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Ser289 phosphorylation activates both DAPK1 and DAPK2 but in response to
different intracellular signaling pathways
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ABSTRACT

DAPK1 and DAPK2 are calmodulin (CaM)-regulated protein kinases that share a high degree of
homology in their catalytic and CaM regulatory domains. Both kinases function as tumor
suppressors, and both have been implicated in autophagy regulation. Over the years, common
regulatory mechanisms for the two kinases as well as kinase-specific ones have been identi-
fied. In a recent work, we revealed that DAPK2 is phosphorylated on Ser289 by the metabolic
sensor AMPK, and that this phosphorylation enhances DAPK2 catalytic activity. Notably, Ser289
is conserved between DAPK1 and DAPK2, and was previously found to be phosphorylated in
DAPK1 by RSK. Intriguingly, Ser289 phosphorylation was conversely reported to inhibit the
pro-apoptotic activity of DAPK1 in cells. However, as the direct effect of this phosphorylation
on DAPK1 catalytic activity was not tested, indirect effects were not excluded. Here, we
compared Ser289 phosphorylation of the two kinases in the same cells and found that the
intracellular signaling pathways that lead to Ser289 phosphorylation are mutually-exclusive
and different for each kinase. In addition, we found that Ser289 phosphorylation in fact
enhances DAPK1 catalytic activity, similar to the effect on DAPK2. Thus, Ser289 phosphoryla-
tion activates both DAPK1 and DAPK2, but in response to different intracellular signaling
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pathways.

DAPKI1 (Death-associated protein kinase 1) and
DAPK2 (Death-associated protein kinase 2; also
named DRP-1) are both Ca**/CaM-regulated Ser/
Thr kinases that belong to the DAPK family of
proteins (which also includes DAPK3/ZIPK,
DRAK1, and DRAK?2) [1-4]. The founding and
most well-studied member of the family is
DAPKI, a large (160kDa) multi-domain protein
implicated in a wide range of biological activities
[5]. Importantly, DAPK1 functions as a tumor
suppressor gene whose expression is lost in many
cancers due to promoter hypermethylation [6-16].
DAPK2 is a much smaller protein (42kDa), which
also mediates various cellular processes [17], and
was identified as a tumor suppressor [18]. As their
name implies, DAPK1 and DAPK2 were shown to
mediate cell death, a function likely contributing
to their tumor suppressive function. Several works
have linked DAPK1 [19-23] and DAPK2 [18,24]
to caspase-dependent apoptosis. In addition,
DAPK1 and DAPK2 were found to promote
autophagy induction [25,26].

Autophagy is a highly regulated intracellular
degradation process in which a double-
membrane vesicle, termed an autophagosome, is
formed in the cytosol, engulfing cytosolic material.
Autophagy induction is mediated by the Ulkl
kinase complex, which is negatively and positively
regulated by the cellular energy sensors mTOR
(mammalian target of rapamycin) [27,28] and
AMPK (AMP-activated protein kinase) [29,30],
respectively. In its active state, Ulkl triggers autop-
hagosome biogenesis through phosphorylation
and activation of a class III PI(3)K (phosphoinosi-
tide 3-kinase) multi-protein complex containing
Beclin-1, Atgl4, Vpsl5, and the lipid kinase
Vps34 (Beclin-1/Vps34 complex) [31,32]. This
complex is responsible for the production of PI
(3)P (phosphatidylinositol 3-phosphate) at the
autophagosome assembly site, which in turn serves
to recruit other autophagic proteins. The autop-
hagy-promoting activity of Beclin-1 is suppressed,
among other mechanisms, by direct binding of
anti-apoptotic members of the Bcl-2 family to the
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BH3 domain of Beclin-1 [33]. The fully formed
autophagosome later fuses with the lysosome,
where its content is degraded and then recycled
(reviewed in [34,35]). Under steady-state condi-
tions, basal levels of autophagy are maintained
within the cell to eliminate damaged organelles,
protein aggregates, and long-lived proteins.
Under certain stress conditions, such as nutrient
deprivation, autophagy is highly enhanced in
order to provide the cell with essential building
blocks for its survival [36]. However, accumulating
evidence over recent years has led to the charac-
terization of “autophagy-dependent cell death”
under certain circumstances [37], thus possibly
linking DAPK1 and DAPK2’s function in autop-
hagy to their role in promoting cell death.

