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DEK was originally described as a proto-oncogene protein and is now known to be a major component of
metazoan chromatin. DEK is able to modify the structure of DNA by introducing supercoils. In order to find
interaction partners and functional domains of DEK, we performed yeast two-hybrid screens and mutational
analyses. Two-hybrid screening yielded C-terminal fragments of DEK, suggesting that DEK is able to mul-
timerize. We could localize the domain to amino acids 270 to 350 and show that multimerization is dependent
on phosphorylation by CK2 kinase in vitro. We also found two DNA binding domains of DEK, one on a
fragment including amino acids 87 to 187 and containing the SAF-box DNA binding motif, which is located
between amino acids 149 and 187. This region is sufficient to introduce supercoils into DNA. The second DNA
binding domain is located between amino acids 270 and 350 and thus overlaps the multimerization domain. We
show that the two DNA-interacting domains differ in their binding properties and in their abilities to respond

to CK2 phosphorylation.

The proto-oncogene protein DEK was first identified as a
fusion protein with the nucleoporin CAN in patients suffering
from a subtype of acute myeloid leukemia (AML) (30). A
recent study showed that more than two-thirds of AML pa-
tients expressing the DEK-CAN fusion also have a specific
internal tandem duplication in the FMS-like tyrosine kinase
(FLT3) gene (23, 28), resulting in a constitutively active kinase.
In contrast to AML with the DEK-CAN rearrangement, the
incidence of the activating FLT3 internal tandem duplication
in all AML patients is only around 20%. This suggests that
DEK-CAN might contribute to the generation of FLT3 inter-
nal tandem repeats as a possible mechanism leading to carci-
nogenesis (4, 19, 28).

In addition to its involvement in leukemia, DEK has been
shown to be a major antigen in several autoimmune diseases
like systemic lupus erythematosus (6, 7, 33), juvenile rheuma-
toid arthritis (7, 25), and sarcoidosis (6, 7). Despite these
associations with several human disorders, little is known
about how DEK could functionally be involved in these dis-
eases.

In search of the cellular function of DEK, several groups are
trying to find interaction partners of DEK. DEK has been
reported to be involved in transcriptional repression by inter-
action with the corepressor Daxx (13), as well as in transcrip-
tional activation stimulating the binding of activator protein
AP-2a to its target DNA sequences (5). Furthermore, DEK
has been reported to bind to the pets site, a regulatory element
of the human immunodeficiency virus type 2 enhancer, in a
sequence-specific manner (8, 10). It has also been reported
that DEK recognizes the Y box of the class II major histocom-
patibility complex gene promoter, a known transcription factor
binding site with sequence similarities to the pets site (1, 26). In
contrast to these findings, we could not detect sequence-spe-
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cific binding of DEK to DNA (31). Instead, we observed struc-
ture-specific binding of DEK to DNA crossovers, as found in
supercoiled or four-way junction DNAs (31). Moreover, DEK
binding causes a change in the superhelical density of closed
circular plasmid DNA and simian virus 40 (SV40) minichro-
mosomes in vitro (2, 32).

DEK is a nuclear phosphoprotein (9, 25) that remains asso-
ciated with chromatin during the entire cell cycle (14). While
the amount of DEK on chromatin does not change during the
cell cycle, we detected a moderate increase in DEK phosphor-
ylation during the G, phase (15). It appears that DEK is mainly
phosphorylated by CK2 kinase in vitro and in vivo. Moreover,
phosphorylation reduces the DNA binding activity of DEK.
This is surprising, because most of the phosphorylation sites
were mapped within the C-terminal region of the protein (15,
31, 32), whereas a potential DNA binding motif, the SAF-box
(scaffold attachment factor) (11, 18), also known as the SAP-
box (SAF-A/B acinus and pias) (3), is located between amino
acids 149 and 187. The SAF-box is the only recognizable fea-
ture besides some highly acidic regions of the protein. The
SAF-box was identified as a novel DNA binding domain that
binds specifically to AT-rich SAR/MAR (scaffold/matrix at-
tachment region) DNA (11, 18). SAF-box-containing proteins
are involved in different processes, such as DNA repair (Ku70,
PARP), pre-mRNA processing (SAF-A, SAF-B, SPRY), tran-
scriptional elongation (Thol), and nuclear architecture
(SAF-A, SAF-B) (3).

