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Death-associated protein kinase 2 (DAPK2) is a Ca2�/calmodulin-dependent Ser/Thr kinase that possesses tumor-suppressive
functions and regulates programmed cell death, autophagy, oxidative stress, hematopoiesis, and motility. As only few binding
partners of DAPK2 have been determined, the molecular mechanisms governing these biological functions are largely unknown.
We report the identification of 180 potential DAPK2 interaction partners by affinity purification-coupled mass spectrometry, 12
of which are known DAPK binding proteins. A small subset of established and potential binding proteins detected in this screen
was further investigated by bimolecular fluorescence complementation (BiFC) assays, a method to visualize protein interactions
in living cells. These experiments revealed that �-actinin-1 and 14-3-3-� are novel DAPK2 binding partners. The interaction of
DAPK2 with �-actinin-1 was localized at the plasma membrane, resulting in massive membrane blebbing and reduced cellular
motility, whereas the interaction of DAPK2 with 14-3-3-� was localized to the cytoplasm, with no impact on blebbing, motility,
or viability. Our results therefore suggest that DAPK2 effector functions are influenced by the protein’s subcellular localization
and highlight the utility of combining mass spectrometry screening with bimolecular fluorescence complementation to identify
and characterize novel protein-protein interactions.

Death-associated protein kinases (DAPKs) are a family of five
Ser/Thr kinases that share a high degree of sequence homol-

ogy in their catalytic domains but differ significantly in their ext-
racatalytic domains. The best-studied member of the DAPK
family is DAPK1, a regulator of programmed cell death (1, 2),
autophagy (3), and motility (4).

DAPK2 exhibits a kinase domain with 80% homology to the
one of DAPK1 and also contains a calmodulin (CaM)-binding site
(5, 6) but uniquely features a C-terminal homodimerization do-
main (6) while lacking the diverse protein-protein interaction do-
mains that DAPK1 possesses (5, 6). The kinase is kept in an inac-
tive conformation by a double-locking mechanism, which
requires dephosphorylation of an autophosphorylated residue
(Ser318) within the CaM-binding domain by a yet-to-be identi-
fied phosphatase in order to allow for CaM binding and ho-
modimerization, both of which enhance kinase activity (7, 8).
Also the phosphorylation of Ser299 by cyclic GMP (cGMP)-de-
pendent protein kinase I (9) and the interaction with 14-3-3-�
(10) regulate DAPK2 kinase activity. To date, the only known
DAPK2 substrates are DAPK2 itself, regulatory light chain of my-
osin II (RLC), and mammalian target of rapamycin complex 1
(mTORC1) (5, 6, 11).

DAPK2 was shown to mediate programmed cell death. Over-
expression of DAPK2 results in morphological changes reminis-
cent of apoptosis in adherent cells, such as membrane blebbing
and condensation of nuclei (5, 6), and in reduced viability and
survival in suspension cells (12, 13). In line with these findings,
restoration of DAPK2 activity through fusion of a constitutively
active DAPK2 to CD30 in Hodgkin lymphoma cells resulted in
selective apoptosis in tumor cells in vitro and in prolonged survival
in a Hodgkin lymphoma mouse model (14), and depletion of
DAPK2 sensitizes resistant cells to TRAIL-induced killing (15).

DAPK2 also induces autophagy and autophagic cell death by di-
rectly interacting with mTORC1, one of the negative regulators of
autophagy, and by suppressing its activity through phosphoryla-
tion (3, 11). Data from our laboratories further support a role for
DAPK2 in immunity. We demonstrated that DAPK2 positively
regulates the differentiation of innate immune cells (16) and
boosts granulocyte chemotaxis by modulating cellular spreading
and polarization (17). As granulocytes treated with DAPK2 inhib-
itors showed reduced migration toward the site of inflammation
in a mouse model of peritonitis, DAPK2 may be a novel target for
anti-inflammatory therapies (17). For a recent review on the reg-
ulatory role of DAPK2 on apoptosis, autophagy, and inflamma-
tion, see Geering (18).

In order to gain insight into the molecular mechanisms of
DAPK2 biological functions, we identified potential DAPK2 in-
teraction partners by coimmunoprecipitation assays followed by
liquid chromatography-tandem mass spectrometry (LC-MS/
MS). Out of 180 hits, 6 were chosen for further analysis by bimo-
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lecular fluorescence complementation (BiFC). This method is
based on the discovery that two nonfluorescent fragments of a
fluorescent protein can form a fluorescent entity when in close
proximity, for example, by fusion to interacting proteins. BiFC
strategy was developed and utilized for a variety of applications,
including the visualization of protein interactions (19), determi-
nation of subcellular localizations (20), and investigation of bio-
logical functions of protein-protein interactions (21). We applied
BiFC to confirm and characterize the interaction of DAPK2 with
the actin-binding protein �-actinin-1 and the scaffold protein
14-3-3-�.

We provide evidence that under steady-state conditions,
DAPK2 localizes to the cytoplasm by interaction with 14-3-3-�,
probably among other interaction partners. Upon cellular stimu-
lation resulting in enhanced intracellular Ca2� concentrations,
DAPK2 binds to �-actinin-1, which is localized at the actin cortex
adjacent to the plasma membrane. The association of DAPK2 with
�-actinin-1 mediates increased membrane blebbing and reduced
cellular motility. Hence, in our model, DAPK2 activity output is
regulated by DAPK2 subcellular localization.

MATERIALS AND METHODS
Reagents. Cell culture reagents were purchased from PAA, buffer com-
ponents were from Sigma, and in-gel digestion and LC solvents were from
Rathburn.

