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We have examined the posttranslational modification of the human chromatin protein DEK and found that
DEK is phosphorylated by the protein kinase CK2 in vitro and in vivo. Phosphorylation sites were mapped by
quadrupole ion trap mass spectrometry and found to be clustered in the C-terminal region of the DEK protein.
Phosphorylation fluctuates during the cell cycle with a moderate peak during G, phase. Filter binding assays,
as well as Southwestern analysis, demonstrate that phosphorylation weakens the binding of DEK to DNA. In
vivo, however, phosphorylated DEK remains on chromatin. We present evidence that phosphorylated DEK is
tethered to chromatin throughout the cell cycle by the un- or underphosphorylated form of DEK.

The DEK protein was initially identified as a fusion protein
with CAN nucleoporin in a subtype of acute myeloid leukemia
involving the t(6;9) chromosomal translocation (34). Subse-
quently, DEK was found to be the target of autoantibodies in
several diseases, including systemic lupus erythematosus (9, 10,
38), juvenile rheumatoid arthritis (10, 32), and sarcoidosis (9,
10). Interestingly, DEK has also been linked to ataxia-telangi-
ectasia, because a fragment of DEK ¢cDNA reverses the mu-
tagen-sensitive phenotype of cells from ATM patients (28).
Despite the number of clinical observations, the biological
function of DEK remains unclear (33).

Several reports suggest an involvement of DEK in transcrip-
tional regulation. By using cofractionation and coimmunopre-
cipitation, it was demonstrated that the transcriptional core-
pressor hDaxx associates with DEK (21). However, the exact
function of DEK in hDaxx-mediated repression is not clear.
DEK has also been found to be associated with the latency-
associated nuclear antigen, which is constitutively expressed in
Kaposi’s sarcoma-associated herpesvirus latent infection (25).
The data indicate that the latency-associated nuclear antigen is
tethered to chromatin through its interaction with the DEK
protein and the methyl CpG binding protein MeCP2. In addi-
tion, DEK interacts with cell type-specific transcription factor
AP-2a in vitro and stimulates transactivation activity of AP-2«a
over the APOE promoter (8). Thus, DEK could be involved in
linking several different proteins to chromatin. It has been
reported that DEK binds to DNA and specifically recognizes
the peri-ets sites in the human immunodeficiency virus type 2
enhancer (11, 14, 15) and to class II major histocompatibility
complex Y-box sequences (1). However, our experiments had
shown that DEK recognizes DNA structures rather than DNA
sequences and preferentially binds supercoiled and four-way
junction DNAs (35). These data suggest that DEK functions as
an architectural protein in chromatin. Indeed, DEK is a con-
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stituent of oligonucleosomes, generated by micrococcal nucle-
ase digestion of chromatin in isolated nuclei (22) and associ-
ates with metaphase chromosomes (13). Purified DEK changes
the topology of DNA in viral minichromosomes and reduces
the accessibility of chromatin to DNA binding factors including
components of the replication machinery (4). The DEK-in-
duced change in topology is due to the introduction of positive
supercoils into the DNA (36).

DEK does not belong to a known family of proteins. Apart
from four stretches of acidic amino acids, the only recognizable
feature is a homology to a DNA binding motif, the SAF-box
(scaffold attachment factor) (17, 24), also termed the SAP
(SAF-A/B acinus and pias) domain (6), between amino acids
149 and 187 of the DEK protein. Analysis of a series of dele-
tion mutant forms of DEK revealed that the SAF-box is indeed
responsible for DEK-DNA interaction. In addition to the SAF-
box, a second DNA binding domain between amino acids 270
and 350 appears to be involved in DEK-DNA interaction. This
domain is also involved in DEK-DEK multimerization (23).

DEK is known to be a phosphoprotein, and it is possible that
DEK activity is regulated by phosphorylation (13). However, it
is not known whether phosphorylation of DEK changes within
the cell cycle, which kinases are responsible, and whether phos-
phorylation influences the activities of DEK.

We report here that DEK is phosphorylated by CK2 (for-
merly termed casein kinase 2) in vitro and in vivo. Phosphor-
ylation peaks in the G, phase of the cell cycle and influences
DEK-DNA interactions. In addition, our data suggest that a
mediator protein, most likely DEK in its dephosphorylated
form, is involved in the binding of phosphorylated DEK to
chromatin in vivo.

MATERIALS AND METHODS

Cell culture, cell cycle synchronization, in vivo labeling with 32P;, cell frac-
tionation, immunoprecipitation, and fluorescence-activated cell sorter (FACS)
analysis. HeLa-S3 cells were cultivated and synchronized by a double-thymidine
block as described previously (22). Labeling of cell cultures with 3°P; was per-
formed by washing cells two times with SSC buffer (0.15 M NaCl, 15 mM sodium
citrate) and once with phosphate-free medium (Sigma) and then cultivating them
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in 5 ml of phosphate-free medium supplemented with 200 p.Ci of 3?P; (carrier
free; ICN) per 94-mm-diameter dish.