To investigate whether the SAF-box is the DNA binding
domain of DEK, we expressed several deletion mutant forms
of DEK and tested them for DNA binding in electrophoretic
mobility shift assays (EMSAs) and for the ability to change the
supercoils of closed circular DNA. We show here that a DEK
fragment containing the SAF-box is able to bind DNA and
appears to be responsible for supercoiling activity. Moreover,
the SAF-box-containing fragment induces intermolecular in-
teractions between two or more DNA molecules. In addition,
we have identified a second functional domain within the C-
terminal region of DEK. This domain is able to bind DNA and
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induce DEK-DEK interactions. These two functional activities
are regulated by phosphorylation.

MATERIALS AND METHODS

Cloning. Full-length DEK c¢cDNA was subcloned from pRSET-A-dek into
pBlueBacHis2-A (Invitrogen) via the BamHI and EcoRI restriction sites. DEK
fragments with 5" EcoRI and 3’ Xhol cutting sites were generated by PCR. A
stop codon was introduced before the Xhol site. The PCR products were di-
gested and ligated into pBlueBacHis2-B (Invitrogen) that was cut with EcoRI
and Sall, creating a hybrid Sall/Xhol site at the 3’ end of the insert. All con-
structs were checked by sequencing.

Expression and purification of his-DEK fragments. The different pBlueBac-
His2 constructs of DEK were cotransfected with linearized Autographa califor-
nica nuclear polyhedrosis virus DNA (Bac-N-Blue DNA) into SF9 cells as de-
scribed in the manufacturer’s (Invitrogen) protocol. Passage 3 virus stocks were
used to infect HighFive cells for protein expression. Cells at 3 days postinfection
were washed twice with phosphate-buffered saline and then lysed with 2 ml of
lysis buffer per 175-mm? 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 pres-
ence of 1.3 M NaCl for 20 min at room temperature. The lysate was cleared by
centrifugation at 100,000 X g. The supernatant was adjusted to 10% glycerol,
diluted with lysis buffer to a final concentration of 700 mM NaCl, and incubated
with 8 pl of 50% Ni-nitrilotriacetic acid (NTA)-agarose beads (QIAGEN). After
1 h of incubation at 4°C, the beads were washed twice with WB-150 (100 mM
Tris-Cl [pH 7.5], 150 mM NaCl, 50 mM imidazole) and transferred into a 10-ml
Bio-Rad column. The beads were washed twice with WB-300 (100 mM Tris-Cl
[pH 7.5], 300 mM NaCl, 50 mM imidazole) and again with WB-150. The His-
tagged proteins were then eluted 10 times with 20 pl of elution buffer (100 mM
Tris-Cl [pH 7.5], 150 mM NaCl, 500 mM imidazole) per 175-cm? flask. All
DEK-containing fractions were pooled and stored at —70°C.

Far Western analysis. A protein kinase A (PKA) phosphorylation site (amino
acid motif RRASV) was cloned into pBlueBacHis2-A-DEK with BamHI and the
annealed oligonucleotides PKA forward (5" GATCC CGT CGT GCA TCT GTT
G) and PKA reverse (5" GATCC AAC AGA TGC ACG ACG G). Correct
orientation of the insert was checked by sequencing. After expression and puri-
fication, 1 pg of PKA-His-tagged DEK was diluted 1/10 with wash buffer WB-150
(see description of expression and purification) and rebound to 100 pl of settled
Ni-NTA-agarose for 2 h at 4°C. The resin was washed twice with 1X PKA
phosphorylation buffer (New England Biolabs) by centrifuging the batch for 15 s
at maximum speed. [y->>P]ATP labeling was then carried out on column, with 1
wl of PKA (New England Biolabs) in a total volume of 400 .l for 30 min at 37°C.
After being washed three times with 1 ml of wash buffer, labeled DEK was eluted
from the Ni-NTA-agarose with 3X 300 ul of elution buffer. The eluates were
analyzed by Western blotting and autoradiography; radioactively labeled DEK
peaked in the second eluate.

Two-hybrid screening. For two-hybrid screening, we used the “interaction
hunt” protocol of Golemis et al. (12). Full-length DEK and a truncated DEK
c¢DNA coding for amino acids 1 to 350 were cloned into the bait vector pEG202
with EcoRI and Xhol, generated by PCR. We used two libraries, an oligo(dT)-
primed HeLa cell library (Origene) and a random-primed human kidney library
(Invitrogen), for multiple screenings, both with full-length and truncated DEK as
bait.

