium bicarbonate, and dehydrated (using 25 mM ammo-
nium bicarbonate/50% acetonitrile followed by 100% acetonitrile).
The gel pieces dried using a centrifugal evaporator were rehydrated
with 20 ng/ml of trypsin (Promega) in 25 mM ammonium bicar-
bonate, and incubated in 25 mM ammonium bicarbonate over
night at 37 �C. The trypsin-digested peptides were extracted using
extraction buffer (5% trifluoroacetic acid/50% acetonitrile) by son-
ication for 3 min and vortex-mixing for 30 min. After centrifuga-
tion, the supernatant was collected and concentrated using a
centrifugal evaporator. The samples were desalted using C18 ZipTip
according to the manufacturer's instructions (Millipore), mixed
with the matrix, and then spotted on AnchorChip sample target
(Bruker Daltonics). The mass spectra of peptides were acquired by
MALDI-TOF MS (Autoflex Speed, Bruker Daltonics). The mass
spectra were processed using FlexAnalysis 3.3 and Biotools 3.2
(Bruker Daltonics), and the generated data were analyzed using the
Mascot server (Matrix Science).

2.4. Co-immunoprecipitation and Strep pull-down assays

Co-immunoprecipitation assay has been described previously
[12]. For a Strep pull-down assay, COS-7 cells were co-transfected
with pFLAG-DAPK2 and p105-14-3-3. After 24 h, cells were scra-
ped in lysis buffer. Cell lysates were incubated with Strep-Tactin
Sepharose over night at 4 �C. The bound proteins were analyzed
by immunoblot analysis using anti-FLAG M2 antibody (Sigma).

2.5. In vitro kinase assay

In vitro phosphorylation by DAPK2 was performed as described
previously [13]. GST-MLC2 was used as a substrate for DAPK2 ac-
tivity assay. COS-7 cells transfected with pFLAG-DAPK2 in the
presence or absence of pFLAG-14-3-3 were harvested in lysis buffer.
Cell lysates were incubated with anti-FLAG M2 antibody and pro-
tein G Sepharose (GE Healthcare) overnight at 4 �C. The beads were
washed three times with wash buffer and twice with 50 mM
TriseHCl, pH7.5. The kinase reaction was carried out by resus-
pending the complexes in 100 ml of kinase buffer (50 mM TriseHCl
pH 7.5, 20 mM magnesium acetate, 50 mM ATP, 2 mCi [g-32P]ATP,
Phosphatase inhibitor cocktail (Nacalai Tesque), 30 mg/ml purified
GST-MLC2, 100 mM CaCl2 and 10 nM CaM), and incubating for
30 min at 30 �C. Phosphorylated GST-MLC2 was separated by SDS-
PAGE and observed using a BAS-1500 Bioimaging Analyzer (Fuji
Film).

2.6. Statistical analysis

All experiments were performedmultiple times to confirm their
reproducibility. One representative set of data was shown in the
figures. The results were quantified using Image J software (NIH).
Data were expressed as means ± S.E., and statistical significance
was determined by Student's t-test or ANOVA.

3. Results

3.1. Identification of the proteins interacting with DAPK2

To identify novel DAPK2 binding partners, we used the Strep
pull-down approach to capture the endogenous binding proteins.
Our previous study has shown that DAPK2 overexpression induces
apoptosis in human breast cancer MCF-7 cells [13]. Therefore, full-
length mouse DAPK2 was expressed in MCF7 cells as an N-terminal
Strep-tagged protein. The Strep pull-down proteins were resolved