Cell culture, transfection, and stimulation. NB4 cells (CSC-C0328;
Creative Bioarray) were maintained in RPMI 1640 medium (E15-885;
PAA) supplemented with 10% fetal calf serum (FCS) (2-01F10; Biocon-
cept) and 1% penicillin-streptomycin (L0022; Biowest SAS) in a humid-
ified 37°C incubator with 5% CO2. HEK-293T (ATCC CRL_11268) and
HeLa (ATCC CCL-2) cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (52100-039; Life Technologies) supplemented with
10% FCS and 1% penicillin-streptomycin (complete DMEM) in a humid-
ified 37°C incubator with 5% CO2. At 20 h prior to transfection, 50,000 to
100,000 cells were seeded into 24-well plates containing 0.5 ml of com-
plete DMEM. Cells were transfected with a 4:1 polyethylenimine-DNA
(750 ng of total DNA) mix as previously described (22), and medium was
changed to complete DMEM 7 h later. In order to increase intracellular
Ca2� concentrations, cells were treated with 1 �M ionomycin (BP2527-1;
Fisher Scientific) for 1 h. Yellow fluorescent protein (YFP) fluorescence
was usually assessed 24 to 48 h after transfection, and cells were grown at
30°C for at least 7 h prior to flow cytometry analysis.

Protein preparation for mass spectrometry. NB4 cells overexpress-
ing CGW-FLAG-DAPK2 (16) were treated for 4.5 days with or without 1
�M all-trans-retinoic acid (ATRA) (A2169; Sigma) to induce differentia-
tion. A total of 40 � 106 cells were lysed and preincubated with an anti-
body isotype control, followed by affinity purification using FLAG-IP
(FLAG immunoprecipitation kit, FLAGIPT1; Sigma) according to the
manufacturer’s protocol. Immunoprecipitated proteins were separated
by SDS-PAGE, and gels were fixed with 40% (vol/vol) ethanol–10% (vol/
vol) acetic acid and stained with colloidal Coomassie blue G-250
(GelCode blue stain reagent, 24590; Pierce Biotechnology). Gel sections
were cut into small pieces, washed three times with 50% acetonitrile, and
dry spun. Ammonium bicarbonate (25 mM, pH 8) containing 300 ng of
trypsin was added to each gel section and incubated at 37°C overnight.
Tryptic peptides were extracted using 5% trifluoroacetic acid in 50% ace-
tonitrile, and the samples were dried. Samples were resuspended in 1%
acetonitrile– 0.2% formic acid and subsequently desalted using ZipTip
pipette tips (Merck Millipore).

Liquid chromatography-tandem mass spectrometry. Digests were
analyzed on a Nano LC system (Eksigent Technologies) connected to a
hybrid linear ion trap LTQ Orbitrap (Thermo Scientific), which was
equipped with a nanoelectrospray ion source (Thermo Scientific). Peptide
separation was carried out on a reverse-phase high-pressure liquid chro-

matography (RP-HPLC) column (75-�m inner diameter and 10-cm
length) packed in-house with C18 resin (Magic C18 AQ, 3-�m particle size;
Michrom Bioresources), using a linear gradient from 90% solvent A (wa-
ter, 0.2% formic acid, and 1% acetonitrile) and 10% solvent B (water,
0.2% formic acid, and 80% acetonitrile) to 65% solvent A and 35% solvent
B. The data acquisition mode was set to acquire one high-resolution MS
scan followed by up to 10 data-dependent collision-induced dissociation
MS/MS scans in the linear ion trap. Only MS signals exceeding 500 ion
counts triggered an MS/MS attempt, and 104 ions were acquired for an
MS/MS scan over a maximum time of 200 ms. The normalized collision
energy was set to 35%. Singly charged ions were excluded from triggering
MS/MS scans.

MS data analysis. Tandem mass spectra were extracted, charge state
deconvoluted, and deisotoped by Mascot Distiller, version 2.2. All MS/MS
samples were analyzed using Mascot (version 2.2.04; Matrix Science, Lon-
don, United Kingdom). Mascot was set up to search the human portion of
the UniProt database (56,722 entries, including common contaminants;
February 2009) assuming the digestion enzyme trypsin. Mascot was
searched with a fragment ion mass tolerance of 0.8 Da and a parent ion
tolerance of 10 ppm. The following variable modifications were specified
in Mascot: Gln ¡ pyro-Glu of the N terminus, deamidated of asparagine
and glutamine, and oxidation of methionine. Scaffold (Scaffold_4.4.1;
Proteome Software, Inc., Portland, OR) was used to validate MS/MS-
based peptide and protein identifications. Peptide identifications were
accepted if they could be established at greater than 95.0% probability by
the Peptide Prophet algorithm (23) with a Scaffold delta-mass correction.
Protein identifications were accepted if they could be established at
greater than 99.0% probability and contained at least two identified pep-
tides. Protein probabilities were assigned by the Protein Prophet algo-
rithm (24). Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped to satisfy the
principles of parsimony. Proteins sharing significant peptide evidence
were grouped into clusters. Only proteins with 10 or more unique peptide
counts were taken into consideration; keratin contaminants were ex-
cluded.

Vector design for BiFC assays. DNA sequences for the N terminus
(amino acids 1 to 154) and C terminus (amino acids 155 to 238) of YFP
(YFPN and YFPC, respectively; split YFP) including a linker region and
XhoI or ApaI restriction enzyme site, were synthesized by GenScript (see
the supplemental material). cDNA encoding DAPK2 was described pre-
viously (16). cDNA encoding CaM (plasmid 20435), �-actinin (plasmid
11908), 14-3-3-� (plasmid 13270), glucose-6-phosphate 1-dehydroge-
nase (G6PD; plasmid 41521), and signal-induced proliferation-associated
protein (SIPA; plasmid 38154) was purchased from Addgene. cDNA was
amplified with the respective primers containing an XhoI or ApaI restric-
tion site. Restricted fragments were cloned into pcDNA3.1(�) (Life Tech-
nologies). Digested linker-YFP sequences were subsequently cloned into
the constructs containing the protein of interest in pcDNA3.1(�), result-
ing in 5=-YFP-linker-cDNA-3= or 5=-cDNA-linker-YFP-3= constructs
(more detailed information is given in Table S2 in the supplemental ma-
terial). As DAPK2 proteins homodimerize, DAPK2-YFPN and DAPK2-
YFPC were used as positive controls. Enhanced YFP (eYFP)-containing
pcDNA3.1(�) was used as a transfection control. Plasmids containing the
split YFP constructs (YFPN and YFPC) were used as negative controls.