Sedimentation analysis. For sedimentation analysis, 2 ng of recombinant
His-DEK was used either dephosphorylated or phosphorylated. Dephosphory-
lation was carried out for 90 min with \-phosphatase (New England Biolabs) at
30°C in accordance with the manufacturer’s protocol (for 10 pmol of DEK, 400
U of N-phosphatase was used). Phosphorylation with CK2 was performed with
CK?2 buffer (20 mM HEPES [pH 7.8], 10 mM MgCl,, 10 mM CaCl,, 20 mM NaF,
and 1 mM vanadate supplemented with 100 uM ATP) for 90 min at 37°C (for 10
pmol of DEK, 40 U of CK2 was used). After incubation for 60 min at 37°C in
nE100 (20 mM HEPES [pH 7.6], 100 mM NaCl, 10 mM sodium bisulfite, 1 mM
EDTA), samples were loaded onto 5 to 30% sucrose gradients in nE100 or
nE800 (800 mM NaCl) and centrifuged for 14 h at 36,000 rpm in an SW40 rotor
(Beckman). Gradients were fractionated, and proteins were concentrated and
then immunoblotted with DEK-specific antibodies. The pellet fraction was dis-
solved in 2% sodium dodecyl sulfate (SDS) and treated in the same way.

Topology assay. Recombinant DEK fragments were dephosphorylated with
\-phosphatase (New England Biolabs) as described above. After incubation at
30°C for 90 min, the samples were dialyzed on Whatman filters (type VS; pore
size, 0.025 wm) against nE300 buffer (20 mM HEPES [pH 7.6], 300 mM NaCl,
10 mM sodium bisulfite, 1 mM EDTA) in the presence of 1 pg of bovine serum
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albumin (New England Biolabs) per microliter for 90 min at 4°C. Supercoiled
SV40 DNA (0.0028 pmol) was incubated with increasing amounts of the different
DEK fragments in the presence of 1 U of topoisomerase I (wheat germ; Pro-
mega). The amounts of protein are indicated in the figure legends. The reactions
were performed in buffer L0 (20 mM HEPES [pH 7.6], 10 mM dithiothreitol, 25
wg of bovine serum albumin per ml) in a total volume of 90 pl. After proteinase
K (Roche) digestion, DNA was precipitated and analyzed on 0.8% agarose gels
in 0.5X TBE (45 mM Tris-borate, 1 mM EDTA) at 2 V/cm for 16 h. The gels
were stained with SybrGold (MobiTec).

EMSA. Purified DEK fragments were treated as described for the topology
assay. Linearized SV40 DNA (0.05 pmol) was incubated with increasing amounts
of DEK as indicated in the figure legends. The reactions were performed in a
total volume of 35 pl, and mixtures were loaded directly onto a 0.6% agarose gel
in 0.5X TBE (50 mM Tris-borate, 1 mM EDTA [adjusted to pH 7.8 with boric
acid]) and run at 2 V/cm overnight.

Ligase assay. A 123-bp DNA ladder (Pharmacia) was digested with Aval.
Twenty-four nanograms (0.3 pmol) of the 123-bp fragment was incubated with
1.2 pmol of the different DEK fragments for 1 h at 37°C in ligase buffer (4 mM
Tris [pH 7.8], 1 mM dithiothreitol, 0.5 mM ATP, 5 mM MgCl,) in a final volume
of 20 pl. T4 DNA ligase (1 U) was added for 10 min at 37°C; the ligase was then
inactivated for 15 min at 65°C. To distinguish between linear and circular prod-
ucts, the samples were treated with 50 U of exonuclease III. Samples were
digested with proteinase K and analyzed on 8% polyacrylamide gels for 3 h at 10
V/em. The reaction products were then analyzed by SybrGold (MobiTec) stain-
ing.

RESULTS

Multimerization of DEK protein. To identify DEK interac-
tion partners, we used the yeast two-hybrid system. Two dif-
ferent libraries were screened with full-length DEK or DEK 1
-350 as bait. By using full-length DEK as bait, we recovered
sequences containing amino acids 215 to 375 of DEK from an
oligo(dT)-primed HeLa library. With DEK 1-350 as bait, we
isolated DEK 247-375 from the same cDNA library. To avoid
the bias for carboxy-terminal regions intrinsic to oligo(dT)-
primed libraries, we also used a random primed kidney cDNA
library and full-length DEK as bait. Again, a cDNA encoding
a C-terminal fragment of DEK (amino acids 229 to 375) was
found (Fig. 1A). These data indicate that DEK's preferred
interaction partner is DEK itself and that amino acids 247 to
350 of DEK contain a di- or multimerization domain.

To confirm this finding and localize the multimerization
domain more precisely, we tested several fragments of DEK
versus the full-length protein in the two-hybrid system (Fig.
1B). All fragments containing amino acids 270 to 350 were able
to interact with DEK, showing that the amino-terminal region
up to residue 270 is not involved in di- or multimerization.