DAPK1 and DAPK2 were initially linked to
autophagy in a study in which overexpression of
DAPK1 or DAPK2 induced the appearance of
autophagosomes [38]. This link was later strength-
ened by works showing that depletion of DAPKI1
[39,40] and DAPK2 [41,42] reduced autophagy
induced by different triggers. Two mechanisms
have been proposed so far for DAPK1-mediated
activation of autophagy, both involving activation
of the Beclin-1/Vps34 complex responsible for PI
(3)P production at the autophagosome assembly
site. The first is a kinase cascade, in which DAPK1
phosphorylates PKD, which then directly phosphor-
ylates and activates Vps34 to induce autophagy [40].
The second mechanism involves DAPK1-mediated
phosphorylation of Beclin-1 on Thr119 located in its
BH3 domain, consequent dissociation of the inhibi-
tory interaction with Bcl-X;/Bcl-2, and activation of
the Beclin-1/Vps34 complex [43,44].

Several different mechanisms have been pro-
posed for DAPK2-mediated activation of autop-
hagy. DAPK2 phosphorylation of the mTOR
binding partner raptor was suggested to inhibit
mTORC1 (mTOR complex 1) activity and thus
promote autophagy induction [41]. DAPK2 was
also found to phosphorylate the autophagy cargo
receptor protein p62/SQSTM, which recognizes
specific intracellular targets and recruits them to
the nascent autophagosome for degradation. This
phosphorylation was suggested to promote selective
autophagy [45]. Most recently, we have found that

similarly to DAPKI1, DAPK2 can phosphorylate
Beclin-1 on Thr119 and promote its dissociation
from the inhibitory interaction with Bcl-X; causing
activation of the Beclin-1/Vps34 complex [46].
Thus, DAPK2 is linked in multiple ways to various
stages of the autophagy pathway, highlighting
autophagy as one of its main cellular functions.
DAPK1 and DAPK2 show a high degree of
homology in their N-terminal catalytic domains
(~80% identity) and the adjacent CaM auto-
regulatory domains [4], yet outside of these
domains, they differ substantially. DAPK2, at 42
kDa, possesses only a short C-terminal tail of 40
amino acids that follows the kinase and the CaM
auto-regulatory domain. DAPK1, at 160 kDa, pos-
sesses many additional extra-catalytic domains,
including eight ankyrin repeats, a cytoskeletal-
binding region overlapping with a ROC-COR (Ras
of complex proteins-C-terminal of ROC) domain
(which regulates catalytic activity through GTP
binding [47]), a death domain and a serine-rich
C-terminal tail (Figure 1(a)). These major differ-
ences in extra-catalytic domain composition are
thought to provide specific roles for DAPK1 and
DAPK2 in cells, despite their highly identical kinase
domains and hence similar substrate preferences.
Indeed, previous work has found that DAPK1 and
DAPK2 reside in different intracellular localizations
[4] and have different profiles of interacting pro-
teins [5,48]. DAPK1 and DAPK2 also share similar
regulatory mechanisms in their common domains.
Mainly, both are positively regulated by binding of
calcium-activated CaM to their CaM auto-
regulatory domains and are negatively regulated
by an inhibitory auto-phosphorylation on Ser308
within this domain [49,50]. Yet, outside of their
shared domains, they are regulated by different
mechanisms, including several-specific trans-
phosphorylation events (Figure 1(a)). Primarily,
DAPKI1 is positively regulated by ERK, which phos-
phorylates Ser735 in DAPKIl’s ROC domain,
thereby activating its cellular functions [51].
DAPK2, on the other hand, is negatively regulated
by phosphorylation of one or more of the last four
amino acids of the protein (SSTS), which constitute
a 14-3-3 binding site [48]. Consequent binding of
14-3-3 to the C-terminal tail reduces DAPK2
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Figure 1. Comparison between DAPK1 and DAPK2 sequence and domain structure. (a) A schematic representation of the different
domains of DAPK1 and DAPK2. Major phosphorylation sites are marked. CaM ARD — CaM autoregulatory domain. (b) Alignment of
DAPK1 and DAPK2. The amino acid sequences of human DAPK1 (UniProt IP P53355) and human DAPK2 (UniProt ID Q9UIK4) were
aligned using the Protein BLAST algorithm (amino acids 181-320 shown). Ser289 is highlighted in yellow and the surrounding

sequence marked by a rectangle.