Flow cytometry. Cells were analyzed in an LSR Fortessa instrument
(BD Bioscience) using BD FACSDiva software. YFP fluorescence was an-
alyzed in nonfixed cells. Cellular viability was assessed after uptake of 5
�g/ml propidium iodide as previously described (25). Data were analyzed
by FlowJo (Tree Star, Inc.).

Confocal microscopy. Subcellular localization of YFP fluorescence
was analyzed on a Leica confocal laser scanning TCS SP5 microscope.
Cells were seeded on poly-D-lysine (P7280; Sigma)-coated glass dishes
(Fluorodish) and analyzed using 20� and 40� objectives. Fluorescence
intensity graphs were extracted using ImageJ (http://imagej.nih.gov/ij/),
and data were analyzed using Prism (GraphPad).
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ELISA. Direct interactions between DAPK2 and �-actinin-1 or 14-3-
3-� and DAPK2 kinase activities were tested by enzyme-linked immu-
nosorbent assay (ELISA). For the assessment of direct interactions, high-
binding 96-well plates (3590; Costar) were coated with 0.5 to 10 �g/ml
recombinant protein in phosphate-buffered saline (PBS) (0.5 �g/ml re-
combinant DAPK2 [PV3614; Life Technologies], 5 �g/ml recombinant
�-actinin-1 [ab152166; Abcam], and 1 to 2 �g/ml recombinant 14-3-3-�
[ab78683; Abcam]) overnight at 4°C and blocked with 1% bovine serum
albumin (BSA). To assess the interaction between DAPK2 and �-ac-
tinin-1, 1 �g/ml DAPK2 in protein kinase buffer (B6022S; NEB) contain-
ing 100 nM CaM (208670; Millipore) and/or 10 �M CaCl2 was added for
3 h to �-actinin-1-coated wells. To assess the interaction between DAPK2
and 14-3-3-�, 1 �g/ml DAPK2 in kinase buffer containing 10 �M ATP
(FLAAS; Sigma) was added for 3 h to 14-3-3-�-coated wells. Binding of
DAPK2 to the coated interaction partners was assessed using anti-DAPK2
antibodies (1:1,000) (GTX61602; GeneTex) and horseradish peroxidase
(HRP)-coupled anti-rabbit IgG (1:5,000) (7074; Cell Signaling Technol-
ogy), followed by addition of 1-Step ABTS [2,2=-azinobis(3-ethylbenz-
thiazolinesulfonic acid)] (37615; Thermo Scientific). Absorbance at 405
nm was measured using an Infinite M200 Pro microplate reader (Tecan).
For the assessment of DAPK2 activity, 0.3 �g/ml recombinant RLC (pro-
366; Prospect) was coated onto high-binding 96-well plates overnight at
4°C and blocked with 1% BSA, and 2.5 �g/ml DAPK2 was added in kinase
buffer containing 10 �M ATP. To test any effects of �-actinin-1 or 14-3-
3-� on DAPK2 activity toward RLC, 6.76 �g/ml �-actinin-1 and 1.46
�g/ml 14-3-3-� were added to DAPK2 before addition to RLC. Phos-
phorylation of RLC was assessed using anti-phospho-RLC antibody (1:
1,000) (3674; Cell Signaling) and HRP-coupled anti-rabbit IgG (1:5,000),
followed by addition of 1-Step ABTS and measurement of absorbance as
described above.

Scratch assay. In order to investigate the motility of HEK-293T and
HeLa cells, migration of cells to a scratched area was assessed by micros-
copy. To this end, 200,000 HeLa cells were transfected with split YFP
constructs and transferred to wells coated with poly-D-lysine (100 �g/ml)
(P7280; Sigma). The following morning, a 10-�l pipette tip was used to
introduce a scratch across the well, and two images per scratch were taken
every hour by time-lapse microscopy using a wide-field Nikon eclipse Ti.
The wound area at each time point was then extracted by the MatLab
plug-in Qu. For analysis, the slope of a linear fit of the change in area from
5 to 20 h was extracted and compared between samples.

Statistical analysis. All data are shown as means � standard devia-
tions (SD) and were analyzed by paired Student t test unless indicated
otherwise; n is defined as the number of independent experiments per-
formed.

RESULTS
Unbiased identification of potential DAPK2 interaction part-
ners by LC-MS/MS. In order to identify novel interaction partners
of DAPK2, we chose to apply mass spectrometry analyses to pro-
teins pulled down together with DAPK2. As DAPK2 was previ-
ously shown to mediate neutrophil differentiation and chemotaxis
(16, 17), differentiated neutrophils were used for this experimen-
tal setup. FLAG-tagged DAPK2 protein was overexpressed in NB4
myeloid precursor cells, and the cells were incubated with all-
trans-retinoic acid (ATRA) in order to differentiate the cells to
neutrophil-like entities. Cell lysates of differentiated DAPK2-
overexpressing NB4 cells were prepared, and DAPK2 was pulled
down using anti-FLAG antibodies coupled to agarose resin. Im-
munoprecipitated proteins were separated by SDS-PAGE (Fig.
1A). The gel lanes were sectioned as shown, and the content was
analyzed by LC-MS/MS. Proteins identified with more than 10
unique peptide hits were included in the analysis. This resulted in
the identification of 180 potential DAPK2 interaction partners
(see Table S1 in the supplemental material), 12 of which are

known DAPK interaction partners (Table 1). Many cytoskeletal
and signaling proteins were detected, which made up one-third of
all proteins identified in association with DAPK2, as shown in Fig.
1B. This observation is in agreement with previously identified
DAPK interaction partners that are either cytoskeletal proteins,
including actin and tubulin, or proteins associated with the cyto-
skeleton, such as myosin II, cofilin, and tropomyosin. Interest-
ingly, many proteins localizing to the nucleus were also identified
in this screen, suggesting that DAPK2 may enter this compart-
ment although its distribution is generally considered to be cyto-
plasmic (6). This finding may be explained by the recent identifi-
cation of an alternatively spliced DAPK2 isoform called DRP-1�
(26). DRP-1� lacks the Ca2�/calmodulin-binding and homo-
dimerization domain of DAPK2 and instead possesses a leucine
zipper domain highly homologous to that of DAPK3, possibly
allowing it to interact with nuclear proteins containing leucine
zippers.