We obtained independent support for this conclusion by far
Western blotting. A PKA consensus sequence (amino acid
motif RRASV) was linked 5’ to the amino terminus of full-
length DEK. The protein was expressed in the baculovirus
system and labeled in vitro with [y-**P]JATP by PKA. Equal
amounts of deletion mutant forms and full-length DEK were
separated by SDS-polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane. After incubation
with labeled full-length DEK and extensive washing, the blot
was analyzed by autoradiography (Fig. 2B). Full-length DEK
and fragments with amino acids 1 to 350 and 270 to 375 gave
positive autoradiographic signals, whereas amino acids 1 to 310
yielded only a faint autoradiographic band (Fig. 2B). Thus,
these data confirmed that a protein-protein interaction domain
is located between amino acids 270 and 350 of the DEK pro-
tein (Fig. 2C). Here it is important to mention that recombi-



6002 KAPPES ET AL.

A

MoL. CELL. BIOL.

1 100 200 300 175
| ' | . | 1 | L |
bait :full length DEK [ [SAE 1 T T | !
library : oligo-dT Hela
fished prey: DEK 215-375
1 100 200 00 375
T T T T T T T T 1
bait :DEK 1-350 (— [SAF | e ] 1
library : oligo-dT Hela
fished prey: DEK 247-375 —.—
1 100 200 300 375
I ¥ I ' I " I 1 |
bait :fulllength DEK [N [SAE T T T | ]

library : random kidney
fished prey: DEK 229-375

1 100
T

300 375
T T T 1

bait: DEK 1-375

prey:
1-375 —
1-350

1-310

1-250

1-222

205-375
215-375
247-375
270-375
310-375

++

++
>— ++4
——

++

FIG. 1. Two-hybrid screening. (A) Results of three different two-hybrid interaction hunts. Full-length DEK (top and bottom) and DEK 1-350
(middle) were used as bait. We screened against two different human libraries and obtained prey that codes for carboxy-terminal fragments of
DEK. (B) Localization of the DEK-DEK multimerization domain. We tested different deletion mutant forms of DEK (indicated on the left side)
against full-length DEK in the two-hybrid system. LacZ activation is shown on the right. Dark grey boxes, highly acidic regions; light grey box,
SAF-box, a potential DNA binding domain; black box, nuclear localization sequence (NLS).

nant His-DEK as purified from the baculovirus system is phos-
phorylated (15). Therefore we tested phosphorylated
fragments of DEK and also used phosphorylated PKA-DEK as
a probe.

Since DEK-DNA interaction is affected by phosphorylation
(15), we tested whether phosphorylation also influences DEK
multimerization. We compared the sedimentation behavior of
phosphorylated and dephosphorylated full-length DEK on su-

crose gradients. We used recombinant full-length DEK that
was purified from the baculovirus system in a phosphorylated
form. This substrate was first dephosphorylated by A-phospha-
tase (Fig. 3A, —P) to remove endogenous phosphates and then
rephosphorylated by CK2 in vitro (Fig. 3A, +Pck,). CK2 is the
main kinase responsible for the majority of DEK phosphory-
lation in vitro and in vivo (15).

When sucrose gradients were run under nearly physiological
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FIG. 2. Far Western analysis. Twenty nanomoles of full-length DEK (wt, lane 1) and different DEK deletion mutant forms were separated on
a 10 to 18% polyacrylamide gel and blotted onto a nitrocellulose membrane. The membrane was then incubated with *?P-labeled full-length DEK.
A, Ponceau staining; B, autoradiography. Molecular sizes of marker proteins are given in kilodaltons. (C) DEK protein with the multimerization
domain. Dark grey boxes, highly acidic regions; light grey box, SAF-box, a potential DNA binding domain; black box, nuclear localization sequence

(NLS). wt, wild type.

salt conditions (100 mM NacCl), phosphorylated DEK formed
large complexes that were found in the pellet of the gradient
(Fig. 3A, +Pck,). However, dephosphorylated DEK sedi-
mented at physiological salt concentrations and DEK sedi-
mented mainly as monomers close to the top of the gradient
(Fig. 3A, —P). At 800 mM salt (Fig. 3B), phosphorylated DEK
had sedimentation properties like those of dephosphorylated
DEK at 100 mM NaCl, showing that a high salt concentration
disrupts the interaction of phosphorylated DEK (compare Fig.
3A, —P, and B). Thus, phosphorylation of DEK induces DEK-
DEK interactions at moderate salt concentrations, whereas the
dephosphorylated protein mainly exists in the monomeric form
under these conditions.