Cell fractionation was carried out as described previously, with minor modi-
fications (22). Nuclei were subjected to a one-step extraction with 450 mM NaCl
after disruption of the nuclear envelope with 0.5% NP-40. Immunoprecipitations
from the 450 mM NaCl extracts were performed with a total of 3 ug of mono-
specific antibodies per sample. After 1 h of incubation on ice, 30 pl of a 50%
protein A-Sepharose solution (Pharmacia) was added and the mixture was rolled
at 4°C for another hour. The immunocomplexes were washed three times with 1
ml of nuclear extraction buffer (450 mM NaCl, 20 mM HEPES [pH 7.4], 0.5 mM
MgCl,). Immunocomplexes were removed from protein A beads with 2% so-
dium dodecyl sulfate (SDS) containing 5% B-mercaptoethanol at 37°C for 1 h
following three wash steps with the same buffer. The supernatants were pooled,
and the proteins were concentrated as previously described (37).

For FACS analysis, HeLa cells were washed three times with phosphate-
buffered saline (NaCl, P;) supplemented with 5 mM EDTA. For DNA staining,
4 % 10° cells were permeabilized with 0.5% Triton X-100 and stained with a total
of 18 pg of propidium iodide (Sigma). Fluorescence was measured with a FACS-
calibur flow cytometer (BD Bioscience), and results were visualized and evalu-
ated with the Cell Quest software (BD Bioscience).

Recombinant protein expression, dephosphorylation, preparation of antibod-
ies, and immunoblotting. The open reading frame of human DEK was cloned
into the multiple cloning site of pBlueBacHis2A (Invitrogen). SF-9 cells (Invitro-
gen) were cotransfected with linearized Autographa californica nuclear polyhe-
drosis virus DNA with the Bac-N-Blue DNA transfection kit (Invitrogen) in
accordance with the manufacturer’s protocol. Five days after cotransfection, the
supernatant was harvested and subjected to plaque assays. Single plaques were
picked, and a high-titer virus stock was raised. Three days postinfection with a
high-titer virus stock, HighFive cells were harvested and washed three times with
phosphate-buffered saline prior to lysis with 2 ml of lysis buffer per 175-cm? flask
(100 mM Tris-Cl [pH 7.5], 150 mM NaCl, 5 mM KCl, 0.5 mM MgCl,, 1% NP-40,
5 mM imidazole). To disrupt DNA-protein and protein-protein interactions, the
lysed cells were further incubated in the presence of 1.3 M NaCl for 20 min at
room temperature. The lysate was cleared (100,000 X g, 10 min), adjusted to
10% glycerol, diluted with lysis buffer to a final concentration of 700 mM NaCl,
and incubated with 10 pl of equilibrated 50% Ni-nitrilotriacetic acid (NTA)-
agarose (QIAGEN) per 2 ml of lysate. After binding for 1 h at 4°C, the beads
were washed three times with 10 volumes of buffer 1 (50 mM Tris-Cl [pH 7.5],
150 mM NaCl, 50 mM imidazole), three times with 10 volumes of buffer 2 (50
mM Tris-Cl [pH 7.5], 300 mM NaCl, and 50 mM imidazole), and again with 10
volumes of buffer 1. Elution was performed with 50 mM Tris-Cl [pH 7.5]-150
mM NaCl-500 mM imidazole. Aliquots of recombinant protein were stored at
—70°C in elution buffer. Prior to use, His-DEK was dephosphorylated with 400
U of A-phosphatase per 10 pmol of DEK in accordance with the manufacturer’s
protocol (New England Biolabs) for 90 min at 30°C. Recombinant DEK protein
was used to raise antibodies in rabbits. Monospecific antibodies were purified
from serum by affinity chromatography with Sulfo-Link (Pierce) coupled with
recombinant DEK protein. Immunoblotting was carried out as previously de-
scribed (22).

In vitro phosphorylation. S-20 extracts were prepared from HelLa cells at the
indicated time points after release from the double-thymidine block. Cell cycle
stages were confirmed in parallel by FACS analysis. Cells were resuspended in
hypotonic buffer (10 mM HEPES [pH 7.5], 5 mM KCI, 1.5 mM MgCl,, 0.1 mM
dithiothreitol [DTT]) supplemented with 250 mM sucrose. The cell pellet was
kept on ice for 30 min and Dounce homogenized to prepare the soluble cyto-
plasmic and nucleoplasmic proteins. S-20 extract (150 g of total protein) was
incubated with dephosphorylated recombinant human His-tagged DEK or hu-
man His-tagged geminin in the presence of 1 mM Na-vanadate, 20 mM NaF, a
protease inhibitor mixture (EDTA-free Complete; Roche), and 30 wCi of
[y-**P]ATP (specific radioactivity, >4,000 Ci/mmol; ICN) at 30°C. Treatment
with 4,5,6,7-tetrabromobenzotriazole (TBB) (29) was performed by incubation
of the S-20 extracts for 10 min on ice prior to the phosphorylation reaction.
Reactions were stopped on ice by addition of 500 mM NaCl, 0.5% NP-40, and 40
M ATP. DEK was purified with Ni-NTA beads (QIAGEN), and geminin, used
as a control protein, was immunoprecipitated as previously described (26). The
purified proteins were investigated by immunoblotting and autoradiography.