Confirmation of DAPK2 homodimerization and interaction
with CaM by BiFC. In subsequent experiments, bimolecular flu-
orescence complementation (BiFC) was used to validate potential
protein interactions (Fig. 2A). In the chosen setup, the N-terminal
sequence of YFP (YFPN; amino acids 1 to 154) was fused to one
potential interaction partner, the C-terminal sequence of YFP
(YFPC; amino acids 155 to 238) was fused to the other potential
interaction partner, and the complementary split YFP constructs
were coexpressed within cells. In a first step, YFPN and YFPC were
thus fused to the N or C terminus of DAPK2 and CaM, two known
DAPK2 interaction partners, which were also identified in our
mass spectrometry screen (Table 1), resulting in YFPN-DAPK2,
YFPC-DAPK2, DAPK2-YFPN, DAPK2-YFPC, CaM-YFPN, and
CaM-YFPC constructs (see Table S2 in the supplemental mate-
rial). Because granulocytes are notoriously difficult to genetically
manipulate (27), we used the human HEK-293T or HeLa cell line
for further experiments. As shown in the upper panel of Fig. 2B,
transfection of control constructs YFPN and YFPC (lacking fusion
proteins that may trigger their association) into HEK-293T cells
resulted in minor fluorescence detected by flow cytometry com-
pared to that in cells transfected with the full-length YFP gene. As
the proportion of HEK-293T cells transfected with the full-length
YFP gene fluctuated between 40% and 60% of the whole popula-
tion from one experiment to the next, we always analyzed YFP
fluorescence of controls or potential interaction partners relative
to this positive control, i.e., full-length YFP.

Transfection of two complementary split YFP-DAPK2 con-
structs (Fig. 2B) or a complementary split YFP-DAPK2 and com-
plementary split YFP-CaM construct (Fig. 2C) resulted in at least
twice as many HEK-293T cells positive for YFP fluorescence than
observed for split YFP control constructs, with similar results seen
in HeLa cells (data not shown), confirming the utility of BiFC to
investigate DAPK2 interaction partners. YFP fluorescence of split
YFP constructs was much increased when cells were cultured for
at least 7 h at 30°C prior to analysis compared to levels in cells that
were kept at 37°C, as previously described (see Fig. S1A in the
supplemental material) (28). While decreasing the amount of
DNA transfected into HEK-293T cells reduced YFP fluorescence
of split YFP control constructs, the YFP fluorescence of split YFP-
DAPK2 constructs also decreased (see Fig. S1B). The best fluores-
cence ratios between control and DAPK2 homodimers were ob-
served when 50,000 HEK-293T cells were transfected with 250 ng
of each construct. Interestingly, transfection of N-terminal fu-
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sions of split YFP to DAPK2 (YFPN-DAPK2 and YFPC-DAPK2)
resulted in higher YFP fluorescence than C-terminal YFP fusions
(DAPK2-YFPN and DAPK2-YFPC), indicating that YFP at the C
terminus of DAPK2 may interfere with homodimerization (Fig.
2B, lower panel), leading to decreased fluorescence. In contrast,
transfection of N- or C-terminal fusions of split YFP to DAPK2
resulted in similar YFP fluorescence levels when CaM was coex-
pressed in HEK-293T cells, indicating that CaM binding to

DAPK2 is not disturbed by an N- or a C-terminal YFP tag (Fig. 2C,
lower panel).

Validation of novel interaction partners �-actinin-1 and 14-
3-3-� by BiFC and ELISA. We chose to analyze the potential in-
teraction of DAPK2 with four unrelated proteins, �-actinin-1,
14-3-3-�, signal-induced proliferation-associated protein 1 (SIPA),
and glucose-6-phosphate 1-dehydrogenase (G6PD), all of which
were identified with higher prevalence in an LC-MS/MS screen

FIG 1 Identification of novel DAPK2 interaction partners by coimmunoprecipitation experiments and LC-MS/MS. (A) Colloidal Coomassie-stained SDS-
PAGE showing gel sections (1 to 15) to be identified by LC-MS/MS. DAPK2-overexpressing NB4 cells were treated with 1 �M ATRA for 4.5 days, DAPK2 was
immunoprecipitated from cell lysates, and proteins were separated by SDS-PAGE. Potential DAPK2 interaction partners were stained with colloidal Coomassie
blue, and gel slices were cut as indicated for subsequent LC-MS/MS analysis (n 	 1). (B) The majority of potential DAPK2 interaction partners are involved in
cytoskeletal rearrangements, stress response, or signaling. Proteins identified by LC-MS/MS with a minimum of 10 matching queries were clustered into 12 main
categories. Potential interaction partners are listed in Table S1 in the supplemental material.

TABLE 1 Known DAPK interaction partners identifieda

UniProt accession
no. Description

Sequence
coverage
(%)

No. of unique
peptides
identified

Mol
mass
(kDa)

Gel
section
(no.)

