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Abstract. Polo-like kinase 1 (Plk1) is a highly conserved
serine/threonine kinase that plays critical roles in many
cell cycle events, especially in mitosis. In the present
study, we identified TTDN1 as a potential interacting
partner of Plk1 in yeast two-hybrid screens. Sequence
analysis indicates that TTDN1 contains a consensus
Plk1-binding motif at its C terminus. TTDN1 coloc-
alizes with Plk1 at the centrosome in mitosis and the
midbody during cytokinesis. TTDNT1 is phosphorylated
by Cdkl in mitosis, and this is required for its

interaction with Plk1. Site-directed mutagenesis indi-
cates that TTDNI1 is phosphorylated at multiple
residues, including Ser93 and Ser104. Mutation of
Thr120 of TTDNT1 abolishes its interaction with Plk1,
suggesting phosphorylation of Thr120 in the consensus
Plk1-binding motif is required for its interaction with
PIk1. Overexpression of TTDNI1 or its knockdown by
siRNA causes multi-polar spindles and multiple nuclei,
suggesting that TTDN1 plays a role in regulating
mitosis and cytokinesis.
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Introduction

Phosphorylation by mitotic kinases, including Cdk1
and the Polo-like kinases (Plks), is instrumental in
driving critical mitotic transitions. Plk1 is an evolutio-
narily highly conserved Ser/Thr kinase that plays
critical roles in many cell cycle events, such as
centrosome maturation, G,/M transition, Cdk1 acti-
vation, anaphase-promoting complex activation, and
cytokinesis [1-4]. Plk1 is overexpressed in a range of
human tumors, including prostate tumors, ovarian
carcinomas, heptoblastomas and elanomas, and Plk1
overexpression was shown to coincide with bad
prognosis [5-8]. Therefore, Plk1 is useful as a prog-
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nostic marker for outcome of disease. In addition,
inhibition of Plk1 activity by various approaches
causes growth arrest and apoptosis of transformed
cells, suggesting that Plk1 is a potential target for drug
development against cancers [9].

PIk1 contains an N-terminal Ser/Thr kinase domain
and a noncatalytic C-terminal region composed of two
homologous ~70-80 residue segments termed Polo
box domain (PBD). The PBD of PIk1 is responsible
for binding to its substrates phosphorylated by “pri-
ming” kinase and essential in targeting its catalytic
activity to specific subcellular structures critical for
mitosis. For example, phosphorylation of cyclin B1,
Cdc25 and Weel by PIk1 contributes to the activation
of cyclin-dependent kinase 1 (Cdkl), which in turn
promotes the entry into mitosis [10-12]. PIk1 regu-
lates centrosome maturation by phosphorylating the
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centrosomal protein Nlp, and blocks its targeting to
centrosomes [13]. In prophase, Plk1 is required for the
removal of cohesion from chromosome arms by
phosphorylating the SA2 subunit of cohesion [14,
15]. PIk1 also phosphorylates Emil, an inhibitor of the
anaphase-promoting complex or cyclosome, and me-
diates the degradation of Emil in early mitosis [16,
17]. During late mitosis, Plkl interacts with and
phosphorylates the central spindle proteins MKLP1/
2, Nir2, Cep55 and NudC, which is required for the
completion of cytokinesis [18-24].

In this report, we identified TTDN1 as a Plkl-
interacting protein. TTDN1 has been reported as the
first disease gene for non-photosensitive trichothio-
dystrophy (TTD) [25], but little is known for its
physiological functions. Our findings suggest that
TTDN1 is phosphorylated by Cdkl and associated
with Plk1 in mitosis, which plays a role in maintenance
of cell cycle integrity.

Materials and methods

Reagents. Mouse monoclonal antibodies against FLAG (Sigma)
and HA (Covance, Berkeley, CA) epitopes, rabbit polyclonal
antibody against Plk1 (Zymed), human embryonic kidney 293 and
HeLa cells (ATCC, Manassas, VA), the human 293 cDNA library
(Clontech) were purchased from the indicated manufacturers.
Constructs. Mammalian expression plasmids for FLAG-tagged
Plk1 and TTDN1 were constructed by PCR amplification of the
corresponding cDNA fragments and subsequent cloning into a
cytomegalovirus (CMV) promoter-based vector containing an N-
terminal HA or FLAG tag. The plasmid of pTTDN1-EGFP was
generated by inserting TTDN1 cDNA into multiple cloning sites of
pEGFP-N1 (BD Biosciences Clontech). The TTDN1 point mutant
plasmids were generated by site-directed mutagenesis and the
mutations were verified by DNA sequencing.

