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DAP kinase-related apoptosis-inducing kinase 2 (DRAK2) is a serine/threonine kinase
of the death-associated protein kinase family. DRAK2 mediates apoptosis induced by
extracellular stimuli, including UV irradiation and interleukin-2, and also regulates
T-cell receptor sensitivity in developing thymocytes. During these events, the
subcellular localization of DRAK2 changes between the nucleus and cytoplasm. We
found that DRAK2 has a putative nuclear-localization signal (NLS) sequence.
Mutations in this sequence interfered with DRAK2 localization to the nucleus.
Furthermore, green fluorescence protein fused to the putative NLS accumulated in
the nucleus, indicating that the putative sequence functions as an NLS. We also
found that the function of the NLS was regulated by phosphorylation. Phorbol
myristate acetate (PMA) induced the accumulation of DRAK2 in the cytoplasm of
NIH3T3 cells, whereas in the absence of PMA, DRAK2 was localized to the nucleus.
Ectopic expression of PKC-c induced cytoplasmic localization of DRAK2 and PKC-c
phosphorylated Ser350 flanking the NLS. DRAK2, but not the Ser350Asp mutant,
accumulated in the nuclei of ACL-15 cells in response to UV-irradiation. These
results suggest that phosphorylation of Ser350 plays an essential role in regulating
translocation of DRAK2 to the nucleus from the cytoplasm, possibly by affecting the
activity of the NLS.

Key words: nuclear localization signal, phosphorylation, protein kinase C (PKC),
serine/threonine kinase.

Abbreviations: DRAK2, DAP kinase-related apoptosis-inducing kinase 2; DAPK, death-associated protein
kinase; NLS, nuclear localization signal; PMA, phorbol myristate acetate; PKC, protein kinase C; TCR,
T-cell receptor.

Death-associated protein (DAP) kinase-related apoptosis-
inducing protein kinase 2 (DRAK2), a serine/threonine
kinase, was originally identified as a pro-apoptotic protein
kinase composed of a kinase domain and a DRAK2-specific
domain (1, 2). The kinase domain shares a sequence with
other DAP kinase family members. Although the physio-
logical functions of DAP kinases have been extensively
examined (3), DRAK2 has not been well studied. Since
DRAK2 is expressed in thymus, testis, spleen and brain,
it may play a role in these tissues (2). T cells derived from
a DRAK2-knockout mouse are highly sensitive to T-cell
stimuli, but do not show any defect in T-cell apoptosis (4).
Further studies using transgenic mice have suggested
that DRAK2 enhances T-cell apoptosis by stimulation
of interleukin-2 synthesis (5). Thus, although DRAK2
appears to have a physiological role in the thymus, various
facets remain to be elucidated, including the significance
of its expression in other organs.
The function of DRAK2 remains unclear at both the

organismic and the cellular level. Cultured cell lines
are useful tools for addressing the cellular function of
DRAK2. However, we have shown that the intracellular

localization of DRAK2 varies depending on the cell
line (6). DRAK2 is primarily localized to the nucleus in
NRK cells, while DRAK2 is primarily localized to the
cytoplasm in the rat colon carcinoma cell line ACL-15.
Furthermore, DRAK2 localization is affected by extra-
cellular stimuli. In Jurkat cells, treatment with phorbol
myristate acetate (PMA) and phytohaemagglutinin
(PHA) shifts DRAK2 localization from nucleus to the
cytoplasm (7). In ACL-15 cells, UV irradiation (an
apoptosis inducer) causes translocation of DRAK2 from
the cytoplasm to the nucleus and subsequently induces
apoptosis (6). We also showed that DRAK2 in the nucleus
plays a role in cell death, but that DRAK2 in the
cytoplasm may not. Although the intracellular localization
of DRAK2 is important for determining cell fate, the
molecular mechanisms that determine its subcellular
localization are poorly understood.
A nuclear-localization signal (NLS) is one of factors