catalytic activity. The kinase(s) responsible for this
inhibitory phosphorylation are yet unknown,
though AKT was proposed as a possible kinase [52].

In a recent study, we identified the metabolic
sensor AMPK as an upstream kinase of DAPK2 in
cells and in starved mice [46]. AMPK phosphor-
ylates DAPK2 on Ser289, which resides at a critical
site in the protein structure, between the catalytic
and the CaM-binding domains. We showed that
this phosphorylation activates DAPK2 by func-
tionally mimicking CaM binding and mitigating
the inhibitory autophosphorylation on Ser308,
providing a novel, alternative mechanism for
DAPK2 activation during metabolic stress.
Importantly, we found that Ser289 phosphoryla-
tion enhances DAPK?2’s ability to phosphorylate its
autophagic substrate Beclin-1. At the cellular level,
we found that depletion of DAPK2 reduced
AMPK-dependent autophagy, thus highlighting
the importance of the AMPK-DAPK?2 axis in pro-
moting autophagy in response to metabolic
stress [46].

Ser289 is also conserved in DAPKI1, and was
previously reported to be phosphorylated by RSK
(ribosomal s6 kinase) following activation of the
MAPK cascade [53]. Interestingly, we found that
despite the fact that the sequence surrounding
DAPK1 Ser289 is highly similar to that of
DAPK2, and also constitutes a possible AMPK con-
sensus motif (Figure 1(b)), DAPKI1 is not phos-
phorylated on this site upon AMPK activation in
cells [46]. Thus, Ser289 phosphorylation by AMPK
is specific to DAPK2. Here, we tested the reciprocal
setting, i.e., whether DAPK2 Ser289 can also be
phosphorylated by activation of the MAPK cascade,
or whether this signaling pathway is exclusive to
DAPKI1. Additionally, since it has been reported
that Ser289 phosphorylation by RSK conversely
inhibits the pro-apoptotic function of DAPK1 in
293E cells [53], we also measured here for the first
time the direct effect of Ser289 phosphorylation on
the catalytic activity of DAPKI, to determine
whether phosphorylation of this site might have
opposite effects on each kinase.
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Materials and methods
Cell culture

HEK293T and HCT116 cells were grown in
Dulbecco’s Modified Eagle’s medium (Biological
Industries, Beit Haemek, Israel), supplemented
with 10% fetal bovine serum (FBS, GibcoBRL),
4mM glutamine (GibcoBRL) and combined anti-
biotics (100pg/ml penicillin  and 0.1mg/ml
streptomycin).

DNA constructs

HA-tagged DAPK2 or DAPK1 WT and different
mutants were expressed from pcDNA3 expression
vectors. Point mutations were generated by PCR-
mediated site-directed mutagenesis.

Transfection procedures

HEK293T cells were transfected by standard cal-
cium phosphate technique. HCT116 cells were
transfected using JetPEI (PolyPlus), according to
the manufacturer’s protocol.