Similar results were obtained by native gel electrophoresis:
phosphorylated DEK remained close to the gel slots as a high-
molecular-weight complex, while unphosphorylated DEK mi-
grated as monomers (data not shown). A conclusion from
sucrose gradient and native gel electrophoretic analyses is that

phosphorylated DEK tends to aggregate in vitro instead of
forming discrete multimers.

Characterization of the DNA binding properties of the SAF-
box-containing fragment. The region of DEK between amino
acids 149 and 187 has similarity to a DNA binding motif that is
known as the SAF-box (11) and that is also termed the SAP-
box (3). To test if the SAF-box is indeed the DNA binding
domain of the DEK protein, we used DEK deletion mutant
forms with or without the SAF-box in EMSAs. As we have
shown before (31, 32), the binding of full-length DEK results in
large DNA protein complexes that cannot enter the gel (Fig.
4A, lanes 2 to 4). To investigate if the multimerization domain
(amino acids 270 to 350, Fig. 1 and 2) was responsible for this
binding mode, we successively removed the C-terminal part of
DEK and tested these fragments by EMSA (Fig. 4A, lanes 5 to
13). Surprisingly, we found that even the smallest fragment
(amino acids 87 to 187) that contains the SAF-box at its C-
terminal region (amino acids 149 to 187) was able to induce
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FIG. 3. Sedimentation analysis of phosphorylated and dephosphorylated DEK. Recombinant full-length DEK was dephosphorylated with
\-phosphatase (—P), rephosphorylated with CK2 (+Pc,), analyzed on 5 to 30% sucrose gradients, and then centrifuged for 14 h at 36,000 rpm.
The gradients were fractionated and analyzed by immunoblotting with DEK-specific antibodies. (A) Sedimentation analysis of dephosphorylated
DEK (—P) and phosphorylated DEK (+Pk,) in the presence of 100 mM NaCl. (B) Sedimentation analysis of phosphorylated DEK in the

presence of 800 mM NaCl. P corresponds to the pellet fraction.

this high-molecular-weight complex (Fig. 4A, lanes 11 to 13).
Therefore, the previously identified protein-protein interaction
domain (amino acids 270 to 350, Fig. 1 and 2) seems to have no
influence on the DNA binding properties of DEK. This could
indicate that another multimerization domain may exist in the
region of amino acids 87 to 187, probably dependent on DNA
binding, which induces intermolecular interactions between
two or more DNA molecules. Interestingly, the SAF-box-con-
taining protein SAF-A also multimerizes upon DNA binding
(18).

The SAF-box-containing fragment induces intermolecular
interactions and is sufficient for the introduction of supercoils.
We have recently shown that full-length DEK (glutathione
S-transferase and His tagged) promotes the linkage of DNA
fragments via a ligase-mediated end-to-end joining assay (31).
To determine whether this reaction depends on the SAF-box-
containing domain (amino acids 87 to 187), we incubated var-
ious deletion mutant DEK proteins with 123-bp DNA frag-
ments in the presence of T4 ligase. Our data show (Fig. SA)
that all DEK constructs containing the amino acid 87 to 187
region stimulated the formation of linear multimers (Fig. 5A,
lanes 4 and 10), whereas DEK constructs without the amino
acid 87 to 187 region could not (Fig. 5A, lanes 6 and 8).
However, all ligation products were sensitive to exonuclease
IIT (Fig. 5A, lanes 5, 7, 9, and 11), showing that none of the
DEK fragments were able to bend DNA, as shown before for
full-length DEK (31). These data indicate that the region be-
tween amino acids 87 and 187 is responsible for the stimulation
of intermolecular interactions and thus might include a DNA-
dependent multimerization domain.

Recently, we have shown that DEK causes supercoiling of
circular DNA in the presence of topoisomerase I (32). In order
to determine which domain is responsible for this activity, we
tested recombinant DEK fragments in the topology assay (32).
We used dephosphorylated DEK fragments and incubated
them with circular SV40 DNA in the presence of topoisomer-
ase I. Again, only the fragments containing the amino acid 87
to 187 region were able to change the superhelicity of the DNA
(Fig. 5B, lanes 1 to 4, 5 to 8, and 13 to 16).

Thus, we have shown that the region between amino acids 87
and 187, including the SAF-box (amino acids 149 to 187), binds
to DNA, induces intermolecular interactions, probably owing
to a DNA-dependent multimerization, and is responsible for
the introduction of supercoils into circular DNA.