regulating protein localization to the nucleus. The NLS is
a short basic sequence that is required for the active
import of proteins into the nucleus (8). DRAK2 has several
clusters of the basic amino acids, lysine and arginine, that
are NLS candidates. In addition to these putative NLS
sequences, residues whose phosphorylation might regu-
late the putative NLS have been identified. It has been
reported that the subcellular localization of SV40 large
tumour antigen is controlled by the phosphorylation state
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of Ser112 and Ser120 (9, 10). Phosphorylation often
increases or decreases the interaction between the NLS
and importins, which act to carry proteins through
nuclear pores (11).
In this study, we find that DRAK2 has a canonical NLS

in its C-terminal region (aa 294–371). We also found that
Ser350 is a phosphorylation site for protein kinase C
(PKC)-g, and that its phosphorylation affects the nuclear
localization of DRAK2. These results support a scenario in
which DRAK2 has a functional NLS whose activity is
regulated by PKC phosphorylation of Ser350.

MATERIALS AND METHODS

Cell Culture and Transfection—COS-7 cells and
NIH3T3 cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine
serum (FBS) at 378C under 5% CO2. ACL-15 cells were
maintained in RPMI-1640 medium supplemented with
10% FBS at 378C in 5% CO2.
Cells were transfected with expression vectors encoding

DRAK2 variants, using the cationic lipid reagent TransIT
LT-1 (Mirus) for COS-7 and NIH3T3, FuGene6 (Roche
Applied Science) for ACL-15 cells, according to the
Manufacturer’s instructions.
Immunofluorescence Microscopy—Twenty-four to 48h

after transfection, cells were fixed for 25min at room
temperature with 2% paraformaldehyde in phosphate-
buffered saline (PBS). For immunostaining with mono-
clonal anti-Myc tag antibodies (Santa Cruz), fixed cells
were permeabilized by incubation in PBS containing 0.4%
saponin for 15min and blocked with 1.0% bovine serum
albumin (PBS/BSA). The cells were incubated with
monoclonal anti-Myc tag antibodies in PBS/BSA for 1h
at room temperature and then washed with PBS. The cells
were then incubated with Alexa-546-conjugated anti-
mouse IgG (Molecular Probes) in PBS/BSA for 1h
and stained with Hoechst 33342 (0.1 ng/ml in PBS) at
378C. Coverslips were mounted using 50% glycerol/PBS.
Immunofluorescence was detected under a fluorescence
microscope (Olympus BX51) equipped with an ORCA-ER
digital camera (Hamamatsu Photonics).

Immunoblotting—Cells transfected with Myc-tagged
DRAK2 or its derivatives were collected in lysis buffer
[20mM Tris–HCl, pH 7.4, 0.25M NaCl and protease
inhibitor cocktail (Roche Applied Science)]. Following
centrifugation at 1,000g for 3min, the precipitated
fraction was used as the total protein lysate. Total cellular
proteins were subjected to SDS–PAGE and the sepa-
rated proteins were transferred to nylon membranes as
described previously (12). Each membrane filter was
incubated with anti-Myc antibody (Clontech) for detection
of the transfected proteins. Immunoreactive materials
were visualized by the ECL chemiluminesence method
according to the manufacturer’s instructions (GE
Healthcare).
Construction of Expression Plasmids—A rat Myc-

DRAK2 expression vector and Myc-DRAK2 (aa 1–293)
expression vector were constructed as described pre-
viously (2). Constructs encoding truncations of Myc-
DRAK2 (aa 1–356, aa 1–345 and aa 34–371) were created
by amplification of the Myc-tagged DRAK2 open reading
frame (ORF) with appropriate primers as described in
Table 1. All amplified DNAs were inserted into the BamH
I restriction site of the Myc-DRAK2 expression vector.
Myc-DRAK2 (aa 34–293) was amplified from Myc-DRAK2
(aa 1–293) and inserted into the BamH I/Sal I sites of the
Myc-DRAK2 (1–293) expression vector. Expression plas-
mids encoding DRAK2 with alanine or asparatic-acid
mutations (putative NLS, S347D, S350D, S357D, S360D
and S350A) were prepared by PCR-based mutagenesis
using primers with the corresponding mutations as
described previously (13) (Table 2). In short, the Myc-
DRAK2 expression plasmid was amplified using primer
pairs that included a point mutation. Expression plasmids
for green fluorescence protein (GFP)-fusion proteins with
the NLS or its derivative were constructed as follows.
Oligonucleotide corresponding to the sequence of the NLS
(EDDSLLSKRFRFDDSLPSPHE) was synthesized with
EcoR I sites at their 50 and 30 ends (Invitrogen). This
sequence was inserted in-frame into the expression
vector pEGFP-N (BD Clontech). The primary sequences
of all constructs were confirmed by sequencing with
an automatic DNA sequencer (Applied Biosystems).