In-gel kinase assay. Five, 10, and 20 pg of total protein from an S-20 extract,
obtained by asynchronously growing HeLa cells, were subjected to electrophore-
sis in an SDS-10% polyacrylamide gel electrophoresis (PAGE) gel that had been
polymerized in the presence of 40 g of baculovirus-expressed, His-tagged DEK
(after dephosphorylation) per ml of gel matrix. Following electrophoresis, the gel
was washed twice for 30 min with 100 ml of 50 mM Tris-HCI (pH 8)-20%
isopropanol, twice for 30 min with 100 ml of buffer B (50 mM Tris-HCI [pH 7.5],
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5 mM B-mercaptoethanol), and once for 1 h with 200 ml of buffer B containing
6 M guanidinium-HCI. Proteins were then renatured in the gel overnight at 4°C
in 200 ml of buffer B containing 0.05% Tween 20, with five buffer changes. The
gel was then incubated in kinase buffer (25 mM HEPES [pH 7.8], 10 mM MgCl,,
2 mM CaCl,, 25 pM ATP) containing 10 wCi of [y-**P]ATP per ml at 25°C for
1 h. Incubation was followed by five washes, each with 200 ml of 5% trichloro-
acetic acid-1% sodium pyrophosphate at room temperature. Gels were stained
with Coomassie brilliant blue, dried, and subjected to autoradiography.

Filter binding assay with purified kinases and radiolabeled DNA. Recombi-
nant His-tagged DEK (5 pmol, dephosphorylated) was incubated in kinase buffer
(20 mM HEPES [pH 7.8], 10 mM MgCl,, 10 mM CaCl,, 20 mM NaF, 1 mM
vanadate) in the presence of 1 pCi of [y-*>P]JATP and purified CK2 (native
holoenzyme purified to homogeneity from rat liver). Reactions were stopped at
indicated time points by adding 5 ml of 5% sodium pyrophosphate. To assay
protein kinase C (PKC; Promega), we used a buffer containing 20 mM HEPES
(pH 7.4), 2 mM CaCl,, 1 mM DTT, and 10 mM MgCl,. The buffer for the
glycogen synthetase kinase 3 (GSK-3) assay contained 20 mM Tris-HCI (pH 7.5),
10 mM MgCl,, and 5 mM DTT. All reactions were performed with 10 U of each
of the kinases. The samples were then transferred to nitrocellulose filters (Schlei-
cher & Schuell), washed three times with 5% sodium pyrophosphate, dried, and
counted in a liquid scintillation counter.

SV40 DNA labeling for filter binding was carried out as described in the
section on Southwestern analysis. Reactions were set up in a total volume of 30
wl, either in nE 50 (20 mM HEPES [pH 7.6], 50 mM NaCl, 10 mM sodium
bisulfite, 1 mM EDTA) or in nE 100 (100 mM NaCl). Ten nanograms of labeled
DNA (10° cpm) was incubated with increasing amounts of either dephosphory-
lated or CK2-rephosphorylated His-DEK for 1 h at 37°C. The samples were
transferred to nitrocellulose filters and washed three times with nE50 or nE100
(1 ml of each). Filters were dried and counted as described above.

Southwestern analysis. For Southwestern analysis, identical amounts of de-
phosphorylated and CK2-rephosphorylated DEK were blotted onto a nitrocel-
lulose membrane and blocked with 5% nonfat milk powder in 50 mM Tris-HCl
(pH 7.5)-50 mM NaCl-1 mM DTT-1 mM EDTA for 1 h at room temperature.
As a probe, HinfI-digested and end-labeled (Klenow polymerase; New England
Biolabs) SV40 DNA was used (10° cpm/ml). After 1 h of incubation, the mem-
brane was washed five times with 10 mM Tris-HCI, pH 7.5-50 mM NaCl-1 mM
DTT-1 mM EDTA and subjected to autoradiography or immunoblotting.

Sucrose gradients with salt-treated minichromosomes. Dephosphorylated
His-DEK was incubated with salt-treated SV40 minichromosomes at a molar
ratio of 60 (DEK/DNA) for 1 h in nE 50 in the presence of 10 U of topoiso-
merase I (wheat germ; Promega), followed by addition of 2 mM Na-vanadate, 30
mM NaF, 50 pM ATP, and 60 pCi of [y->?PJATP. To start the in situ phos-
phorylation, 300 U of purified CK2 was added to the DEK-supplemented SV40
minichromosomes and the mixture was incubated for 1 h at 37°C. Samples were
loaded on 5 to 30% sucrose gradients (in nE 70 supplemented with 2 mM
Na-vanadate and 30 mM NaF) and centrifuged for 3 h at 36,000 rpm in an SW-40
rotor (Beckman). Gradients were fractionated into 20 fractions and adjusted to
2% SDS following incubation for 30 min at 55°C. One-half of each fraction was
used for DNA extraction (proteinase K digestion and ethanol precipitation) and
visualization (agarose gel electrophoresis and ethidium bromide staining). The
other half of each fraction was used for protein precipitation (37) and SDS-
PAGE, followed by blotting to nitrocellulose membrane, autoradiography, and
immunoblotting with DEK-specific antibodies.

Micrococcal nuclease digestion. Treatment of isolated nuclei with micrococcal
nuclease was carried out as previously described (22). Briefly, nuclei were pre-
pared from asynchronously growing HeLa S3 cells by cell fractionation. Nuclei
were washed three times with extraction buffer 50 (20 mM HEPES [pH 7.8], 0.5
mM MgCl,, 50 mM NaCl) after disruption of the nuclear envelope with 0.5%
NP-40. The resulting pellet was adjusted to 500 pg of DNA per ml and 2 mM
CaCl,, before 10 U of micrococcal nuclease (Sigma Aldrich) per 50 ng of DNA
was added, and incubated for 10 min at 14°C. The reaction was stopped by
addition of 8 mM EDTA and incubation on ice for 10 min. Mono- to oligonu-
cleosomal fragments were separated from insoluble material by centrifugation
and adjusted to 2 mM Na-vanadate-30 mM NaF and supplemented with a
protease inhibitor cocktail (EDTA-free Complete; Roche). Either 1.5 pg of
unphosphorylated or CK2-phosphorylated His-DEK was added to the nucleo-
somal fragments, and the mixture was incubated for 1 h at 37°C. The samples
were loaded onto 5 to 40% sucrose gradients in elution buffer 100 (20 mM
HEPES [pH 7.5], 0.5 mM MgCl,, 100 mM NaCl, 1 mM Na-vanadate, 30 mM
NaF) and centrifuged for 14 h at 36,000 rpm in an SW-40 rotor (Beckman).
Gradients were fractionated and treated as described above.