Fig. 1. Identification of 14-3-3 proteins as DAPK2-interacting proteins. (A) MCF-7 cells were transiently transfected with either Strep empty vector or Strep-DAPK2. After 24 h, the
cells were harvested and Strep pull-down assay was performed. The precipitated proteins were subjected to SDS-PAGE and were visualized by silver staining. (B) Strep-DAPK2 was
expressed in COS-7 cells with FLAG-tagged 14-3-3 family members. Cell lysates were pulled down with Strep-Tactin, followed immunoblotting with anti-FLAG antibody. Protein
expression was confirmed by immunoblotting of total cell lysates. (C) The cell lysates fromMCF-7 cells were immunoprecipitated using either anti-DAPK2 antibody or normal rabbit
IgG (IgG). The immunoprecipitates were analyzed by immunoblotting with anti-14-3-3 (pan) antibody. The endogenous expression of DAPK2 and 14-3-3 proteins was confirmed by
immunoblotting of MCF-7 cell lysates with the appropriate antibodies. All experiments were performed multiple times with similar results.
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by SDS-PAGE followed by silver staining. To exclude non-specific
binding, lysates of the cells transfected with empty Strep vector
were used as negative controls. Fig. 1A shows a typical gel. The
specific protein bands at 30, 31, 44 and 88 kDa were found in the
Fig. 2. DAPK2 interacts with 14-3-3 3via Thr369 located at the C-terminus. (A) The structure o
(S367A, S368A, T369A, and S370A) are shown. (B) Strep-14-3-3 3was expressed in COS-7 cell
Ser367 was replaced by a stop codon. Total cell lysates were pulled downwith Strep-Tactin, fo
immunoblotting of total cell lysates. (C) COS-7 cells were transiently transfected with Strep-
were pulled downwith Strep-Tactin, followed immunoblotting with anti-FLAG antibody. The
to 14-3-3 3was taken as 100%. Results are expressed as means ± S.E. of three different e
Student's t-test. **, p < 0.01.
lysates of the cells transfected with Strep-DAPK2. The bands at 44
and 88 kDa were close to the molecular masses of the Strep-tagged
DAPK2 and its SDS-resistant dimer, respectively. Therefore, the
bands at 30 and 31 kDa were excised and analyzed by MALDI-TOF
f DAPK2 is illustrated. The C-terminal truncated (S367D) or alanine substituted mutants
s with either FLAG-tagged wild-type DAPK2 (WT) or its mutant, DAPK2 S367D, in which
llowed immunoblotting with anti-FLAG antibody. Protein expression was confirmed by
14-3-3 3together with either FLAG-DAPK2 wild type (WT) or mutants. Total cell lysates
binding to 14-3-3 3was quantified by Image J software. The binding of wild-type DAPK2
xperiments. Statistical significance compared with the wild-type was determined by
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MS after in-gel tryptic digestion. The analysis showed that 30- and
31-kDa proteins were 14-4-3z and 14-3-3ε, respectively.

The mammalian 14-3-3 protein family consists of seven mem-
bers (b, g, 3, h, s, t, and z) [8,9]. We analyzed which members of the
14-3-3 family bind to DAPK2. COS-7 cells were transfected with
Strep-tagged DAPK2 and FLAG-tagged human 14-3-3 family
members. Cell lysates were pulled down with Strep-Tactin, and
immunoblotted with anti-FLAG antibody. As shown in Fig. 1B, all
14-3-3 family members interacted with DAPK2. Furthermore, the
endogenous interaction between DAPK2 and 14-3-3 proteins was
investigated. The cell lysates from MCF-7 cells were immunopre-
cipitated using anti-DAPK2 antibody. The immunoprecipitates
were analyzed by immunoblottingwith anti-14-3-3 (pan) antibody,
which recognizes all 14-3-3 isoforms. As shown in Fig. 1C, 4-3-3
proteins were detected in the DAPK2 immunoprecipitates, indi-
cating endogenous interactions between DAPK2 and 14-3-3
proteins.
3.2. 14-3-3 proteins interact with DAPK2 via phosphorylated Thr369