Interacting DAPK
family member(s) Reference(s)

CALM_HUMAN Calmodulin 81 11 17 15 DAPK1, -2, -3 1
COF1_HUMAN Cofilin 42 5 18 15 DAPK1 41
DAPK2_HUMAN Death-associated protein kinase 2 48 22 43 1 to 15 DAPK2 6
HS90B_HUMAN HSP90 40 26 90 6 DAPK1, -2, -3 42
B4DWW4_HUMAN DNA replication licensing factor MCM3 13 12 96 6 DAPK1 43
MRLC2_HUMAN Myosin regulatory light chain 40 6 20 15 DAPK1, -2, -3 1
KPYM_HUMAN Pyruvate kinase isoform M2 42 19 58 7, 8, 9 DAPK1 44
MYPT1_HUMAN Protein phosphatase 1 regulatory subunit 24 27 115 5 DAPK3 45
TPM3_HUMAN Tropomyosin 46 16 29 13 DAPK1 46
Q5JP53_HUMAN Tubulin, beta 52 16 48 10, 11 DAPK1 47
1433B_HUMAN 14-3-3-� 61 13 28 13, 14 DAPK1 35
1433T_HUMAN 14-3-3-� 44 13 27 13, 14 DAPK1, -2 10, 35
a A mass spectrometry screen to identify potential DAPK2 interaction partners was undertaken by ectopic expression of DAPK2 in NB4 cells. DAPK2 protein was
immunoprecipitated from cell lysates and separated by SDS-PAGE. Gel sections were excised and proteins were analyzed by LC-MS/MS. Twelve known DAPK interaction partners
were identified.
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(see Table S1 in the supplemental material). As shown in Fig. 3A,
YFP fluorescence was increased in cells coexpressing split YFP–�-
actinin-1 and -DAPK2 as well as split YFP–14-3-3-� and -DAPK2
constructs compared to levels in control cells expressing split
YFP–�-actinin-1 or –14-3-3-� and YFPN, respectively. Similar re-
sults were obtained when HeLa cells were cotransfected with dif-
ferent split YFP constructs (see Fig. S2 in the supplemental mate-
rial). Increased YFP fluorescence was not observed in HEK-293T
cells cotransfected with split YFP-G6PD and -DAPK2 or split

YFP-SIPA and -DAPK2. These data therefore suggested that �-ac-
tinin-1 and 14-3-3-� are novel interaction partners of DAPK2 (in
the meantime, 14-3-3-� was independently confirmed to be a
DAPK2 interaction partner [29]).

Because DAPK2 activity can be increased by Ca2� levels
through binding of and activation by Ca2�-bound CaM, we fur-
ther assessed whether the interaction of DAPK2 with �-actinin-1,
G6PD, SIPA, or 14-3-3-� was influenced by intracellular Ca2�

concentrations. To this end, HEK-293T cells expressing split YFP

FIG 2 Validation of bimolecular fluorescence complementation (BiFC) for the analysis of DAPK2 interaction partners. (A) Schematic representation of the
principle underlying BiFC. DAPK2 and potential interaction partner X are fused to either of two split YFP fragments (YFPN or YFPC). If no interaction occurs
between the proteins, no or little mature YFP will form. If DAPK2 interacts with protein X, the split YFP fragments will join and mature to a fluorescent entity.
(B) N-terminal fusion of split YFP constructs to DAPK2 allows for the detection of fluorescence above background due to DAPK2 homodimerization. Relative
fluorescence of HEK-293T cells was analyzed by flow cytometry following ectopic expression of split YFP or full-length YFP constructs in order to assess usability
of BiFC for investigation of potential DAPK2 interaction partners. Representative flow cytometry histograms of cells expressing full-length YFP or control
constructs (left) and full-length YFP and split YFP constructs (right) are shown in the upper panels. The lower panel shows a quantitative analysis of fluorescent
cells containing full-length YFP (set as 100) or split YFP constructs (n � 3). (C) Increased fluorescence in HEK-293T cells coexpressing split YFP constructs and
DAPK2 and CaM. The upper panels shows a representative flow cytometry histogram of cells expressing full-length YFP and split YFP constructs. The lower panel
shows a quantitative analysis of fluorescent cells containing full-length YFP (set as 100) or split YFP constructs (n 	 4).
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FIG 3 Confirmation of novel DAPK2 interaction partners �-actinin-1 and 14-3-3-� by BiFC. (A) DAPK2 interacts with �-actinin-1 and 14-3-3-� under
steady-state conditions. A significant increase in fluorescence could be observed after coexpression of split YFP constructs YFPN-DAPK2 and �-actinin-1–YFPC

and of YFPN-DAPK2 and 14-3-3-�–YFPC in HEK-293T cells. Ectopic expression of split YFP constructs YFPN-DAPK2 and G6PD-YFPC or SIPA-YFPC did not
increase fluorescence above background levels (n 	 8). (B) Increased intracellular Ca2� levels due to ionomycin treatment augments association of DAPK2 with
�-actinin-1. Treatment of HEK-293T cells with 1 �M ionomycin for 1 h resulted in increased fluorescence of cells ectopically expressing split YFP construct
YFPN-DAPK2 and �-actinin-1–YFPC and also YFPC-DAPK2 and CaM-YFPN, measured by flow cytometry 24 h later (n � 3). (C) Direct interaction of DAPK2
with �-actinin-1 and 14-3-3-�. Recombinant human �-actinin-1 (35 nM) and 14-3-3-� (35 and 70 nM) were coated onto ELISA plates and incubated with 20
nM recombinant human DAPK2. Absolute absorbance values of noncoated wells were subtracted from absolute absorbance values of coated wells, resulting in
relative absorbance, shown in this graph (n 	 3).
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constructs were treated with ionomycin, an ionophore potently
increasing intracellular Ca2� levels, and YFP fluorescence was as-
sessed by flow cytometry (Fig. 3B). Indeed, ionomycin treatment
resulted in small, but significantly increased, fluorescence in cells
cotransfected with split YFP-DAPK2 and -CaM or –�-actinin-1
but not with any other construct. These data suggest that elevated
Ca2� levels, as occurring after cellular stimulation, drive the inter-
action of DAPK2 with CaM, as previously shown (5, 6), and also
that with the newly identified �-actinin-1.