Protein analysis

HCT116 cells were lysed with PLB buffer (10mM
NaPO, pH 7.5, 5mM EDTA, 100mM NaCl, 1%
Triton X-100, 1% Na deoxycholate, 0.1% SDS).
293T cells were lysed with TNE buffer (1% NP-
40, 20 mM Tris-HCI pH 7.5, 150mM NaCl, ImM
EDTA). Lysis buffer was supplemented with 1pM
PMSF and protease and phosphatase inhibitor
cocktails (Sigma). Proteins were separated by SDS-
PAGE and transferred to nitrocellulose mem-
branes, which were incubated with antibodies
against HA, vinculin, ERK1/2, active diphosphory-
lated ERK1/2 (Thr183/Tyr185) (Sigma), phospho-
MLC (Ser19), AMPK, phospho-AMPK (Thr172),
phospho-Akt substrate (RXRXXS*/T*) (Cell
Signaling). Polyclonal antiphospho-Ser289
DAPK2 antibody was raised in rabbits immunized
with the phosphorylated peptide CMVRRE(pS)
VVNLEN (Bethyl Laboratories). Detection was
done with either HRP-conjugated goat anti-
mouse or anti-rabbit secondary antibodies
(Jackson ImmunoResearch), followed by enhanced

chemiluminescence (EZ-ECL, Biological Industries
Israel Beit-Haemek Ltd.). Protein densitometric
analysis was performed using Image] (NIH
Imaging Software) on scanned blots.

Immunoprecipitation

Protein extracts were incubated with anti-HA
beads (Sigma-Aldrich). After multiple washes in
lysis buffer, the immunoprecipitated protein was
eluted from the beads with an excess of HA pep-
tides (Sigma-Aldrich).

Kinase assay

30 ng HA-DAPKI immunoprecipitated from 293T
cells were incubated with 2 pg MLC in DAPKI1
kinase assay buffer (50 mM Hepes pH 7.5, 20 mM
MgCl,, 50 uM ATP, protease and phosphatase
inhibitor mix) for 5 min at 30°C. Reactions were
stopped with sample buffer and resolved by SDS-
PAGE.

Statistical analysis

Statistical analyses were performed using
GraphPad Prism software. Values of P< 0.05
were considered significant.

Results

DAPK1 and DAPK2 are phosphorylated on
Ser289 in response to different triggers

In order to simultaneously compare the status of
Ser289 phosphorylation of the two kinases in
response to the different triggers, HCT116 cells
were transfected with either DAPK1 or DAPK2
and treated with either PMA (Phorbol 12-
myristate 13-acetate) to activate the MAPK cas-
cade, or resveratrol to activate AMPK. Untreated
cells were used as control. DAPK1 and DAPK2
were immunoprecipitated and phosphorylation of
Ser289 was assessed with phospho-specific antibo-
dies. Notably, DAPK1 was phosphorylated on
Ser289 solely in response to PMA treatment, and
not in response to resveratrol treatment, while the
opposite occurred for DAPK2, which was



phosphorylated on Ser289 in response to resvera-
trol, but not in response to PMA (Figure 2(a)).
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Ser289 phosphorylation enhances DAPK1
catalytic activity in vitro

This remarkable

difference between the two

We have previously shown that Ser289 phosphor-
ylation enhances DAPK2 catalytic activity (Fig. 3
in [46]). Conversely, it was reported that Ser289
phosphorylation of DAPK1 reduces its pro-
apoptotic activity in 293E cells [53], which sug-
gests that the effect of Ser289 phosphorylation on
the catalytic activity of the two kinases might be
opposite. Thus, it became of interest to measure
the direct effect of Ser289 phosphorylation on
DAPK1 catalytic activity. To this end, we