14-3-3 proteins associate with phosphopeptides containing
consensus motifs, RSXpSXP (mode 1), RX(Y/F)XpSXP (mode 2), or
pS/pTX1-2-COOH (mode 3), where X stands for any amino acid.
Amino acid sequence analysis revealed that DAPK2 has only a mode
3 motif in its C terminus (364RRRSSTS-COOH) (Fig. 2A). To identify
14-3-3 binding sites for DAPK2, we created DAPK2 S367D mutant,
in which Ser367 was replaced by a stop codon. As shown in Fig. 2B,
Strep pull-down assay demonstrated that binding of 14-3-3ε to
DAPK2 S367D was much weaker than to wild-type DAPK2. To
analyze the binding site in more detail, we constructed four non-
phosphorylatable mutants of DAPK2, in which the serine or thre-
onine at the C terminus was replaced by alanine (Fig. 2A), and
performed the pull-down experiment. As shown in Fig. 2C, the
interaction of 14-3-3ε with the T369A mutant was significantly
reduced as compared with that with wild-type DAPK2, whereas
binding to the S367A, S368A, and S370A mutants was rather
increased. These results suggest that 14-3-3 proteins recognize
phosphorylated Thr369 of DAPK2 and interact with it.
Fig. 3. 14-3-3 blocks DAPK2-induced apoptosis through suppression of DAPK2 activity.
(A) FLAG-DAPK2 was transfected with or without FLAG-tagged 14-3-3 family members
into COS-7 cells. FLAG-tagged proteins were immunoprecipitated and used in an
in vitro kinase assay with recombinant GST-MLC2 as a substrate. GST-MLC2 was
separated on SDS-PAGE, after which the gel was analyzed by a bioimaging analyzer.
The kinase activity of DAPK2 in the absence of 14-3-3 was taken as 100%. The data
shown are the means ± S.E. derived three independent experiments. **, p < 0.01 in-
dicates significant difference from the DAPK2 activity in the absence of 14-3-3, as
analyzed by Student's t-test. (B) COS-7 cells were transiently transfected with FLAG-
DAPK2 and FLAG-14-3-3s. After 24 h, the cells were harvested and cell lysates were
analyzed by immunoblot analysis with anti-PARP, anti-cleaved PARP, and anti-FLAG
antibodies. The amount of cleaved PARP in mock-transfected cells was taken as 1.
Results are expressed as means ± S.E. of three different experiments. Statistical analysis
was performed by one-way ANOVAwith Tukey's multiple comparison test. **, p < 0.01.
3.3. The activity of DAPK2 is inhibited by 14-3-3 proteins

14-3-3 proteins can regulate enzyme activity, alter subcellular
localization, and mediate proteineprotein interaction through
conformational changes or by masking/revealing functional motifs
of the interacting proteins [8,9]. We examined the effect of 14-3-3
binding on the kinase activity of DAPK2. Myosin light chain 2
(MLC2) was used as a substrate for DAPK2 activity as described
previously [13]. An in vitro kinase assay revealed that Ca2þ/CaM-
activated DAPK2 phosphorylated GST-MLC2, whereas the DAPK2
activity was significantly reduced by all members of the 14-3-3
family, particularly by 14-3-3s (Fig. 3A).

Furthermore, we examined the effect of14-3-3 proteins on
apoptosis induced by ectopically expressed DAPK2. During
apoptosis, poly (ADP-ribose) polymerase (PARP), 116-kDa nuclear
protein involved in DNA repair, is cleaved by active caspases
including caspase 3, into 85- and 25-kDa fragments [14]. Therefore,
the extent of PARP cleavage is used as a marker of apoptosis. We
transfected COS-7 cells with DAPK2 in the presence and absence of
14-3-3s, and immunoblotted the total cell lysates using anti-PARP
and anti-cleaved PARP antibodies. As shown in Fig. 3B, over-
expression of DAPK2 induced the cleavage of PARP, and this
cleavage was significantly reduced by coexpression of 14-3-3s.
These results suggest that DAPK2 is suppressed by association with
14-3-3 proteins.
3.4. DAPK2 is phosphorylated by Akt at Thr369