Table 1. Oligonucleotides used in Fig. 1.

Deletion Sequence (50-30)

aa 1–356 (FW) ATTCTCAAGCCTCAGACAGT
(RV) ATTTCGATTCGATGACTAGGGATCCAGC

(1)
aa 1–345 (FW) ATTCTCAAGCCTCAGACAGT

(RV) GAACATCCCTGAGGATTAGGATCCACTT
(1)

aa 34–371 (FW) CGGGATCCCCTTACCCCGAAAGAACTTGGGAGA
(1)

(RV) GGGAGACCTGATACTCTCAA
aa 34–293 (FW) CGGGATCCCCTTACCCCGAAAGAACTTGGGAGA

(1)
(RV) CTTTCCCACTCATGGCTGTAGTCGACGGAC

(2)

BamH I (1) and Sal I (2) restriction sites are underlined. A second BamH 1 site was located in the expression plasmids but not in the primers.
Bold letters indicate stop codons. (FW) and (RV) indicate forward and reverse primers, respectively.
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The expression plasmid for PKC-g was constructed as
described previously (14).
Phosphorylation of DRAK2 and the Synthetic Peptides

by PKC—Phosphorylation of the synthetic peptide corre-
sponding to aa 345–355 of DRAK2, CDDSLLSKRFRF
(Invitrogen), was performed by incubating 0.31 mg of
PKC-g (Invitrogen) and 80nmol (4mM) of the peptide in
kinase buffer [20mM Tris–HCl, pH 7.5, 10mM MgCl2,
0.5mM CaCl2, 100 mM phosphatidyl serine, 10 mM PMA
and 0.1mM [g-32P]ATP (111GBq/mmol; Amersham
Pharmacia)] in a total volume of 20 ml at 308C for 30min.
The control peptide, which lacked the phosphorylation site
(CDDSLLAKRFRF), was also generated. The reaction
mixture was spotted onto a 1 cm diametre Whatman P81
cellulose-phosphate filter circle. After washing with
75mM phosphoric acid, the P81 filter was dried and
subjected to autoradiography. The radioactive phospho-
peptides were detected with an auto-imaging analyser
(BAS1800, Fuji Film) and quantified using ImageGauge
software (version 3.41, Fuji Film).

RESULTS

DRAK2 has a Functional NLS Sequence in Its
C-terminal Region—Previous studies showed that
DRAK2 localized to the nuclei of NIH3T3, NRK and
COS7 cells, and that the C-terminal region (aa 294–371)
was required for nuclear localization (6). To more precisely
identify the regions of DRAK2 that are responsible for its
nuclear localization, we analysed the intracellular locali-
zations of full-length and various truncated forms of
DRAK2 in NIH3T3 cells (Fig. 1A). NIH3T3 and COS7 cells
show a similar pattern of DRAK2 nuclear localization,
suggesting that mechanisms of DRAK2 nuclear localiza-
tion in these two cell lines may be the same. Plasmids
expressing deletion derivatives of DRAK2 were trans-
fected into NIH3T3 cells and their localizations were
analysed 36h after transfection. We confirmed that wild-
type DRAK2 was located primarily in the nucleus of
NIH3T3 cells (Fig. 1B, wild-type). Among the DRAK2
derivatives shown in Fig. 1A, regions 1–356 and 34–371
localized to the nucleus similarly to the wild type, whereas
regions 1–293 and 1–345 did not localize to the nucleus
(Fig. 1B). These results suggested that the region
encompassing amino acids 346–356 of DRAK2 were
involved in nuclear localization. The DRAK2-derivative
proteins migrated at their expected molecular sizes on
SDS–PAGE (Fig. 1C). The region involved in nuclear
localization contained one stretch of basic amino acids