Yeast two-hybrid screening. The cDNA encoding the PBD of Plk1
was inserted in-frame into the pGBT9 plasmid (Clontech). The
human 293 cDNA library was screened and the isolation of positive
clones was performed by following the manufacturer’s protocols.
Cell synchronization. HeLa cells were synchronized by double-
thymidine block and collected at the G,/S border (0h), S phase
(4 h), G, phase (8 h), and mitosis (12 h). For mitotic synchronization of
cells, cells were treated with 0.5 ug/ml nocodazole for 16 h. Mitotic
arrested cells were collected by the “mitotic shake-off” method.
Antibody generation. Bacterially produced His-TTDN1 was used
to raise polyclonal antibodies in mouse (Experimental animal
center of Institute of Genetics and Developmental Biology, CAS,
Beijing, China).

Immunofluorescence microscopy. Cells were fixed with ice-cold
methanol for 10 min at —-20°C, rehyrated three times with PBS, and
blocked in 5% bovine serum albumin/PBS for 10 min. The cells
were stained with primary antibody in blocking buffer for 1 h at
37°C, rinsed with PBS and stained again with FITC-conjugated
Affinipure rabbit anti-mouse IgG or Texas Red-conjugated
Affinipure goat anti-rabbit IgG (1:200 dilutions) for 1 h at 37°C.
The cells were then rinsed with PBS containing DAPI and mounted
in Prolong Antifade (Molecular Probes). The cells were observed
with an OLYMPUS BX51 immunofluorescent microscope using a
%100 plan objective.

Co-immunoprecipitation and Western blot analysis. HelLa cells in
interphase or synchronized in M phase were lysed in 1 ml lysis buffer
(20 mM Tiis, pH 7.5, 150 mM NaCl, 1 % Triton, 1 mM EDTA, 10 ug/ml
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aprotinin, 10 ug/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride).
The lysate was incubated with 0.5 pl of the indicated antibody and 25 pl
of 1:1 slurry of Gamma Bind G Plus Sepharose (Amersham Biosciences)
for at least 2 h. The Sepharose beads were washed three times with 1 ml
lysis buffer containing 500 mM NaCl. The precipitates were fractionated
on SDS-PAGE and Western blot analysis was performed.

RNALI experiments. Double-strand oligonucleotide corresponding
to the target sequence was cloned into the pSuper.Retro RNAi
plasmid (Oligoengine Inc.). The following sequence was targeted
for human TTDN1 cDNA: CAGTATCTGTAGTGGATA.

Results

Identification of TTDN1 as a Plkl-interacting pro-
tein in yeast two-hybrid screens. Previous studies
indicate that Plk1 regulates multiple stages of the cell
cycle through interacting with different docking
proteins and substrates. Structural analysis suggests
that these interactions are mediated by the C-
terminal PBD of Plk1 and a consensus motif in Plk1
targets [26-32]. To identify additional Plk1-interact-
ing proteins, we used the yeast two-hybrid system to
screen a human embryonic kidney 293 cell cDNA
library with the PBD of Plkl (amino acid 306 C
terminal) as the bait. We screened a total of ~2x10°
independent clones and obtained 31 [-gal-positive
clones. Among the [-gal-positive clones, four encod-
ed an uncharacterized protein designated as C7orf11
(chromosome 7 open reading frame 11) in the
GenBank databases. A recent study indicated that
mutation of C7orf11 was associated with non-photo-
sensitive TTD and C7orfl11 was renamed as TTDN1
[25]. However, the physiological functions of TTDN1
are unknown.

Human TTDNI1 is a 179-amino acid protein (Fig. 1a).
Blast searches of the GenBank databases indicate that
TTDNT1 is highly conserved in vertebrates, but not in
lower eukaryotes (such as Caenorhabditis elegans and
yeast) (data not shown). Structural analysis indicates
that TTDNI1 contains a consensus Plk1-binding motif
between amino acids 116-121 (Fig. 1a), suggesting
that TTDNI1 is a candidate Plkl-interacting protein.
Previous studies indicate that TTDN1 mRNA is
ubiquitously expressed in examined tissues, including
heart, placenta, liver, skeletal muscle, kidney and
pancreas [33]. To determine whether TTDNI is
expressed in mammalian cells at the protein level,
we raised a mouse polyclonal antibody against re-
combinant human full-length TTDN1. Western blot
analysis with this antibody indicated that TTDN1 was
expressed as a ~19-kDa protein in all examined cell
lines, including HeLa, 293, HCT8 and U937 (Fig. 1b).
This 19-kDa protein was slightly smaller than overex-
pressed HA-tagged TTDNI1 and was not detected by
the antibody pre-absorbed with the recombinant
TTDNI, suggesting that the TTDN1 antibody we