In-gel digestion. For in-gel-digestion and subsequent mass spectrometry (MS)
analysis of dephosphorylated and CK2-phosphorylated His-DEK, the bands were
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cut out and destained in a 60% acetonitrile-water mixture for 20 min at 25°C.
After lyophilization of the gel piece, a solution of 50 mM NH,HCO; was added
for rehydration and the mixture was incubated for 20 min at 25°C. This proce-
dure was repeated two times, and the final rehydration was performed with the
protease solution (12.5 ng of trypsin [modified trypsin; Promega] per ul in 50
mM NH,HCO,) at 4°C for 45 min. The gel spots were incubated afterwards for
12 h at 37°C, followed by elution of protein fragments for 3 to 4 h in a 60%
acetonitrile-water mixture. The eluates were lyophilized to dryness and desalted
prior to analysis with ZipTip¢,g (as recommended by Millipore) and eluted with
a GELoader tip (Eppendorf) into a nanospray needle with 5 ul of 50% metha-
nol-0.1% CH;COOH.

Triple-quadrupole ion trap MS. The Q TRAP mass spectrometer (Applied
Biosystems MDS SCIEX Q TRAP LC/MS/MS system) was used to determine
the phosphoacceptor sites. We took advantage of the fact that phosphopeptides
tend to lose the phosphor moiety upon low-energy collisional activation in a
tandem MS experiment. The advanced-scan modes of neutral loss and precursor
ion scans were used for scanning peptides that lose PO with m/z 79 Da in the
negative-ion mode or 98 Da in the positive-ion mode, corresponding to either
H;PO, or HPO3~ and H,O (b elimination, neutral loss). So we used the quad-
rupole ion trap method to isolate the phosphopeptides, perform MS/MS, and
characteristically to show loss of the phosphate group, which serves as a signature
for a phosphopeptide or a phosphate-containing peptide.

Database searching and enumeration of phosphopeptides. All MS/MS data
were directly used for a database search procedure with Analyst software (Ap-
plied Biosystems) in combination with the MASCOT MS/MS ITon Search Engine
(www.matrixscience.com). The enzyme used for cleavage was modified trypsin
(Promega), and the modification introduced into the search was phosphorylation
and oxidation of methionine. For all of the sequences reported, spectra were
manually validated and contained sufficient information to assign not only the
sequence but also the site of phosphorylation.

RESULTS

DEK is differentially phosphorylated during the cell cycle.
Transiently transfected DEK is known to be phosphorylated in
COS cells (13). In order to determine when endogenous DEK
is phosphorylated during the cell cycle, we used synchronized
HeLa cells and performed in vivo labeling experiments with
32P, for 2-h periods after release from the double-thymidine
block. Cell cycle stages were confirmed by FACS analysis (Fig.
1A, top). Protein extracts were prepared from the chromatin-
bound fraction and immunoprecipitated with DEK-specific an-
tibodies. We found significant incorporation of *?P; into DEK.
Comparison of the autoradiograph (Fig. 1A, **P) and the im-
munoblot (Fig. 1A, a-DEK) revealed a moderate increase in
phosphorylation during the G, phase (Fig. 1A, bottom).

To confirm the differential phosphorylation of DEK during
the cell cycle, we used an independent approach and measured
the activity of phosphorylating enzymes in protein extracts
prepared at different cell cycle stages (Fig. 1B, top). Protein
extracts prepared at 6 h (S phase extract) and at 15.5 h (G,
phase extract) after release from a double-thymidine block
were incubated with recombinant His-tagged DEK as the sub-
strate. Since recombinant His-tagged DEK from insect cells is
highly phosphorylated, it had to be treated with N\-phosphatase
before use. After incubation for 5 to 10 min under phosphor-
ylation conditions, DEK was purified by Ni-NTA-agarose and
processed for immunoblotting and autoradiography. In accor-
dance with the in vivo data, G, phase extracts are around
twofold more active in phosphorylating DEK protein than are
S phase extracts (Fig. 1B, **P). Recombinant human geminin
served as a control in these assays and was shown to be highly
phosphorylated in S phase extracts and much less in G, phase
extracts (26).
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FIG. 1. Phosphorylation of DEK in vivo and in vitro. (A) Phos-
phorylation in vivo. HeLa cells were synchronized by a double-thymi-
dine block and radiolabeled with **P; for 2 h at the indicated times
after release. Cells were fractionated, and the 450 mM NaCl eluate was
treated with DEK antibodies. After electrophoresis, the immunocom-
plexes were analyzed by autoradiography (*°P) and Western blotting
(a-DEK). For FACS analysis, cells were treated in parallel and har-
vested at the indicated time points (top). For densitometric analysis,
bands were scanned and analyzed by NIH Imager and the ratio of the
autoradiograph to the Western blot was plotted against the time of
release (bottom). IgG (immunoglobulin G) Hc indicates the position
of the antibody heavy chain. (B) Phosphorylation in vitro. Recombi-
nant, dephosphorylated, His-tagged DEK protein (600 ng) was incu-
bated with G, phase (15.5 h after release) and S phase (6 h after
release) extracts in the presence of [y->*P]ATP (control lane, without
extract). FACS analysis was taken from cells treated in the same way
(top). Reactions were stopped at the indicated times, and DEK was
purified from the samples with Ni-NTA-agarose. The eluates were
precipitated and analyzed by autoradiography (**P) and Western blot-
ting (a-DEK). As a control, human geminin was incubated in the same
extracts, immunoprecipitated, and processed as described above.