Identification of a second DNA binding domain in the C-
terminal region of DEK. During our investigations of different
SAF-box fragments, we also tested the N-terminally truncated
deletion mutant forms of DEK by EMSA. Surprisingly, we
found that these fragments were able to bind DNA (Fig. 6A,
lanes 2 to 4), but we detected no large DNA-protein com-
plexes, even when we used very large amounts of protein (data
not shown). We then performed EMSAs with shorter C-ter-
minal fragments (Fig. 6A) and found that the amino acid 310
to 375 fragment showed very weak, if any, binding, even with
the largest amount of protein (Fig. 6A, lane 10), whereas a
fragment consisting of amino acids 270 to 350 induced a com-
plete shift at low protein concentrations (Fig. 6A, lanes 11 to
13). Large immobile complexes, like those involving amino
acids 87 to 187, were never observed. We have thus identified
a second DNA binding domain within amino acids 270 to 350
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FIG. 4. EMSAs with different dephosphorylated SAF-box fragments. (A) One hundred seventy-five nanograms (0.05 pmol) of linearized SV40
DNA was incubated with 9, 28, and 46 pmol of dephosphorylated DEK fragments (lanes 2 to 4, 5 to 7, 8 to 10, 11 to 13, and 14 to 16, respectively)
or without protein (input, lane 1) for 1 h at 37°C. Nucleoprotein complexes were analyzed on 0.6% agarose gels in 0.5X TBE (pH 7.8; see Materials
and Methods) and visualized by ethidium bromide staining. The fragments used are indicated above the blots. (B) Map showing the identified DNA
binding domain of DEK. Dark grey boxes, highly acidic regions; light grey box, SAF-box, a potential DNA binding domain; black box, nuclear

localization sequence (NLS). wt, wild type.

that does not multimerize upon DNA binding like the SAF-
box-containing fragments (Fig. 4A).

It appears that the domain between amino acids 270 and 350
has several functions. As just shown, it includes a DNA binding
activity (Fig. 6), but in addition it contains a multimerization
domain (Fig. 2) and also most of the phosphorylation sites.
Above we have shown that phosphorylation affects the inter-
action between DEK proteins (Fig. 3), and therefore we ask
now whether phosphorylation also influences DNA binding.

We showed that the sequence between amino acids 187 and
310 can be phosphorylated in vitro (Fig. 7A). This was ex-
pected, as most of the in vitro phosphorylation sites mapped to
this region (15). We then investigated whether phosphoryla-
tion affects DNA binding and found that the in vitro-phosphor-
ylated C-terminal fragments had completely lost the ability to
bind DNA (Fig. 7B; compare with Fig. 6). A control was
fragment 1 to 187, which still bound DNA after CK2 phos-
phorylation (Fig. 7B, lanes 5 to 7). Another control was full-
length DEK, whose DNA binding activity was reduced after
phosphorylation (Fig. 7B, lanes 2 to 4; compare with Fig. 4).
This indicates that phosphorylation has an overall effect on
DEK's ability to bind DNA.

DISCUSSION

We used two-hybrid screening and mutational analysis to
identify interaction partners and functional domains of the
proto-oncogene protein DEK. Two-hybrid screening yielded
C-terminal fragments of DEK, suggesting that DEK is able to
multimerize. We localized the multimerization domain to
amino acids 270 to 350 and showed furthermore that multim-
erization is dependent on phosphorylation by CK2 in vitro. We
also found two DNA binding domains of DEK, one on a
fragment consisting of amino acids 87 to 187 that contains a
known DNA binding motif, the SAF-box (amino acids 149 to
187) (11). This region is sufficient to introduce supercoils into
DNA and to induce intermolecular interactions, as shown by
ligase-mediated end-to-end joining. A second DNA binding
domain is located between amino acids 270 and 350 and thus
overlaps the multimerization domain. The two DNA-interact-
ing domains differ in their binding modes and in their abilities
to be regulated by CK2 phosphorylation.