(KRFR, aa 351–354), similar to a canonical NLS, suggest-
ing that this region might be responsible for the nuclear
localization.
In order to determine whether the basic amino acids in

the putative NLS (aa 351–354) were responsible for the
nuclear import of DRAK2, we examined the localization
of Myc-DRAK2 with the lysine and arginine residues
replaced by alanine (Table 2, KRFR!AAFA). In contrast
to wild-type DRAK2, which was located predominantly in
the nucleus, this mutated DRAK2 did not accumulate in
the nucleus, but was scattered throughout the NIH3T3
cells (Fig. 2A). The mutant protein was similar in size to
wild-type DRAK2 (Fig. 2B). These results demonstrated
the requirement for these basic amino acids (KRFR,
aa 351–354) in a functional NLS for DRAK2 nuclear
localization.
To further demonstrate the putative sequence as a NLS,

we tested whether this sequence could cause the nuclear
localization of GFP. Whereas GFP alone localized to both
the nucleus and the cytoplasm of COS-7 cells (Fig. 2C),
the GFP–DRAK2 NLS fusion (GFP–NLS) localized to the
nucleus, indicating that this region (aa 344–363) con-
tained a functional signal sequence that was sufficient
for nuclear import. Based on these two different lines of
experimental evidence, we concluded that the putative
NLS in the C-terminal region is responsible for the
nuclear localization of DRAK2.
It was reported previously that a sequence located near

the kinase catalytic domain of DRAK2 functioned as an
NLS in Jurkat cells (aa 65–69) (7). Our present results
demonstrated that a functional NLS sequence is located
in the C-terminal region (aa 294–371) when it was
expressed in NIH3T3 cells. To examine whether the
region (aa 65–69) also functions as an NLS sequence in
NIH3T3 cells, we expressed a Myc-tagged DRAK2 deriv-
ative, in which KKRRR (aa 65–69) was replaced with
KNQQR. This mutant derivative localized primarily to the
nuclei, suggesting that this region (aa 65–69) did not
necessarily function as a NLS sequence to cell type
(Fig. 2D and E). Therefore, we concluded that the KRFR
sequence in the C-terminal region is primarily required
for nuclear localization of DRAK2.
NLS Function of DRAK2 is Regulated by

Phosphorylation of Ser350 by PKC—Since DRAK2 had
been shown to localize to the nucleus or cytoplasm under
different physiological conditions, it was expected that the
localization might be regulated by alterations in NLS
function. The phosphorylation-prediction program Net
Phosk 1.0 gave the highest PKC phosphorylation score

Table 2. Oligonucleotides used in Figs 2 and 3.

Mutation Sequence (50-30) Codon change

KKRRR!KNQQR ATTCCTGAAGAATCAGCAGAGAGGGCAGG AAGAGGAGA!AATCAGCAG
KRFR!AAFA CCCTGAGGATGACAGCTTACTTTCTGCAGCA AAAAGA!GCAGCA

TTTGCATTCGATGACTCCTTGCCCAGCCCCCAC CGA!GCA
S347D GGAGAACATCCCTGAGGATGACGACTTACTTTCTAAAAGA AGC!GAC
S350D CCCTGAGGATGACAGCTTACTTGACAAAAGATTTCGATTC TCT!GAC
S357D CGATTCGATGACGACTTGCCCAGC TCC!GAC
S360D GACTCCTTGCCCGATCCCCACGAA AGC!GAT
S350A CCCTGAGGATGACAGCTTACTTGCTAAAAGATTTCGATTC TCT!GCT