634 Y. Zhang et al. TTDNI1 interacts with Plk1

A
1 MQRQNFRPPTPPYPGPGGGGWGSGSSFRGTPGGGGPRPPSPRDGY 45
46 GSPHHTPPYGPRSRPYGSSHSPRHGGSFPGGRFGSPSPGGYPGSY 90
91 SRSPAGSQQQFGYSPGQQQTHPQGSPRTSTPFGSGRVREKRMSNE 135
136 LENYFKPSMLEDPWAGLEPVSVVDISQQYSNTQTFTGKKGRYFC 179
*
TTDN1 PBD binding motif PRTST,,P
Consensus motif  [Pro/ d]- @ -[Thr/GIn/His/Met]-Ser-[pThr/pSer]-[Pro/X]
B C
G1 894 332 96 74 90 %
S 50 620 8.7 811 50 %
30 Hela 293 U937 HCT8 G2M 56 48 37 115 86.0 %
B & -p-TTDN1
fg'“.’-TTDN‘I —— —— -TTDN1
S c+ror i
' Gl1/S S G2 G2M M
D E
»-PPase o +
i e o

. _ -p-TTDN1
L@ _TTDN1

- s -CAPDH

—— -l - T TON1

“-- -GAPDH
0 15 30 45 60 90 min
Nocodazole release "

Figure 1. TTDN1 is phosphorylated in M phase. (a) Amino acid sequence of TTDNI1. The potential Plk1-binding motif and its alignment
with the consensus Plk1-binding motif are shown. (b) Expression of TTDN1. The indicated cell lysates were analyzed by Western blots with
anti-TTDN1 (upper panel) or anti-GAPDH (lower panel) antibodies. (¢) Western blot analysis of TTDN1 protein in different phases of the
cell cycle. HeLa cells were synchronized at G,/S by double-thymidine block. The synchronized cells were released from the block and then
collected at various time points until the appearance of rounded-up morphology for most cells (an indication of cells in M phase). The
collected cells were analyzed by flow cytometry and Western blot. (d) Effect of A-PPase on M phase TTDNI1. Mitotic HeLa cells were
prepared by nocodazole arrest along with mitotic shake-off. The cells were lysed and the lysate was immunoprecipitated with anti-TTDN1
antibody. The immunoprecipitates were treated with A-PPase or left untreated, and analyzed by Western blot with anti-TTDN1 antibody.
(e) TTDNT1 is dephosphorylated during upon exit from M phase. HeLa cells were synchronized in M phase by sequential thymidine and
nocodazole treatment. The cells were then collected at the indicated times after nocodazole washout and lysed for Western blot analysis
with anti-TTDN1 (upper panel) or anti-GAPDH (lower panel) antibody.

raised specifically recognized TTDN1 (data not
shown).

TTDN1 is phosphorylated in M phase. To determine
whether TTDN1 plays a role in cell cycle regulation,
we determined whether its expression is modulated in
the cell cycle. We synchronized HeL a cells at G, S, G,
and M phase by double-thymidine block and release
methods- and then performed Western blot analysis
with TTDN1 antibody. The results indicated that
expression levels of TTDNI1 in each phase of the cell
cycle were not significantly changed (Fig. 1c). How-
ever, TTDN1 in M phase cells has lower mobility
compared to interphase cells (Fig. 1c). The simplest
explanation for this observation is that TTDN1 is
phosphorylated in M phase. To test this hypothesis, we
immunoprecipitated TTDN1 from M phase cells. The

immunoprecipitates were treated with A-phosphatase
(A-PPase) or left untreated and analyzed by Western
blot with anti-TTDNT1 antibody. The results indicated
that A-PPase treatment caused TTDNT1 to shift to the
lower molecular weight form, suggesting that the
higher molecular weight TTDN1 in M phase is a
phosphorylated form of TTDN1 (Fig. 1d).