DEK is phosphorylated by CK2 in vivo and in vitro. To
identify the kinase(s) involved in DEK phosphorylation, we
analyzed the DEK sequence for potential phosphorylation
sites with the Scansite program (http://scansite.mit.edu). Phos-
phorylation sites were detected for CK2, for GSK-3, and for
PKC (see Fig. 4, predicted sites). We therefore compared the
activities for DEK as a substrate for CK2, PKC, and GSK-3.
We found that CK2 very efficiently phosphorylated His-DEK
in vitro, whereas PKC and GSK-3 were far less active in stan-
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FIG. 2. DEK is phosphorylated by CK2. (A) Filter binding assay.
After dephosphorylation with A-phosphatase, recombinant His-DEK
(5 pmol) was incubated in the presence of [y-**P]ATP and purified
protein kinases (10 U). Reactions were stopped at the indicated time
points, transferred to nitrocellulose filters, washed, and then counted.
Incorporated radioactivity for the individual kinases is given in counts
per minute (cpm, 10%). (B) Products from the filter binding assay were
analyzed by SDS-PAGE, autoradiography (**P), and Western blotting
(«-DEK). (C) In-gel kinase assay. Increasing amounts of HeLa S-20
extract, together with purified CK2, PKC, and GSK-3, were subjected
to electrophoresis in a 10% polyacrylamide gel that was polymerized in
the presence of 40 pg of His-DEK per ml. The proteins were rena-
tured, and the gel was incubated with [y->*P]JATP. Shown are the
Coomassie-stained gel (left) and the autoradiograph (right). Dots in-
dicate the positions of purified kinases. The asterisk and double aster-
isk indicate the positions of the CK2 « and o' subunits, respectively.

A G s

5 O o
-E w [2]
S 2051 5 1020 & 051 5
I R I
kDa
67 — e B T —
67 —
kL) " [— - ey

MoL. CELL. BIOL.

dard filter binding assays (Fig. 2A) and in autoradiography
after gel electrophoresis (Fig. 2B). In addition, we performed
in-gel kinase assays to identify the kinase(s) involved in DEK
phosphorylation in unfractionated extracts (Fig. 1B) (16). To
this end, dephosphorylated DEK was polymerized within the
gel matrix and S-20 extracts from unsynchronized cells were
separated on the gel. The proteins were renatured in the gel
and incubated with [y-**P]ATP. Labeled bands were identified
in comparison with the positions of the purified CK2, PKC,
and GSK-3 kinases run in parallel on the gel (Fig. 2 C, dots).
We found that CK2 is the main kinase phosphorylating DEK in
crude cell extracts (Fig. 2C, right side). The differences in
electrophoretic mobility between CK2 in the cell extract and
purified CK2 are most likely due to limited proteolysis of the a
CK2 subunit in purified CK2. This increases the catalytic ac-
tivity and leads to a mobility similar to that of the o' CK2
subunit, as described previously (30). The minor band of phos-
phorylating activity observed in the presence of increasing
amounts of extracts could be due to PKC.

Next we tested whether phosphorylation of DEK could be
inhibited in vitro and in vivo by a highly specific inhibitor of
CK2, TBB (31). We found that 5 uM TBB was sufficient to
inhibit phosphorylation of DEK in S phase extracts, whereas 20
nM TBB was necessary to completely inhibit DEK phosphor-
ylation in G, phase extracts (Fig. 3A). This could be explained
by modified proportions of isoforms in the CK2 holoenzyme
(e.g., holoenzyme versus free catalytic subunits or holoenzyme
with different o and o’ subunit compositions) present in the
extracts, whose susceptibility to TBB could vary (30). However,
the possibility cannot be excluded that another kinase that is
sensitive to TBB at high concentrations contributes to DEK
phosphorylation in G, phase extracts.

The influence of TBB on DEK phosphorylation was also
tested in vivo. For that purpose, asynchronously growing HeLa
cells were labeled with *?P; and treated for 3 h with increasing
amounts of TBB. Cells were fractionated, and DEK was im-
munoprecipitated from the 450 mM NaCl eluate. Comparison
of the immunoblot and the autoradiograph revealed that phos-
phorylation of DEK was inhibited by TBB up to 80% in vivo

B
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UM TBB % % 575 uMTBB
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o-DEK ’,.d o-DEK