The mutated sequences of the target codon are underlined.
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to Ser350, which is adjacent to the NLS (KRFR) (15).
Therefore, we examined whether DRAK2 was phosphory-
lated by PKCs. Among PKC isoforms, we found
that PKC-g phosphorylated DRAK2 with the highest
efficiency (data not shown). We next analysed the
phosphorylation of Ser350 by PKC-g. A synthesized
peptide corresponding to amino acids 345–355 of
DRAK2 and a control peptide, in which Ser350 was
replaced with alanine, were subjected to phosphorylation
with [g-32P]-ATP. The wild-type peptide was radio-
labelled, whereas the control peptide was not significantly
phosphorylated in comparison with the mock control,

indicating that Ser350 is phosphorylated by PKC-g
(Fig. 3).
We next tested whether this phosphorylation of Ser350

near the NLS sequence influenced nuclear import of
DRAK2. Myc-DRAK2 derivatives containing replace-
ments of serine residues 347, 350, 357 or 360 with aspartic
acid were generated (Fig. 4A). Aspartic acid is known to
mimic the negative charge of the phosphorylated side
chain (11). Replacement of serine residues 347, 357 or 360
with aspartic acid did not affect localization. However,
NLS derivatives with a substitution at Ser350 attenuated
the nuclear localization of Myc-DRAK2 (Fig. 4B),
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Fig. 1. Subcellular distribution of various deletion
mutants of DRAK2. (A) Schematic representation of full-
length DRAK2 and a series of DRAK2-deletion constructs. The
constructs are deletions of the DRAK2N-terminal and/or
C-terminal regions, other than the kinase catalytic domain.
(B) Expression plasmids encoding wild-type DRAK2 or the
deletion mutants were transfected into NIH3T3 cells. Thirty-six
hours after transfection, the cells were fixed and stained with

anti Myc-tag antibody. DRAK2 was visualized by utilizing Alexa
fluor-546-conjugated anti-mouse IgG. Representative images
of a large number of cells from three independent experiments
are presented. The scale bar corresponds to 20 mm. (C)
Cells transfected with the DRAK2-expressing plasmids shown
in (A) were subjected to SDS–PAGE. The proteins were
transferred to a GVHP filter and probed with anti-Myc mono-
clonal antibody.
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suggesting that phosphorylation of Ser350 is required for
cytoplasmic localization of DRAK2.
We further examined the correlation between Ser350

phosphorylation by PKC and subcellular localization by

observing the effects of PMA on DRAK2 localization.
Without PMA treatment, DRAK2 was observed primarily
in the nucleus, whereas with PMA DRAK2 was found in
cytoplasm (Fig. 5). Myc-DRAK2 with an alanine
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Fig. 2. DRAK2 has a functional NLS sequence in its
C-terminal region (aa 294–371). (A) DNA constructs encoding
Myc-tagged wild-type DRAK2 or DRAK2 with an NLS mutation
(KRFR!AAFA) were transfected into NIH3T3 cells. The subcel-
lular distributions of the protein products were determined as
described in the MATERIALS AND METHODS section. Myc-DRAK2 was
visualized by Alexa fluor-546-conjugated anti-mouse IgG (left) and
nuclei were stained with Hoechst 33342 (right). Myc-DRAK2-
transfected cells are indicated by white asterisks. The scale bar
corresponds to 20mm. (B) DRAK2 transfected cells (wild-type,
KRFR!AAFA or mock) were harvested and subjected to
SDS–PAGE, followed by immunoblotting with anti Myc-tag anti-
body (top panel) and anti tublin antibody (bottom panel).
(C) A peptide corresponding to amino acids 344–363 including the
putative NLS sequence of DRAK2 was fused to the C-terminus of
GFP. Expression vectors containing this construct or GFP alone