Regulation of M phase progression relies predom-
inantly on protein phosphorylation and proteolysis. To
determine whether TTDNI1 is degraded or dephos-
phorylated following phosphorylation in M phase, we
synchronized HeLa cells at M phase with nocodazole
and then removed nocodazole for various times. As
shown in Figure le, removal of nocodazole caused
gradual decrease of phosphorylated TTDN1 and
increase of unphosphorylated TTDN1 over a period
of 90 min. Similar results were obtained in the
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presence of cycloheximide, a protein synthesis inhib-
itor (data not shown). These data suggest that TTDN1
is dephosphorylated during cells’ exit from M phase,
excluding the possibility that phosphorylated TTDN1
is degraded while unphosphorylated TTDNT1 is syn-
thesized during cells’ exit from M phase.

TTDNI is phosphorylated by Cdkl in vitro and in
vivo. It has been shown that Plk1 docks to prephos-
phorylated targets in M phase. Since Cdk1 is a major
M phase kinase critically involved in regulation of
mitosis, we determined whether TTDN1 is phos-
phorylated by Cdk1. To determine whether TTDN1 is
phosphorylated by Cdkl in vivo, 293 cells were
transfected with TTDN1-EGFP for 24 h. The trans-
fected cells were synchronized at M phase with
nocodazole and then treated with a specific Cdk
inhibitor, roscovitine, or left untreated for 1 h and cell
lysates were analyzed by Western blot with anti-
TTDNI1 antibody. The results indicated that roscovi-
tine completely inhibited TTDN1 phosphorylation in
M phase cells (Fig. 2a), suggesting that TTDN1 is
phosphorylated by Cdk during M phase in vivo.
Overexpression of cyclin B1 (A90), a non-degradable
mutant of cyclin B1 and activator of Cdk1, increased
the phosphorylation of TTDN1 in M phase (Fig. 2b).
In vitro kinase assays indicated that recombinant
TTDN1 was phosphorylated by purified Cdk1/cyclin
B1 (Fig. 2c). Taken together, these data suggest that
TTDNT1 is phosphorylated by Cdk1 in mitosis.

Cell cycle-dependent localization of TTDNI. Since
TTDN1 is phosphorylated in the M phase, we inves-
tigated the localization of TTDNT1 at each phase of the
cell cycle. Immunofluorescent staining experiments
indicated that TTDN1 was mostly localized in the
nucleus in interphase (Fig.3a). During M phase,
TTDNI1 was enriched at the centrosome and dispersed
in the cytoplasm (Fig. 3a). At telophase, TTDN1 was
concentrated at the midbody (Fig. 3a). These results
indicate that the location of TTDNI is regulated
during the cell cycle.

TTDNI interacts with PIk1 in M phase in a phosphor-
ylation-dependent manner. In our yeast two-hybrid
screens, we identified TTDNT1 as a protein interacting
with the PBD of Plk1. To determine whether TTDN1
colocalizes with Plk1, we performed immunofluores-
cent staining experiments. The results indicated that
TTDN1 colocalized with Plk1 at the centrosome in
metaphase and at the midbody in telophase (Fig. 3b).
These results suggest that TTDN1 is colocalized with
PIk1 in M phase.

Our results indicated that TTDN1 was phosphory-
lated by Cdk1 in M phase (Fig. 2). These data suggest
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Figure 2. TTDNI1 is phosphorylated by Cdkl1 in vitro and in vivo.
(a) TTDNI1 is phosphorylated by Cdk in vivo. 293 cells transfected
with TTDN1-EGFP were treated with nocodazole for 16 h, and
then with or without the Cdk-specific inhibitor roscovitine (50 uM)
for 1 h. Cell lysates were analyzed by Western blot with anti-
TTDNI1 antibody. (b) Cyclin B1 (A90) increases TTDN1 phos-
phorylation in M phase. 293 cells were co-transfected with cyclin
B1 (A90) or control vector, together with TTDN1-EGFP. The
transfected cells were synchronized in G,/S or M phase or left
unsynchronized. The cell lysates were analyzed by Western blots
with anti-TTDN1 (upper panel) or anti-GAPDH (lower panel)
antibody. (¢) TTDNT1 is phosphorylated by Cdkl in vitro. Re-
combinant TTDN1 or VISA was incubated with recombinant
Cdkl/cyclin B and in vitro kinase assay was performed with
[’P]ATP. The proteins were fractionated by SDS-PAGE and
autoradiography was performed.