In order to assess whether �-actinin-1 and 14-3-3-� are direct
binding partners of DAPK2, recombinant human �-actinin-1 and
14-3-3-� were coated onto high-affinity plastic plates, and the
interaction with recombinant human DAPK2 was analyzed by
using anti-DAPK2 antibodies (indirect ELISA method). As shown
in Fig. 3C, an interaction of �-actinin-1 with DAPK2 could be
observed when similar molarities of DAPK2 and �-actinin-1 were
added. The interaction was not increased in the presence of Ca2�

or Ca2�--loaded CaM (data not shown), suggesting that the ele-
vated interaction between �-actinin-1 and DAPK2 upon ionomy-
cin treatment was based on more parameters than just increased
Ca2� concentrations. Equally, interaction of 14-3-3-� and DAPK2
was detected by ELISA and was independent of DAPK2 autophos-
phorylation as addition of ATP and kinase buffer to DAPK2, al-
lowing for increased DAPK2 kinase activity, did not have an im-
pact on the interaction (data not shown). In summary, the
interaction of DAPK2 with �-actinin-1 and 14-3-3-� was ob-
served by BiFC in cellulo and by ELISA in vitro.

Interaction of DAPK2 with �-actinin-1 results in massive
blebbing and decreased migration. DAPK2 was previously
shown to trigger cellular blebbing, programmed cell death, and
motility when ectopically expressed (5, 6, 17). We therefore ana-
lyzed whether the newly identified interaction partners might
have an impact on any of these properties. As endogenous DAPK2
expression levels are hardly detectable by immunoblotting (data
not shown), we assumed that ectopically expressed DAPK2 would
mainly interact with ectopically expressed interaction partners.
Overexpression of split YFP-DAPK2 constructs YFPN-DAPK2
and YFPC-DAPK2 (leading to DAPK2 homodimerization) indeed
resulted in 30% of cells with a blebbing phenotype compared to
levels in cells overexpressing split YFP only and also compared to
levels in cells expressing only one copy of DAPK2 (Fig. 4A), sug-
gesting that the blebbing phenotype depends on DAPK2 expres-
sion levels and/or homodimerization. Expression of split YFP-
DAPK2 and -CaM or –�-actinin-1 greatly enhanced the number
of cells with a blebbing phenotype compared to levels in control
cells, with the majority of cells demonstrating a blebbing pheno-
type following ectopic expression of split YFP–�-actinin-1 and
-DAPK2. In contrast, similar numbers of cells with a blebbing
phenotype were observed when the interaction of split YFP-
DAPK2 with –14-3-3-� compared to that in control cells was an-
alyzed, contrary to previous reports in cells overexpressing
DAPK2 and 14-3-3-�, which showed reduced levels of blebbing
(10). Expression of a split YFP construct fused to an inactive
DAPK2 mutant (YFPN-K52A and YFPC-K52A) resulted in only a
few blebbing cells in combination with split YFP-DAPK2, -CaM
and –14-3-3-�, suggesting that DAPK2 activity was essential for
the observed phenotype. Although overexpression of split YFP–
�-actinin-1 together with YFPN-K52A reduced the number of
blebbing cells significantly compared to levels in cells expressing
split YFP–�-actinin-1 with DAPK2 and also without DAPK2, re-

sidual blebbing suggests that �-actinin-1 also mediates blebbing
independent of DAPK2 activity.

Blebbing is associated with diverse cellular properties, among
others, cell death. In order to assess whether DAPK2 overexpres-
sion would induce cell death that might be accompanied by bleb-
bing as previously observed (5, 6), we measured the uptake of
propidium iodide at 48 h (see Fig. S3 in the supplemental mate-
rial) and 72 h (data not shown) after transfection. Although via-
bility of the cell population generally decreased over time as ex-
pected, we could not observe any significant difference between
the numbers of necrotic cells in the diverse cell samples, indepen-
dent of intracellular Ca2� levels. As only 6% of split YFP trans-
fected cells stained positive for annexin V at 48 h after transfection
(data not shown), these data suggest that cells overexpressing split
YFP-DAPK2 and depicting a blebbing phenotype are mostly
viable.

Both DAPK1 and DAPK2 were shown to regulate cellular mo-
tility. Whereas DAPK1 negatively regulates migration of cells by
interfering with integrin signaling (30), DAPK2 positively regu-
lates migration by acting on spreading and polarization (17).
Here, we used a scratch assay to investigate whether DAPK2 ho-
modimerization or its interaction with CaM, �-actinin-1, or 14-
3-3-� would have an impact on cellular migration. To this end, the
closure of a wound in a monolayer of HeLa cells was followed by
time-lapse wide-field microscopy (Fig. 4B; see also Fig. S4 in the
supplemental material). Quantification of the changes in cell-free
area over time revealed that ectopic expression of two comple-
mentary split YFP-DAPK2 constructs (YFPN-DAPK2 and YFPC-
DAPK2), leading to DAPK2 homodimerization, indeed resulted
in cells with increased migration compared to levels in cells ex-
pressing control constructs, in line with previous reports that in-
hibition of DAPK2 activity slows down cellular motility (17).
Expression of split YFP-DAPK2 and -CaM or –�-actinin-1, how-
ever, caused the cells to move more slowly, resulting in reduced
closure of the wound. Overexpression of split YFP–14-3-3-� in
combination with split YFP-DAPK2 had no apparent impact on
cellular migration. These differences in wound closure were not
due to changes in doubling times as proliferation was not affected
by ectopic expression of split YFP constructs (data not shown).
Our data therefore suggest that ectopic expression of split YFP-
DAPK2 constructs leading to DAPK2 homodimerization results
in moderate levels of cellular blebbing and increased migration.
Interaction of DAPK2 with CaM or �-actinin-1 mediates a more
pronounced blebbing phenotype and reduced migration. These
observations indicate an inverse correlation between the blebbing
phenotype and cellular motility mediated by DAPK2.