were transfected into COS-7 cells and, 48h after transfection,
the subcellular distribution of the fusion proteins were observed by
fluorescence microscopy (left). Nuclei were also stained with
Hoechst 33342 (right). White asterisks indicate transfected cells.
The scale bar corresponds to 20mm. (D) NIH3T3 cells were tran-
sfected with a Myc-tagged DRAK2 derivative in which KKRRR
(aa 65–69) was replaced with KNQQR. The transfected cells were
observed by indirect immunofluorescence of Myc-tag DRAK2 (left)
and Hoechst 33342 staining (right). White asterisks indicate
transfected cells. The scale bar corresponds to 20mm. (E) NIH3T3
cells were transfected with wild-type DRAK2 and the
KKRRR!KNQQR and KRFR!AAFA mutant constructs. After
36h, the numbers of cells expressing Myc-tagged DRAK2 primarily
in the nuclei were counted and presented as percentages of the total
number of cells; more than 100 cells were counted. Values represent
the means obtained from three independent experiments.
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substitution at Ser350 did not localize to the cytoplasm
following PMA treatment, suggesting that Ser350 phos-
phorylation was induced by the PKC pathway. Since it has
been known that PMA activates many kinases (16–18),
kinases other than PKCs may influence DRAK2 localiza-
tion. To examine the effect of PKC on DRAK2 localization
more preciously, we co-expressed PKC-g with DRAK2
(wild-type or S350A), and observed intracellular localiza-
tion of both of these proteins. In agreement with the data
shown in Fig. 1, DRAK2 was detected mainly in nuclei;
however, when PKC-g was overexpressed, DRAK2 was
detected more in the cytoplasm, suggesting that PKC-g
influences DRAK2 localization (Fig. 6). On the other hand,
the localization of DRAK2 with an alanine substitution at
Ser350 was not influenced by PKC expression, confirming
that PKC is involved in Ser350 phosphorylation and
regulation of the NLS activity of DRAK2. These results
suggest that activated PKC can phosphorylate DRAK2,
causing a change in its subcellular localization. In Fig. 5C,
we observed that about 30% of the cells showed nuclear
localization of DRAK2 after 90min of PMA treatment.
However, since exposure of the cells to PMA for > 90min
caused significant morphological changes of the cells, it is
difficult to draw any firm physiological implications from
this result.
Nuclear Translocation of DRAK2 upon UV Irradiation

is Regulated by Ser350—We previously showed that
nuclear translocation of DRAK2 occurred in ACL-15 cells
after UV irradiation and subsequently induced apoptosis
(6). However, the precise mechanisms of this nuclear
translocation were not examined. We hypothesized that

the NLS and phosphorylation of Ser350 might regulate
this UV-sensitive process. ACL-15 cells transfected
with the wild type, the NLS derivative KRFR!AAFA,
or the phosphomimic form (S350D) of DRAK2 were
UV-irradiated. Eight hours after irradiation, the cells
were fixed and the intracellular distribution of Myc-
DRAK2 was observed by immunostaining (Fig. 7). The
level of wild-type Myc-DRAK2 was increased in the
nucleus after UV irradiation, although the mutant
DRAK2s (KRFR!AAFA and S350D) remained in the
cytoplasm. These results suggest that the NLS and
non-phosphorylated Ser350 are required for nuclear
translocation of DRAK2 following UV irradiation.

DISCUSSION

We and another group reported previously that DRAK2 is
localized to the cytoplasm or the nucleus depending on the
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cell line or physiological conditions, and that the carboxy-
terminal region (aa 294–371) is required for nuclear
localization (6, 7). Although the localization of DRAK2 is
important for its function, the precise mechanisms were
previously unknown. In the present study, we showed
that DRAK2 has a new functional NLS (KRFR) in
its C-terminal region by examining the localizations of
GFP–KRFR fusions containing alanine substitutions
within the KRFR sequence. We further showed that
DRAK2 localization to the nucleus is controlled by the
phosphorylation state of Ser350. This was shown by
performing in vitro phosphorylation assays with PKC
and mutagenic analyses of Ser350, as well as by examin-
ing the effect of PMA and PKC expression on DRAK2
localization. These findings imply that the intracellular
localization of DRAK2 is regulated by its NLS sequence
and Ser350 phosphorylation.
Friedrich et al. (7) showed previously that the sequence