FIG. 3. Inhibition of DEK phosphorylation by TBB. (A) In vitro phosphorylation. Recombinant His-DEK (600 ng) was dephosphorylated with
\-phosphatase and incubated with S-20 extracts from HeLa cells (150 wg; G, and S phases), [y->*PJATP, and increasing amounts of TBB. Dimethyl
sulfoxide (DMSO), at the highest concentration, was used as a control (control lane, without extract). Reactions were stopped after 10 min, and
DEK was purified with Ni-NTA-agarose. The eluates were subjected to SDS-PAGE and analyzed by autoradiography (**P) and Western blotting
(a-DEK). The molecular masses of markers are indicated in kilodaltons. (B) Inhibition of DEK phosphorylation in vivo. Asynchronously growing
HeLa cells were incubated with the indicated amounts of TBB for 1 h in phosphate-free medium. Cells were washed and incubated with TBB and
200 nCi of *?P; for another 2 h. DEK was immunoprecipitated from the 450 mM NaCl eluate. The autoradiograph (**P) and the immunoblot

(«-DEK) are shown.
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(Fig. 3B). In summary, these data demonstrate that CK2 is the
main kinase phosphorylating the DEK protein in vivo.

In order to determine the sites phosphorylated by CK2, we
used quadrupole ion trap MS, which offers enhanced resolu-
tion and mass accuracy combined with superior full-scan sen-
sitivity compared to conventional three-dimensional ion trap
MS and standard MS. As a substrate we used recombinant
His-DEK purified from infected insect cells, which was first
dephosphorylated with A-phosphatase and then rephosphory-
lated with purified CK2. Samples were digested in gel with
trypsin and then subjected to nano-ESI-MS analysis. Thus, we
determined that Ser32, Ser243, Ser244, Ser251, Ser301,
Ser303, Ser306, and Ser307 are phosphorylated by CK2 (Fig.
4). Sequence coverage and identified phosphorylated peptides
are shown in Fig. 5. Except for Ser32, all of the other phos-
phorylation sites are located in the C terminus of DEK protein
(Fig. 4). Interestingly, a cluster of phosphorylation sites from
Ser301 to Ser307 is located in the second DNA binding domain
of DEK as recently identified and characterized (23).

We also found various phosphorylated sites within the de-
phosphorylated His-DEK protein that are resistant to N-phos-
phatase treatment. This is not surprising, because it is known
that recombinant proteins are highly phosphorylated in bacu-
lovirus-infected insect cells. We note, however, that DEK,
bearing phosphatase-resistant phosphate groups, behaves ex-

actly like bacterially expressed (unphosphorylated) glutathione
S-transferase-DEK in DNA binding and supercoiling assays.
On the other hand, untreated His-DEK from insect cells is not
able to bind DNA and introduce supercoils (data not shown).

Phosphorylation of DEK changes protein-DNA interactions.
We have investigated whether DEK phosphorylation influ-
ences DEK-DNA interactions. We first compared the DNA
binding properties of phosphorylated and dephosphorylated
DEK by Southwestern analysis. Equal amounts of phosphory-
lated and dephosphorylated DEK were transferred from poly-
acrylamide gels onto nitrocellulose membranes and incubated
with radioactively labeled, Hinfl-digested SV40 DNA. De-
phosphorylated DEK bound strongly to DNA, while phosphor-
ylated DEK bound rather weakly (Fig. 6A). For further anal-
ysis, we performed filter binding assays at different ionic
strengths. At 50 mM salt, similar amounts of DNA bound
dephosphorylated and phosphorylated DEK (Fig. 6B). How-
ever, at 100 mM salt, the amount of DNA bound to phosphor-
ylated DEK was clearly lower than the amount of DNA bound
to dephosphorylated DEK (Fig. 6B). In fact, the residual bind-
ing observed with the preparation of phosphorylated DEK
could be due to a fraction of DEK molecules that may be
underphosphorylated (compare Fig. 7). The conclusion is that
phosphorylation decreases the affinity of DEK for DNA.

The question arises of whether the interaction of DEK with
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chromatin is also influenced by phosphorylation. To address
this point, we used salt-treated SV40 minichromosomes (18)
that were incubated with dephosphorylated DEK in the pres-
ence of topoisomerase I. As known from previous work, treat-
ment with DEK in the presence of topoisomerase I causes a
change in the superhelical density of the SV40 minichromo-
somes (4, 36) (Fig. 7A and B, top). One part of the minichro-
mosome preparation, carrying DEK, was phosphorylated with
CK2 in the presence of [y-**P]ATP, and the other part served

as a control. Minichromosomes with dephosphorylated and
phosphorylated DEK were separated on 5 to 30% sucrose
gradients with 100 mM salt. Individual gradient fractions were
analyzed by Western blotting with DEK-specific antibodies. In
addition, fractions were deproteinized and analyzed by agarose
gel electrophoresis (Fig. 7A and B). In the control sample, we
found essentially all of the DEK protein in association with the
minichromosomes (Fig. 7A, a-DEK). However, phosphoryla-
tion by CK2 caused a release of DEK that appeared at the top
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FIG. 6. Influence of DEK phosphorylation on DNA binding.
(A) Southwestern analysis. DEK was transferred to a nitrocellulose
membrane and incubated with radioactively labeled, Hinfl-digested
SV40 DNA. The autoradiograph (**P-DNA) and the Western blot
(a-DEK) are shown (=P, dephosphorylated DEK; +P,,,, DEK phos-
phorylated by CK2 in vitro). (B) Filter binding assay. **P-labeled,
HinfI-digested SV40 DNA was incubated in the absence (0) or pres-
ence of increasing amounts of either dephosphorylated (—P) or phos-
phorylated (+P_,) DEK. The assay was performed with either 50 or
100 mM NaCl. DEK/DNA molar ratios are indicated.

of the gradient (Fig. 7B). Identical results were obtained by
gradient analysis of protein-free DNA incubated with dephos-
phorylated and phosphorylated DEK; again, only the dephos-
phorylated form of DEK was found in association with DNA
(data not shown).