Interaction of DAPK2 with �-actinin-1 localizes DAPK2 to
the plasma membrane. The data presented in Fig. 4 indicate that
DAPK2 kinase activity was increased by homodimerization, CaM
binding, and �-actinin-1 interaction. As recombinant �-actinin-1
did not increase recombinant DAPK2 kinase activity toward re-
combinant RLC in vitro (data not shown), we hypothesized that
DAPK2 subcellular localization may be crucial for the phenotype
observed. One of the major advantages of using BiFC for the iden-
tification of protein-protein interactions is the possibility to con-
comitantly investigate the distribution of the interaction within a
cell. Hence, we assessed the localization of DAPK2 interacting
with DAPK2, CaM, �-actinin-1, and 14-3-3-� using the split YFP
constructs. As shown in Fig. 5A (upper panels) and B, the inter-
action of DAPK2 with all of these proteins but �-actinin-1 re-
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vealed a mainly cytoplasmic distribution. Also, the background
fluorescence of the interaction partners with control constructs
was localized to the cytoplasm (Fig. 5A, lower panel). In contrast,
DAPK2 binding to �-actinin-1 was localized at the plasma mem-
brane. These data reveal that homodimerization of DAPK2 and its
interaction with CaM and 14-3-3-� are localized mainly to the
cytoplasm although in highly blebbing cells, YFP fluorescence was
also observed at the plasma membrane. The interaction of DAPK2
with �-actinin-1, however, occurs at the plasma membrane, sug-

gesting that relocalization of DAPK2 to the actin cortex upon
binding to �-actinin-1 may bring the kinase in close proximity to
its substrates, resulting in increased blebbing.

DISCUSSION

A total of 168 potentially novel DAPK2 interaction partners were
identified by using an unbiased LC-MS/MS approach. The asso-
ciation of DAPK2 with two of these, namely, �-actinin-1 and 14-
3-3-�, was characterized in detail. We concentrated our investi-

FIG 4 Interaction of DAPK2 with �-actinin-1 increases cellular blebbing and reduces motility. (A) Ectopic expression of DAPK2 augments cellular
blebbing in HEK-293T cells. Representative confocal images of split YFP-expressing cells (left) and quantitative analysis of the blebbing phenotype
associated with DAPK2 overexpression (right) are shown. Split YFP constructs of DAPK2 wild type and an inactive mutant (K52A) were coexpressed with
split YFP constructs and CaM, �-actinin-1, and 14-3-3-�. At least 100 fluorescent cells were counted for each sample in each experiment (n 	 4). (B)
Interaction of DAPK2 with �-actinin-1 dampens motility in HeLa cells. Cells expressing split YFP constructs were seeded onto a poly-D-lysine-coated
surface and grown to confluence. A scratch was introduced at time point 0, and migration was investigated by time-lapse microscopy for the following 24
h, with two pictures taken per scratch and duplicate every hour. The left panel shows representative wide-field images at time points 6 and 20 h after
introduction of the scratch. The right panel shows quantitative analysis of wound closure within the linear range over time (the slope of a linear fit of the
change in area, 
 area/h) for HeLa cells expressing split YFP constructs (n 	 2).
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gations on �-actinin-1 because this protein was identified with
high prevalence by the mass spectrometry screen, suggesting that
�-actinin-1 was binding tightly and/or at a high molar ratio to
DAPK2. In addition, �-actinin-4, �-spectrin, and �-spectrin,
three members of the same family of actin-binding proteins, were
also identified in the top 20 interaction partners of the mass spec-
trometry screen, indicating that motifs common to these family
members, for example, the CaM homology domain (31), may be
responsible for the interaction. As �-actinin-1 not only cross-links
actin bundles into stress fibers but also interacts with integrins to
mediate connection between the cytoskeleton and plasma mem-
brane (32) and is mainly localized to the contractile actin cortex
(33), binding of DAPK2 to �-actinin-1 would provide a presently
missing link between DAPK2 and its substrate RLC, localized at
the plasma membrane. In addition, 14-3-3-� was chosen for fur-
ther investigations because, as for �-actinin-1, the protein was
identified with high prevalence by LC-MS/MS. Furthermore, 14-
3-3-�, which is a phospho-Ser/phospho-Thr binding protein with
a vast variety of functions (34), was previously shown to interact
with DAPK1 in hippocampal areas surviving a seizure (35), and
14-3-3-� and 14-3-3-� have recently been demonstrated to inter-
act with phosphorylated DAPK2 (10, 29).

Using two independent approaches to confirm the association
of �-actinin-1 and 14-3-3-� with DAPK2, we provide solid evi-
dence of the validity of these novel interaction partners. On the
one hand, the potential interactions were confirmed in cellulo by a
BiFC approach, used to identify and localize interaction and study
biological functions thereof (28). Whereas YFP fluorescence upon
ectopic expression of split YFP–�-actinin-1 and -DAPK2 con-
structs under steady-state conditions was only slightly, but signif-

icantly, increased compared to the levels of the split YFP control
constructs in HEK-293T cells, an 80% increase in fluorescence was
observed when split YFP–�-actinin-1 was coexpressed with split
YFP-DAPK2 in HeLa cells compared to levels in split YFP con-
trols, suggesting cell-type-specific differences in the association.
Following elevation of intracellular Ca2� by ionomycin treatment
of HEK-293T cells, the interaction of �-actinin-1 and DAPK2 was
elevated to a similar extent as the binding between CaM and
DAPK2 increased in the presence of Ca2�, indicating that these
associations may be intensified upon cellular stimulation. Given
that �-actinin-1 and �-actinin-4 were shown to interact with the
CaM-binding domain of binding partners (36), we hypothesized
that the CaM-binding domain of DAPK2 may be responsible for
increased �-actinin-1 binding upon ionomycin treatment. In-
deed, coexpression of a split YFP-CaM-deficient DAPK2 mutant
with split YFP–�-actinin-1 resulted in decreased fluorescence in a
BiFC assay (data not shown), suggesting that �-actinin-1 binds to
DAPK2 through the CaM-binding motif. Also the interaction of
split YFP-DAPK2 with split YFP–14-3-3-� was investigated by
analyzing changes in YFP fluorescence and was found to be in-
creased by more than 30% in HEK-293T and HeLa cells compared
to that in cells expressing split YFP control constructs. Yet no
impact on the interaction by ionomycin treatment could be ob-
served, indicating that this association may occur independent of
cellular stimulation.