KKRRR (aa 65–69) in the DRAK2 kinase domain
functions as an NLS for DRAK2 in Jurkat cells.
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Fig. 5. The effects of PMA treatment on the subcellular
localization of DRAK2. (A) NIH3T3 cells were transfected
with Myc-DRAK2. After 36h, cells were left untreated or treated
with 50nM PMA for an additional 60min. The cells were fixed
and stained with anti-Myc antibody and visualized with Alexa
fluor-546 anti-mouse IgG (left). Nuclei were stained with
Hoechst 33342 (right). White asterisks indicate Myc-DRAK2-
transfected cells. The scale bar corresponds to 20mm. (B) Ser
350 of DRAK2 was replaced by alanine. Cells were transfected
with this DRAK2 derivative, and 60min after treatment with or
without 50nM PMA, the cells were visualized as described in
(A). White bar corresponds to 20mm. (C) Numbers of NIH3T3
cells showing predominantly nuclear localization of wild-type
and S350A mutant DRAK2 were counted at 90min after PMA
treatment. Closed bars, PMA-treated; open bars, untreated.
Data are the means�SD of three independent experiments;
>100 cells were counted in each experiment.

Fig. 6. Effect of PKC-c expression on DRAK2 nuclear
translocation. (A) Wild-type DRAK2 was co-expressed with or
without PKC-g in NIH3T3 cells. After chemical fixation, cells
were stained by a HA-tag specific antibody and by a Myc-tag
specific antibody. The immunocomplexes were visualized
with alexa 488-conjugated anti-rabit IgG (left) and alexa 546-
conjugated anti-mouse IgG (middle), respectively. Nuclei were
stained by Hoechst 33342 (right). White asterisks indicate
myc-DRAK2-transfected cells. Scale bar corresponds to 20 mm.
(B) The mutant DRAK2 with an alanine substitution at Ser350
was expressed in NIH3T3 cells with or without PKC-g. PKC-g
(left) and DRAK2 derivative (middle) were visualized by indirect
immunofluorescence as in (A). Nuclei were stained by
Hoechst33342 (right).
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Our results indicate that the sequence KRFR in the
C-terminal region is also required for nuclear localization
(Fig. 2). Since canonical NLS sequences consist of short
stretches of basic amino acids, such as PKKKRKV in the
NLS of SV40, both sequences, KKRRR and KRFR, could
function as NLS in DRAK2 (19). However, we could not
find evidence to indicate that KKRRR is a functional NLS
in NIH3T3 cells. This discrepancy might reflect differ-
ences in the molecular mechanisms regulating the nuclear
localization of DRAK2 between NIH3T3 and Jurkat cells.
In this article, we showed that C-terminal NLS activity is
regulated by Ser350 phosphorylation. KKRRR in the
kinase domain might also be regulated by unknown
mechanisms. Future studies will be directed to uncovering
any functional correlations between these two potential
NLS, including the possibility that these NLS are
regulated by the phosphorylation of nearby sequences.
Although each member of the DAP kinase family shares

a similar kinase domain, other domains, as well as
subcellular localization, differ considerably among family
members. Whereas ZIP kinase is known to be a nuclear
protein, DAPK is localized in the cytoplasm (3). ZIP kinase
has a functional NLS sequence outside of the kinase

catalytic domain, and DAPK has a cytoskeletal-binding
domain in the C-terminal region (20, 21). These observa-
tions suggest that the C-terminal region may play an
important role in subcellular localization among DAP
kinase family members. This hypothesis is consistent
with the fact that the DRAK2 NLS is in the C-terminal
region.
It is well known that phosphorylation can regulate the

nuclear transport process by directly modulating NLS
sequence function (22), as has been shown for the NLS of
SV-40 that is regulated by phosphorylation with CK2,
dsDNA-PK and PK-A (10, 22, 23). FMIP, the M-CSF
receptor-interacting protein, is phosphorylated by PKC at
Ser5 and Ser6. These serines are adjacent to the NLS
(KRKK) and their phosphorylation prevents translocation
of FMIP to the nucleus (24). In vitro phosphorylation and
the change in localization due to PMA treatment suggests
that, as is the case for FMIP, the nuclear localization of
DRAK2 is negatively regulated by PKC phosphorylation.
We showed previously that kinase activity is required

for nuclear localization of DRAK2 since kinase inactive
DRAK2 was scattered throughout whole cells (6). This
result suggests that not only PKC but also DRAK2 itself