Further, we identified the protein kinase that phosphorylates
DAPK2 at Thr369. The site (364RRRSSpTS) including Thr369 matched
the consensus motif for Akt phosphorylation (RXRXX(pS/pT))
(Fig. 2A) [15]. Thus, we examined whether DAPK2 is phosphory-
lated by Akt. Because DAPK2 can be autophosphorylated [13], a
kinase-dead mutant of DAPK2, DAPK2 K52A, was expressed with
constitutively active Akt, Akt T308D/S473D [16], in COS-7 cells. Cell
lysates were immunoblotted with anti-phospho-Akt substrate
antibody, which recognizes the consensus Akt phosphorylation
sequence RXRXX(pS/pT). As shown in Fig. 4A, DAPK2 K52A was
efficiently phosphorylated by constitutively active Akt. However,
Akt failed to phosphorylate DAPK2 K52A/T369A, in which Thr369

was replaced by alanine. Furthermore, we investigated the effect of
Akt on the interaction between DAPK2 and 14-3-3 proteins. COS-7
cells transiently transfected with Strep-DAPK2 and FLAG-14-3-3g
were treated with an Akt-specific inhibitor, MK2206, in increasing
concentrations, and Strep pull-down assay was performed. When
the cells were treatedwith 10 mMMK2206, binding of DAPK2 to 14-
3-3gwas significantly reduced to approximately 30% of that of cells
treated with dimethyl sulphoxide alone (Fig. 4B). These results



Fig. 4. Interaction between DAPK2 and 14-3-3 is promoted by Akt. (A) The kinase-dead mutant of DAPK2 (DAPK2 K52A) or DAPK2 K52A/T369A was transfected with or without
constitutively active Akt (Akt CA). Total cell lysates were subsequently analyzed by immunoblotting with anti-phospho-Akt substrate (phosphor-RXRXXpS/pT) or anti-FLAG anti-
body. “NS” indicates a nonspecific band. (B) COS-7 cells transfected with Strep-DAPK2 and FLAG-14-3-3g were treated with MK2206 at the indicated concentrations for 18 h. Cell
extracts were pulled down with Strep-Tactin, and precipitates were subsequently analyzed by immunoblotting with anti-FLAG antibody. Protein expression was confirmed by
immunoblotting total cell lysates. The binding of DAPK2 to 14-3-3g without MK2206 was taken as 100%. (C) FLAG-DAPK2 and FLAG-14-3-3s were transfected into COS-7 cells. After
treatment with MK2206 at the indicated concentrations, cells were harvested and extracts were subjected to immunoblot analysis for PARP. The amount of cleaved PARP without
MK2206 was taken as 1. (D) FLAG-14-3-3g was transfected in combination with Strep-DAPK2 and FLAG-CnA-a into COS-7 cells. Total cell lysates were pulled down with Strep-
Tactin, followed immunoblotting with anti-FLAG antibody. To monitor the expression level of the Strep- and FLAG-tagged proteins, cell lysates were blotted with anti-Strep and
anti-FLAG antibodies, respectively. “NS” indicates a nonspecific band. The binding of DAPK2 to 14-3-3g without CnA-a was taken as 100%. All experiments were performed three
times independently. Results are expressed as means ± S.E. Statistical significance was determined by Student's t-test. **, p < 0.01, *, p < 0.05.
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indicate that Akt regulates the interaction between DAPK2 and 14-
3-3 proteins via phosphorylation of Thr369 in DAPK2. In addition,
we examined the effect of Akt on the DAPK2-induced apoptosis.
DAPK2-induced PARP cleavage was suppressed by 14-3-3s
(Fig. 3B). Treatment with MK2206 prevented 14-3-3s from block-
ing DAPK2-induced PARP cleavage in a dose-dependent manner
(Fig. 4C).

Binding of 14-3-3 proteins is dependent on the phosphorylation
state of the binding protein, which is controlled by the balance of
protein kinases and protein phosphatases. DAPK2, a Ca2þ/CaM-
dependent serine/threonine kinase, induces apoptosis. In addition,
calcineurin, which is a Ca2þ/CaM-regulated protein phosphatase,
induces apoptosis through dephosphorylation of phosphoproteins
such as BAD [11]. Finally, we examined the involvement of calci-
neurin in the regulation of the interaction between DAPK2 and 14-
3-3 proteins. As shown in Fig. 4D, overexpression of the phospha-
tase subunit of calcineurin (calcineurin A-a, CnA-a) significantly
suppressed the binding of DAPK2 to 14-3-3g.