What keeps phosphorylated DEK on chromatin during the
cell cycle? As just shown, DEK after in situ phosphorylation no
longer binds to salt-treated SV40 minichromosomes. This ob-
servation stands in contrast to those of earlier experiments,
which had shown that the amount and localization of DEK do
not change during the cell cycle (22). As salt-treated minichro-
mosomes were prepared with 500 mM salt, they mainly con-
tained the core histones while all other chromatin-associated
proteins were removed (18). Since untreated native minichro-
mosomes are difficult to investigate because they are densely
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FIG. 7. Interaction of dephosphorylated and phosphorylated DEK
with salt-treated SV40 minichromosomes. (A) Salt-treated SV40
minichromosomes were incubated with dephosphorylated DEK (—P)
(at a ratio of 60 mol of DEK/mol of DNA) in the presence of topo-
isomerase I and separated on 5 to 30% sucrose gradients for 3 h.
Individual fractions were analyzed by agarose gel electrophoresis (top)
and Western blotting (a-DEK). I, supercoiled DNA; 11, relaxed, closed
circular, and nicked DNA. (B) Dephosphorylated His-DEK was incu-
bated with salt-treated SV40 minichromosomes as in panel A, followed
by in situ phosphorylation with CK2 in the presence of [y-**P]ATP,
and processed as described above (+Pg). >*P indicates the autora-
diograph.

packed and tend to aggregate, we used oligonucleosomes gen-
erated by limited micrococcal nuclease digestion from cellular
chromatin to determine whether other chromatin proteins are
required to tether phosphorylated DEK to chromatin (22).
The oligonucleosomal fragments were incubated with dephos-
phorylated and phosphorylated His-DEK. The products were
separated on sucrose gradients, and individual fractions were
analyzed by agarose gel electrophoresis and Western blotting
(Fig. 8A). We found that both dephosphorylated (Fig. 8A, —P)
and phosphorylated (Fig. 8A, +P,) DEK cosedimented with
chromatin fragments, indicating that phosphorylated DEK did
bind native chromatin. Thus, in contrast to salt-treated
minichromosomes, we found a binding of DEK to native oli-
gonucleosomes, suggesting that a chromatin-associated factor
may be necessary to mediate the interaction of phosphorylated
DEK with chromatin. We have shown before that DEK is able
to multimerize upon phosphorylation (23). Therefore, the pos-
sibility arises that phosphorylated DEK and dephosphorylated
DEK reside together in a complex. To investigate this possi-
bility, we incubated salt-treated SV40 minichromosomes first
with dephosphorylated DEK and topoisomerase I (Fig. 7A)
and then added in vitro CK2-phosphorylated DEK (Fig. 8B).
The minichromosomes were analyzed on a 5 to 30% sucrose
gradient with 100 mM salt. In contrast to Fig. 7B, we found in
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FIG. 8. Association of dephosphorylated and phosphorylated DEK
with native oligonucleosomes. (A) HeLa cell nuclei were digested for
10 min at 14°C with micrococcal nuclease. Released oligonucleosomes
were incubated with dephosphorylated (—P) and CK2-phosphorylated
(+Pck>) DEK and separated on 5 to 40% sucrose gradients for 14 h.
Purified DNA from the individual fractions was analyzed by agarose
gel electrophoresis and ethidium bromide staining (top). Positions of
DNA fragments corresponding to mono-, di-, tri-, and tetranucleo-
somes are indicated. Proteins were separated by SDS-PAGE and an-
alyzed by Western blotting with DEK-specific antibodies (a-DEK).
32P-labeled DEK was detected by autoradiography (**P). Positions of
endogenous DEK, cellular DEK, and exogenously added DEK (His-
DEK) are indicated. Marker molecular masses are indicated in kilo-
daltons. (B) Salt-treated SV40 minichromosomes were incubated with
dephosphorylated DEK (at a ratio of 30 mol of DEK/mol of DNA) in
the presence of topoisomerase I for 1 h at 37°C (1. —P). In vitro
CK2-phosphorylated DEK was added (at a ratio of 30 mol of DEK/mol
of DNA), the mixture was incubated for another hour at 37°C (2.
+Pck»), and samples were processed as described for Fig. 7. Shown
are the agarose gel (top), the Western blot (a-DEK), and the autora-
diograph (**P).
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this experiment that all of the phosphorylated DEK protein
comigrated with minichromosomes (Fig. 8B; compare with Fig.
7B), suggesting that bound, dephosphorylated DEK can link
phosphorylated DEK to chromatin.

DISCUSSION

The purpose of this study was to obtain more information
about the ubiquitous chromatin protein DEK. More specifi-
cally, we asked whether DEK is phosphorylated and, if so,
whether phosphorylation occurs at specific stages of the cell
cycle.