* * * *

* *

Myc-DRAK2

Hoechst

Wild type KRFR   AAFA

UV- UV+ UV- UV+

S350D

UV- UV+

Myc-DRAK2

Hoechst

Fig. 7. UV-induced translocation of DRAK2 requires
the NLS and unphosphorylated Ser350. ACL-15 cells
were transfected with pEF-BOS-EX vectors containing Myc-
tagged DRAK2 genes (wild-type, KRFR!AAFA or S350D).
After 36h, the cells were UV-irradiated and incubated for

another 8h. The subcellular distributions of Myc-DRAK2 were
detected using Alexa fluor-546-conjugated anti-mouse IgG
(upper). The nuclei were stained with Hoechst 33342 (lower).
White asterisks indicate transfected cells. The scale bar corre-
sponds to 20 mm.
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might be involved in regulating its subcellular localiza-
tion. Recently, Ser348 of human DRAK2, corresponding to
Ser347 of rat DRAK2, has been reported to be subject to
auto-phosphorylation (25). From these results, it appears
likely that C-terminal NLS activity may be regulated by
the phosphorylation of not only Ser350 but also of Ser347.
The phosphorylation of Ser350 by PKCmight be difficult if
Ser347 has already been auto-phosphorylated as an
existing phosphate-amino acid could potentially inhibit
the phosphorylation of another closely located amino acid
through unfavourable steric and electrical interactions.
Conversely, phosphorylated Ser350 could prevent auto-
phosphorylation of Ser347, resulting in the sequestration
of DRAK2 in the cytoplasm. Currently, we do not know
precisely which conditions favour the phosphorylation of
Ser347 or Ser350. The intracellular calcium concentration
may be an important element governing this choice,
because DRAK2 kinase activity is controlled by a multi-
functional calcium binding protein, CHP (calcineurin B
homologous protein), and PKC is activated by calcium
(26–28). When the calcium concentration is high enough
(Ca2+ > 10�6M), autophosphorylation of serine 347 could
be suppressed by activated CHP, resulting in accelerated
phosphorylation of Ser350. This putative series of events
could lead to the sequestration of DRAK2 in the cyto-
plasm. Further study of these events will be required to
determine whether the above conjecture is correct or not.
We have previously shown that, upon UV-induced

apoptosis, DRAK2 is translocated from the cytoplasm to
the nucleus in cells such as ACL-15 (6). The experiments
using a phosphomimetic substitution of Ser350 suggest
that DRAK2 nuclear-cytoplasmic shuttling is prevented
by phosphorylation (Fig. 7). It is known that UV-induced
apoptosis also activates various kinases including JNK,
p38MAPK and PKC-d (29–31). Therefore, DRAK2 might
be phosphorylated by certain of these kinases, but not
by PKC-d, which did not phosphorylate DRAK2 in an
in vitro assay (data not shown). Since DRAK2 transloca-
tion to the nucleus coincided with the induction of
apoptosis, it seems likely that Ser350 is phosphorylated.
If this was the case, phosphorylated Ser350 would have to
be dephosphorylated eventually. In this context, it is
worth remarking that UV irradiation causes de-phosphor-
ylation of NFAT by calcineurin, resulting in NFAT
translocation to the nucleus (32). Another possibility is
that the phosphorylation of DRAK2 by UV-induced
kinases might result in DRAK2 degradation by the
ubiquitin–proteasome pathway, resulting in only newly
synthesized and unphosphorylated DRAK2 being translo-
cated to the nucleus. This latter idea is partly supported
by our preliminary results showing that DRAK2 is
partially ubiquitinated (data not shown). Further studies
will be required to elucidate how PKC affects DRAK2
during UV-induced apoptosis. The present findings pro-
vide new clues for our understanding of DRAK2 function
in vivo, including in the immune system and in the
development of cancer.
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