The SAF-box-containing fragment (amino acids 87 to 187)
introduces supercoils and induces intermolecular interac-
tions. The SAF-box has been described as a DNA binding
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sticky ends was incubated in the absence (—DEK, lanes 1 to 3) or presence of 1.2 pmol of each DEK fragment (lanes 4 to 13). T4 DNA ligase
was added to the reaction mixture as indicated, and the mixture was incubated for 10 min at 37°C. Samples in lanes 3, 5, 7, 9, 11, and 13 were treated
with exonuclease III to remove linear products. The reaction products were analyzed by an 8% polyacrylamide gel and SybrGold staining. The
positions of the 123-bp multimers are indicated. (B) Topology assays with different DEK fragments. Ten nanograms of circular SV40 DNA (0.003
pmol) was incubated in the absence (—, lanes 1, 5, 9, 13, and 17) or presence of increasing amounts of the indicated DEK fragments (lanes 2 to
4,6 to 8, 10 to 12, 14 to 16, and 18 to 20; 1.8, 2.4, and 3 pmol, respectively) and 1 U of topoisomerase I. The samples were deproteinized with
proteinase K, precipitated with ethanol, and analyzed by a 0.8% agarose gel and SybrGold staining. The positions of forms I (supercoiled) and II
(relaxed) are indicated. (C) DEK protein with the newly identified domains. Dark grey boxes, highly acidic regions; light grey box, SAF-box, a
potential DNA binding domain; black box, nuclear localization sequence (NLS). wt, wild type.
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FIG. 6. EMSAs with C-terminal fragments of DEK. (A) One hundred seventy-five nanograms (0.05 pmol) of linearized SV40 DNA was
incubated with 9, 28, and 46 pmol of dephosphorylated DEK fragments (lanes 2 to 4, 5 to 7, 8 to 10, 11 to 13, and 14 to 16, respectively) or without
protein (input, lane 1) for 1 h at 37°C. Nucleoprotein complexes were analyzed on 0.6% agarose gels in 0.5X TBE (pH 7.8, see Materials and
Methods) and visualized by ethidium bromide staining. The fragments used are indicated above the blots. (B) Map showing the identified DNA
binding domain of DEK. Dark grey boxes, highly acidic regions; light grey box, SAF-box, a potential DNA binding domain; black box, nuclear

localization sequence (NLS). wt, wild type.

motif that consists of two predicted amphipathic helices sepa-
rated by a region that includes an invariant glycine. SAF-box
modules are found throughout all eukaryotes (from yeast to
humans) but not in prokaryotes (18). Most of the SAF-box
proteins have additional functional modules that contribute to
their specific function in the cell. It is thought that the SAF
module may target these proteins to the sites of active tran-
scription and therefore link nuclear processes like transcrip-
tion, pre-mRNA processing, and DNA repair by binding to
SAR/MAR regions in the nucleus (3). DEK, however, has no
known additional module, which may suggest its participation
in a specific nuclear process. In fact, no specific binding to
SAR/MAR DNA has been detected.

However, DEK has some features in common with other
SAR/MAR-binding proteins. It binds preferentially to DNA
crossovers (31) like histone H1, and like SAF-A, DEK mul-
timerizes upon DNA binding (Fig. 5A) (31) and is partially
localized at the nuclear matrix (Kappes, unpublished data). In
addition, DEK has some properties in common with the known
nuclear architectural HMG proteins. Thus, DEK induces in-

tra- and intermolecular interactions (31, 32) and changes the
topology of circular DNA substrates (24, 27, 29). Taken to-
gether, these data suggest a role for DEK in nuclear architec-
ture. This is also thought to be one function of the SAF-A and
SAF-B proteins, the founding members of the SAF-box family
of proteins (18, 22).

We were able to show here that the SAF-box-containing
region (amino acids 87 to 187) of DEK is sufficient to introduce
supercoils and to induce intermolecular interactions between
two or more DNA molecules (Fig. 5). The ligase assay suggests
that the SAF-box fragment induces intermolecular interaction
of DEK-DNA complexes. This multimerization must be de-
pendent on DNA binding, because it was not detectable by far
Western analysis in the absence of DNA (Fig. 2B).

These results may suggest a mechanism by which DEK in-
troduces supercoils into closed circular DNA. DEK-DEK in-
teraction upon DNA binding would change the twist of DNA,
resulting in torsional stress of the DNA molecule. This tension
is then compensated by changing the writhing number and the
introduction of compensating supercoils. While topoisomerase



6008 KAPPES ET AL. MoL. CELL. BIOL.

A +CK2

% 55 &L E E

P Ciss g g
Wa 1| I | I I 1 1
94_

32p
64— — e
43 and
—
30_
20
94| p—
a-DEK
S - =
43~ - —
30— -
—

20— —

1 2 3 4 5 6 7 8

1-187 AB7-187 187-375 310-375

P
=)
o

=

8 910 111213 141516

C 1 100 200 300 375
[ || [ saF | Ty O | ]
[ B ] multimerization
® ® ®
L T saF | C— 1 DNA binding
87 187 270 350