4. Discussion

Although DAPK2 is involved in promoting apoptosis, the
detailed signaling mechanisms of this process remain unclear. Us-
ing a proteomic approach, we identified 14-3-3 proteins as novel
DAPK2-binding proteins. During the course of this study, Gilad et al.
also demonstrated a novel proteineprotein interaction between
DAPK2 and 14-3-3 proteins using another method [17]. 14-3-3
proteins, by interacting with phosphoserine or phosphothreonine-
containing motifs, bind to and regulate the key proteins involved in
various physiological processes including apoptosis [8]. Interaction
with 14-3-3 proteins may alter the subcellular localization, com-
plex formation, or enzymatic activity of target proteins. For
example, 14-3-3 proteins bind to forkhead box O (FoxO) tran-
scription factor phosphorylated by Akt, and prevent its localization
in the nucleus [18]. In another case, 14-3-3 proteins inhibit
apoptosis signal regulating kinase-1 (ASK1) activity by binding to
phosphorylated Ser967, blocking ASK1-mediated apoptosis [19]. We
found that DAPK2-induced apoptosis was antagonized by 14-3-3
proteins. In addition, our in vitro kinase assay revealed that 14-3-3
proteins suppressed DAPK2 kinase activity. These results suggest
that 14-3-3 proteins induce a conformation change of DAPK2 or
mask its catalytic domain, resulting in the inhibition of DAPK2 ac-
tivity. On the other hand, we also demonstrated the interaction of
14-3-3 proteins with DAPK2 by binding to phosphorylated Thr369 at
the C terminus of DAPK2. The last 40-amino acid C-terminal region
of DAPK2 shows no homology to other DAPK family members and
mediates its homodimerization [20]. Although the proapoptotic
function of DAPK2 is regulated at multiple steps including tran-
scription, phosphorylation, and CaM-binding, it can also be affected
by dimerization [21,22]. This suggests that another mechanism is
involved in the inactivation of DAPK2 by 14-3-3 binding; 14-3-3
proteins may affect DAPK2 dimerization by binding to its C-ter-
minal region. Furthermore, it is intriguing that 14-3-3s strikingly
inhibited DAPK2 activity compared with the other isoforms. The
14-3-3s is structurally divergent in dimerization and substrate-
binding [23]. It would be interesting to identify a unique peptide
sequence in 14-3-3s responsible for this profound inhibition of
DAPK2 in the feature study.
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Akt, a major survival kinase, phosphorylates and inactivates
proapoptotic proteins, preventing cell death. It has been estab-
lished that Akt preferentially phosphorylates Ser or Thr in the
RXRXX(S/T) motif, which is contained within consensus 14-3-3
binding motifs: RSXpSXP (mode 1) and RX(Y/F)XpSXP (mode 2). A
number of 14-3-3-binding sites, in proteins such as BAD, FoxO, and
Beclin 1, are created by Akt phosphorylation [10,18,24]. We
demonstrated that the 14-3-3-binding site (phosphorylated Thr369)
of DAPK2 was also produced by Akt. The requirement for Akt
phosphorylation was confirmed using an Akt-specific inhibitor in
an interaction experiment between DAPK2 and 14-3-3; however,
the binding of DAPK2 to 14-3-3 was not entirely blocked. Because
the 14-3-3-binding site of DAPK2 (364RRRSSpTS) also contains a
putative phosphorylation sequence for basophilic kinases, such as
p90 ribosomal S6 kinase (consensus motif: RXRXXpS/pT) and
protein kinase A and G (consensus motif: RRXpS/pT) [25,26], pro-
tein kinases other than Akt may be also involved in DAPK2
phosphorylation.

In summary, we identified novel DAPK2-binding proteins
implicated in the regulation of apoptosis. We revealed that DAPK2-
induced apoptosis was negatively regulated by the combination of
phosphorylation by Akt and interaction with 14-3-3 proteins.
DAPK1, a member of the DAPK family, also interacts with 14-3-3
proteins; however, the detailed analysis of this interaction has not
yet been performed, and amino acid sequence analysis indicates
that DAPK1 has neither the mode 3 motif at the C terminus nor any
other consensus motif [27]. Further research is required to unravel
detailed DAPK2 signaling mechanisms.
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