To address these questions, we first performed pulse-label-
ing experiments in which we added radioactive phosphate to
HeLa cells that proliferate in synchrony after release from a
block in early S phase. We found that phosphorylation of DEK
occurs throughout the cell cycle, with a maximum in late G,
phase. Our evidence suggests that DEK is mainly phosphory-
lated by the protein kinase CK2. This conclusion is supported
by three lines of evidence. First, mass spectroscopic analysis of
phosphopeptides reveals that most phosphorylated peptides
contain amino acid motifs known to form consensus sites for
CK2 kinase (Fig. 4). Second, the highly specific CK2 kinase
inhibitor TBB (31) inhibits the in vivo phosphorylation of DEK
(Fig. 3B). Third, a DEK-phosphorylating activity in protein
extracts from cells has the electrophoretic properties of CK2
kinase (as shown by an in-gel phosphorylation assay [16]) (Fig.
3C). In fact, the in vitro phosphorylating activity could be
inhibited by TBB, just as it inhibited the in vivo phosphoryla-
tion of DEK (Fig. 3A). This does not imply that CK2 kinase is
the only activity responsible for DEK phosphorylation. In fact,
data suggest that PKC could contribute to DEK phosphoryla-
tion, but its contribution to overall DEK phosphorylation is
minor compared to that of CK2 kinase. It may be surprising
that CK2 kinase has such an important function in DEK phos-
phorylation given the fact that the enzyme is ubiquitous and
constitutively expressed and active (19). Indeed, more than 300
protein targets of CK2 kinase have been described, and these
targets include important regulatory proteins like Myc, Jun,
Fos, and others (27). Furthermore, CK2 kinase has been
shown to regulate several basic cellular processes like DNA
replication, transcription, and chromatin remodeling and ap-
pears to be involved in the regulation of cell growth, probably
by its participation in signal transduction (3, 5, 12, 19, 20, 7). It
is therefore not surprising that CK2 kinase could have onco-
genic effects in certain cell lines when ectopically expressed
(20). Thus, even though much has to be learned yet about the
regulation of CK2 kinase activity, it seems to be safe to con-
clude that its role in DEK phosphorylation must have conse-
quences of physiological importance. We have investigated this
possibility and found that CK2 phosphorylation modifies the
interaction of DEK with DNA and with chromatin. Indeed,
DNA binding experiments in Southwestern assays revealed
that the binding of phosphorylated DEK to DNA is less stable
than the binding of unmodified DEK (Fig. 6A), and classic
filter binding assays showed that complexes between phosphor-
ylated DEK and DNA are disrupted at 100 mM NaCl whereas
complexes between unmodified DEK and DNA remain stable
(Fig. 6B).

Interestingly, the major DNA binding domain of DEK, the
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SAF-box, is quite removed from the major CK2 phosphoryla-
tion sites, which cluster in the carboxy-terminal region. This
region is involved in DEK-DEK interactions (di- or multimer-
ization) but also includes a second DNA binding domain (23).
Therefore, the effects of phosphorylation on DNA binding
could be due to an effect on DEK-DEK interactions or an
impairment of this second DNA binding domain. We will dis-
cuss this point below but will first point out an apparent par-
adox. This is that phosphorylation of DEK changes during the
cell cycle, yet the amount of DEK on chromatin remains es-
sentially constant at all phases of the cell cycle (22). This
appears to be in contrast to the biochemical evidence showing
that phosphorylation decreases the DNA binding activity of
DEK. To investigate this point, we studied the association of
DEK with chromatin. We demonstrated that phosphorylated
DEK does not bind salt-treated SV40 minichromosomes
(Fig. 7). As shown before (18), treatment of SV40 minichro-
mosomes with 0.5 M NaCl causes the removal of essentially
all nonhistone chromatin proteins, including enzymes and
HMG (high-mobility group) proteins, but does not affect the
nature and arrangement of the 25 to 28 nucleosomes on
SV40 DNA. Unmodified DEK binds to this structure (Fig.
7A), while phosphorylated DEK does not (Fig. 7B), mirror-
ing the behavior of DEK toward DNA and suggesting that
DEK contacts DNA sites in the minichromosome. Since
untreated native minichromosomes are difficult to investi-
gate because they are densely packed and tend to aggregate,
we used oligonucleosomes generated by limited micrococcal
nuclease digestion from cellular chromatin for further ex-
periments. As previously shown, the oligonucleosomal frag-
ments carry endogenous DEK protein (22). We show now
that unmodified DEK, as well as phosphorylated DEK, does
bind native chromatin fragments, suggesting that untreated
chromatin carries a constituent that tethers phosphorylated
DEK to chromatin. Our evidence suggests that this binding
partner could be endogenous, probably unmodified DEK.
This conclusion is corroborated by studies in this laboratory
showing that DEK is able to multimerize in vitro and in
yeast two-hybrid screens and that DEK-DEK interactions
are affected by phosphorylation (23).

What does this mean for the function of DEK in chromatin?
Work in this and other laboratories has provided evidence that
DEK functions as an architectural protein comparable to the
better-known HMG proteins (2). Thus, DEK is ubiquitous and
abundant, with >10° copies per nucleus (22) in all of the
metazoan cells examined. It binds DNA in a sequence-unspe-
cific but structure-specific manner and prefers four-way junc-
tion and bent DNAs over classic B-form DNA (35). DEK
introduces supercoils into topologically closed DNA forms (4,
36). This and the observation that DEK proteins are believed
to interact with transcriptional activator proteins (AP-2 «) (8)
and with transcriptional repressors (hDaxx) (21) probably in-
dicate that it influences the expression of genes just as HMG
proteins do in enhanceosomes (2). The possible regulatory
functions most likely depend on DEK’s ability to bind DNA,
and phosphorylation may be one way of regulating DEK’s role
in gene expression by introducing structural changes into DNA
and chromatin.
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