FIG. 7. EMSAs with phosphorylated DEK fragments. (A) Nine, 28, and 46 pmol of the different DEK fragments were phosphorylated with CK2
in vitro as described before. The samples were separated by SDS-10 to 18% polyacrylamide gel electrophoresis and analyzed by autoradiography
(**P) and Western blotting with DEK-specific antibodies («-DEK). The positions of the molecular weight markers are indicated. (B) One hundred
seventy-five nanograms (0.05 pmol) of linearized SV40 DNA was incubated with 9, 28, and 46 pmol of phosphorylated DEK fragments (lanes 2
to4,5to 7, 8 to 10, 11 to 13, and 14 to 16, respectively) or without protein (input, lane 1) for 1 h at 37°C. The nucleoprotein complexes were
analyzed on 0.6% agarose gels in 0.5X TBE (pH 7.8, see Materials and Methods) and visualized by ethidium bromide staining. (C) DEK protein
with newly identified regions. Dark grey boxes, highly acidic regions; light grey box, SAF-box, a potential DNA binding domain; black box, nuclear
localization sequence (NLS). wt, wild type.
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I is able to relax these compensating supercoils, the change in
twist is constrained when DEK is bound (32). Such a mecha-
nism has been discussed for 13S condensin (16, 17) and for
bacterial HMf proteins (21), which both introduce positive
supercoils into circular DNA.

The region of amino acids 270 to 350 is responsible for
multimerization and DNA binding. We have searched for pro-
teins that interact with DEK. However, in several independent
yeast two-hybrid screens, we identified only one interaction
partner, namely, DEK itself. Testing different fragments of
DEK against the full-length protein showed that the putative
di- or multimerization domain is located in the C-terminal
region of DEK, between amino acids 270 and 350 (Fig. 1B).
These results were confirmed by far Western analysis (Fig. 3).
Why were other interacting proteins not detected given that
DEK-binding partners such as histone H2A/H2B, AP-2a,
SRm160, or Daxx and HDAC have been described in the
literature (2, 5, 13, 20)?

One possibility is that putative interaction partners are mis-
folded or not properly posttranslationally modified in yeast. It
is also possible that the prey libraries do not contain sequences
encoding the respective proteins. Notably, the intrinsic restric-
tion of the two-hybrid system for testing one-to-one interac-
tions could make it difficult to detect larger protein complexes
such as the complex formed by Daxx, HDAC, histones, and
DEK (13).

We showed by EMSA that there exists a second DNA bind-
ing domain in the C-terminal part of DEK (Fig. 6A). We could
map this second DNA binding domain to the region between
amino acids 270 and 350 (Fig. 6A), which is also the region of
protein-protein interaction (Fig. 1 and 2). The nucleoprotein
complexes formed by the second DNA binding domain mi-
grated into the gel, suggesting that no large DNA-protein
complexes are induced by this domain (Fig. 6A). Consistent
with this, the second DNA binding domain does not induce
intermolecular interactions upon DNA binding (Fig. SA, lanes
8 and 10) and fails to create supercoils into circular DNA (Fig.
5B, lanes 9 to 12 and 17 to 20).

Interestingly, the region of amino acids 270 to 350, including
the multimerization domain and the second DNA binding do-
main, also contains most of the mapped CK2 phosphorylation
sites (15). Indeed, fragments containing the C-terminal region
of DEK are highly phosphorylated by CK2 in vitro (Fig. 7A,
lanes 2, 5, 6, and 7). Furthermore, phosphorylation of amino
acids 270 to 350 disrupts the DNA binding of these fragments
(Fig. 7B, lanes 5 to 16) but triggers DEK-DEK interaction
(Fig. 3A). Therefore, the functional activity of this domain
appears to be changed upon phosphorylation: it binds to DNA
when dephosphorylated but dissociates and multimerizes upon
phosphorylation. Furthermore, phosphorylation of the full-
length protein seems to negatively regulate the DNA binding
activity of the SAF-box (Fig. 7B, lanes 2 to 4; compare with Fig.
4A, lanes 2 to 4). This could be due to conformational changes
in the whole protein or to a release of the phosphorylated
second DNA binding domain (amino acids 270 to 350) from
the DNA. DEK-DEK interactions could then weaken the bind-
ing of the SAF-box domain (amino acids 87 to 187).

In summary, these data could provide an explanation for the
diverse and sometimes conflicting data about DEK. Thus,
DEK may be involved in nuclear architecture via the SAF-box
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region (amino acids 87 to 187). In fact, just like SAF-A, DEK
preferentially binds to DNA crossovers (31) and induces inter-
and intramolecular interactions (31, 32).

Published data suggest that DEK may be involved in tran-
scriptional regulation of chromatin. This could be connected to
the fact that DEK is released from DNA upon phosphoryla-
tion, thereby making target sequences accessible for transcrip-
tional activators or repressors. This implies that DEK on chro-
matin is dynamic. However, further experiments are needed to
support this assumption.
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