On the other hand, the interactions between DAPK2 and �-ac-
tinin-1 or 14-3-3-� were analyzed in vitro using an ELISA. Indeed,
recombinant �-actinin-1 was shown to interact directly with re-
combinant DAPK2. To our surprise, the in vitro interaction was
independent of Ca2� or Ca2�/CaM, in contrast to results obtained

FIG 5 Forced interaction of DAPK2 with �-actinin-1 mediates relocalization of DAPK2 to the plasma membrane. (A) Confocal fluorescence images of
HEK-293T cells expressing split YFP constructs and DAPK2, CaM, �-actinin-1, and 14-3-3-� (upper panel) and controls thereof (lower panel). (B) Quantifi-
cation of fluorescence intensity along the cell diameter. Ten randomly chosen cells were profiled for their fluorescence intensity along their diameter using
ImageJ, and the data were normalized and quantified using GraphPad Prism (n 	 4). a.u., arbitrary units.
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in ionomycin-treated cells. This may be due to additional effects of
ionomycin treatment on cellular signaling that cannot be recapit-
ulated in vitro, allowing for increased DAPK2 and �-actinin-1
interaction. Also, 14-3-3-� interacted directly with DAPK2 and,
interestingly, independent of any phosphorylated residue. As 14-
3-3-� and 14-3-3-� have been shown to interact with a Ser/Thr-
rich stretch at the very C terminus of DAPK2 only when these
residues were phosphorylated (10, 29), our data suggesting that
binding of DAPK2 with 14-3-3-� may also occur through differ-
ent molecular mechanisms may be reminiscent of the interaction
of 14-3-3-� with DAPK1 (35).

We furthermore demonstrate that the interaction of DAPK2
with �-actinin-1 and 14-3-3-� affects the subcellular localiza-
tion of DAPK2. DAPK2 was shown to be localized to the cyto-
plasm (6), and confocal microscopy of cells expressing split
YFP-DAPK2 constructs, leading to DAPK2 homodimerization,
confirm these data. We also observed cytoplasmic distribution
of DAPK2 in association with CaM and 14-3-3-�. However,
confocal microscopy of cells ectopically expressing split YFP-
DAPK2 and –�-actinin-1 constructs revealed a localization of
DAPK2 to the plasma membrane when DAPK2 associated with
�-actinin-1. As �-actinin-1 is part of the contractile cell cortex
localized at the inner phase of the plasma membrane, localiza-
tion of DAPK2 to �-actinin-1 and hence to the actin cortex may
allow for interaction of DAPK2 with its substrate RLC, which is
known to interact with the actin cytoskeleton.

Finally, our data provide evidence that the regulation of
blebbing (5, 6) and motility (17) by DAPK2 may, in fact, be due
to the interaction of DAPK2 with �-actinin-1. During bleb-
bing, the contractile cortex rich in actin filaments, myosin II,
and actin-binding proteins (37) detaches from the plasma
membrane, allowing the generation of plasma membrane ex-
trusion. As expansion ceases, contractile cortex reassembles
under the membrane and drives bleb retraction (38). This bleb
retraction was shown to be mediated by myosin II activation
(39). Ectopic expression of split YFP-DAPK2 and –�-actinin-1
results in more than 70% of the fluorescent cell population
producing blebs. Using different control constructs, we could
show that the phenotype is caused to a large extent by active
DAPK2 interacting with �-actinin-1, with a small proportion
of blebbing being DAPK2 independent.

Myosin II activation is also crucial for cellular motility.
Whereas actin polymerization is driving the cell to move forward,
myosin-mediated contractile forces help to detach and pull the
rear. We have previously observed that inactivation of DAPK2 by
small-molecule inhibitors dampens motility of granulocytes to-
ward chemoattractants (17). Here, we provide evidence that over-
expression of DAPK2 results in increased migration in HeLa cells.
However, while low levels of blebbing seem to support or even
mediate motility (40), our data suggest that when a large propor-
tion of the cell population undergoes massive blebbing, migration
is reduced. These data may also indicate that the level of DAPK2
activity determines whether a cell will move more quickly or more
slowly.

To our surprise, we did not observe any effect of DAPK2
overexpression on cellular viability although DAPK2 is consid-
ered a regulator of apoptosis and although its overexpression
was previously shown to mediate cell death (5, 6). This discrep-
ancy may be explained by differences in analytical methods to
identify dying cells. Hence, early publications mainly investi-

gated death by analyzing morphological properties such as
blebbing, which may occur independent of cell death, whereas
we assessed cellular death by determining the percentage of
cells with permeabilized membranes. In line with this, we pre-
viously did not find any correlation between DAPK2 kinase
activity and cellular viability (17), and DAPK2 depletion was
recently shown to sensitize cells to TRAIL-induced apoptosis
(15). Furthermore, the amount of DAPK2 overexpressed in
cells may also be crucial for the observation of DAPK2-medi-
ated phenotypes. We used 250 ng and 500 ng of DAPK2-con-
taining plasmid to transfect 50,000 cells and could observe a
blebbing phenotype only with the latter amount. Previously,
750 ng (3, 6) or 1,000 ng (5) of DAPK2-containing plasmid was
used to transfect the same number of cells, resulting in bleb-
bing and nuclear condensation. Our data thus indicate that a
fine-tuned balance of DAPK2 activity may regulate cellular vi-
ability.

In summary, we provide evidence about two novel DAPK2
binding partners, �-actinin-1 and 14-3-3-�, that may regulate
DAPK2 activity by modulating its subcellular localization. Inter-
action of DAPK2 with 14-3-3-� is localized to the cytoplasm and is
independent of cellular stimulation. This interaction has no ap-
parent effect on cellular blebbing, viability, or migration. In con-
trast, the interaction of DAPK2 with �-actinin-1 is increased by
cellular stimulation and localizes DAPK2 to the cell surface. Bind-
ing of DAPK2 to �-actinin-1 results in increased blebbing and
reduced migration. Our data thus provide insight into the regula-
tion of DAPK2 activity.
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