kinases is especially noteworthy, as not only is
Ser289 conserved between the two kinases, but its
surrounding sequence is also highly similar
(Figure 1(b)), and the overall structure of this
region is identical between the two kinases. This
suggests high specificity of the upstream kinases
responsible for Ser289 phosphorylation, and pos-
sible regulation of this phosphorylation by specific
protein—protein  interactions or  subcellular
localization.
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Figure 2. Ser289 phosphorylation activates DAPK1 and DAPK2 in response to different triggers. (a) HCT116 cells were transfected
with either HA-DAPK1 or HA-DAPK2 and treated with either 200uM resveratrol (RSV) for 2 h or serum-starved overnight and then
treated with 100nM PMA for 30 min. Untreated cells were used as control. Anti-HA immunoprecipitates were resolved by SDS-PAGE
and Ser289 phosphorylation of the immunoprecipitated proteins was measured by specific antibodies. DAPK1 Ser289 phosphoryla-
tion was monitored using an antibody that recognizes the sequence RXRXXpSer/Thr, which was previously shown to specifically
detect phosphorylation of DAPK1 on Ser289 [53]. DAPK2 Ser289 phosphorylation was monitored using an antibody specifically raised
against pSer289 DAPK2 [46]. Two representative immunoprecipitation results, from two separate biological replicates (IP #1 and IP
#2, left panel), are shown. Total cell extract (TCE, right panel) was used to monitor activation of the relevant pathways by the
triggers, and to monitor the expression of HA-DAPK1/DAPK2. The TCE results shown belong to experiment #2 and are representative
of both experiments. (b) HA-DAPK1 WT, S289A or S289D was incubated in a kinase reaction mixture with MLC, and phosphorylation
assessed by western blotting of the reaction mixtures. pMLC band intensity was quantified using NIH ImageJ software. Bar graph
represents pMLC intensity as mean + SD of three independent repeats. Statistical analyses were performed using one-way ANOVA
with post hoc Dunnett’'s multiple comparison test. **P< 0.01.
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performed an in vitro kinase assay of DAPK1 WT
and Ser289 mutants using MLC (myosin II regu-
latory light chain) as substrate. Remarkably, the
DAPK1 S289D phospho-mimicking mutant
showed significantly higher catalytic activity com-
pared to WT DAPKI1 (Figure 2(b)). These results
imply that Ser289 phosphorylation in fact
enhances the catalytic activity of DAPKI.

Discussion

Both DAPK1 and DAPK2 were shown to posi-
tively regulate autophagy. Specifically, both were
shown to phosphorylate Beclin-1 on Thrl19
located in its BH3 domain, causing dissociation
of its inhibitor Bcl-X; [44,46]. The fact that both
kinases can perform the same function to promote
autophagy raises the question of whether they have
kinase-specific or redundant roles in the cell.

The link between AMPK and DAPK2 is the first
connection between metabolic stress and activa-
tion of any member of the DAPK family. The
fact that this pathway is unique to DAPK2 implies
that it may have a specific role in promoting
autophagy in response to metabolic stress.
DAPKI1, however, was previously shown to pro-
mote autophagy in response to ER stress [39] and
oxidative stress [40]. As we have now shown that
activation of the MAPK cascade enhances DAPK1
catalytic activity not only by Ser735 phosphoryla-
tion [51] but also by Ser289 phosphorylation, it
would be interesting to study whether the MAPK-
DAPKI1 cascade also promotes autophagy. Overall,
it seems that while both DAPK1 and DAPK2 are
able to promote autophagy by phosphorylation of
shared substrates, they may do so in response to
different stimuli.

The in vitro kinase assay results suggest that the
effect of Ser289 phosphorylation on DAPK1 and
DAPK2 catalytic activity is similar, consistent with
the fact that DAPK1 and DAPK2 are essentially
identical in terms of structure in this region of the
protein. We have previously suggested that the
activating effect of Ser289 phosphorylation on
DAPK2 catalytic activity is a result of
a conformational change causing a shift of the
CaM auto-regulatory domain away from the cata-
Iytic cleft, similar to the effect of CaM binding
[46]. It is plausible to assume that a similar effect

would occur in DAPK1 structure as a result of
phosphorylation on the same site, inducing the
same activating effect on its catalytic activity.

The finding that the DAPK1 Ser289 phospho-
mimicking mutant has enhanced catalytic activity
is intriguing in light of the previous report of the
reduced pro-apoptotic activity of this mutant in
293E cells. However, that report was based solely
on the phenotypic effect of overexpression of
DAPK1 WT and Ser289 mutants in 293E cells,
while no phosphorylation of direct DAPKI1 sub-
strates was measured. Thus, the reduced apopto-
tic phenotype measured might have resulted
from changes in protein-protein interactions or
subcellular localization, rather than from reduced
catalytic activity. An especially interesting possi-
bility is that the reduced apoptotic phenotype
might result from enhanced phosphorylation of
pro-autophagic  substrates, and consequent
antagonistic interactions between survival autop-
hagy and apoptosis. This possibility should be
further studied.
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