that phosphorylated TTDN1 may interact with Plk1 in
vivo. To determine whether this is the case, we
performed co-immunoprecipitation experiments
with interphase and nocodazole-synchronized M
phase HelLa cells. The results indicated that TTDN1
interacted with Plk1 in M phase but not interphase
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Figure 3. TTDN1 colocalizes with Plk1 and interacts with phos-
phorylated Plk1 in mitosis. (¢) Cell cycle-dependent localization of
TTDNI1. HeLa cells were immunostained with anti-TTDNI1
(green), anti-Centrin B (red) antibody and DAPI (blue). (b)
Colocalization between TTDNI1 and PIk1 in the centrosomes and
the midbody. HeLa cells were immunostained with anti-TTDN1
(green), anti-Plk1 (red) antibody and DAPI (blue). (c) TTDN1
interacts with phosphorylated Plk1 in M phase. Lysates from HeLa
cells of M phase were immunoprecipitated with anti-TTDN1
antibody. The immunoprecipitates were treated with A-PPase or
left untreated and then washed with lysis buffer. The immunopre-
cipitates were analyzed by Western blot with anti-Plk1 antibody.

(Fig. 3¢c). Furthermore, treatment of the immunopre-
cipitate with A-PPase disrupted the interaction
(Fig. 3c), suggesting that the interaction between
TTDNI1 and PIk1 is phosphorylation dependent.

Mapping of phosphorylation and Plk1-binding sites of
TTDNLI. To get insight into the molecular mechanism
of interaction between TTDNT1 and Plk1, we attempt-
ed to determine the phosphorylation sites of TTDNI1.
We constructed mammalian expression plasmid for

TTDNI interacts with Plk1

TTDN1-GFP fusion protein. When overexpressed in
293 cells, TTDN1-GFP could be phosphorylated in M
phase (Fig.4a). Based on sequence analysis, we
identified ten candidate phosphorylation sites (Ser/
Thr followed by Pro) in TTDNI1. To determine
whether these candidate sites were actually phos-
phorylated, we constructed a series of TTDN1 mu-
tants in which each of the ten sites (Ser40, Ser47, T51,
Ser66, Ser80, Ser82, Ser93, Ser104, Ser115 and T120)
was individually replaced with alanine. 293 cells were
transfected with each of these proteins and treated
with nocodazole for synchronizing the cells in M
phase. Western blot analysis indicated that mutations
of two sites, including Ser93 and Ser104, significantly
affect the phosphorylation of TTDN1 in M phase
(Fig. 4a). However, when Ser93 and Ser104 were
double mutated, we could still detect a lower molec-
ular weight band representing phosphorylated
TTDNI1, suggesting that additional site(s) are also
phosphorylated. Recent studies of high-throughput
protein phosphorylation analysis suggest that Thr120
is also phosphorylated in M phase [34]. In our
experiments, T120 mutation had minimal effect on
the migration of native and phosphorylated TTDN1
(Fig. 4a). It is possible that the phosphorylation of
T120 has minimal effect on its migration and this was
not detected in our Western blot analysis.

Thr120 is localized in the consensus Plkl-binding
motif. Based on previous studies, phosphorylation of
this site in TTDN1 should be a prerequisite for its
interaction with Plkl. To test this, we determined
whether Thr120 mutation could interact with Plk1 in
co-immunoprecipitation experiments. 293 cells trans-
fected with TTDN1-GFP or its T120A mutant were
synchronized in M phase with nocodazole. Cell lysates
were immunoprecipitated with anti-TTDN1 antibody
and the immunoprecipitates were analyzed by West-
ern blot with anti-Plk1 antibody. The results indicated
that mutation of Thr120 to alanine in TTDNI1
abolished its interaction with Plk1 in M phase, while
mutation of Serl04 had no effect (Fig.4b). These
results suggest that TTDN1 interacts with Plk1 in
phase through its consensus Plk1-binding motif.

TTDNI1 plays a role in maintenance of cell cycle
integrity. Since TTDN1 interacts with Plk1 in M phase,
we analyzed the role of TTDNT1 in cell cycle regu-
lation. We transfected TTDN1-EGFP into HeLa cells
and examined the phenotypic consequences. We
found that overexpression of TTDN1 caused frag-
mentation of the nucleus in 8% of transfected cell
3 days after transfection, comparing to less than 2 % in
EGFP-transfected cells (Fig.5a), suggesting that
TTDNI1 plays a role in cell cycle regulation.

We further determined the role of TTDNT1 in cell cycle
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cells. We constructed three TTDN1 RNAI plasmids
and found that one of them could significantly inhibit
the expression of TTDNT1 in Hel.a cells as suggested
by Western blot analysis (Fig. 5b). We transfected the
TTDN1 RNAI plasmid into HeLa cells and selected
with puromycin. One week after selection, we per-
formed immunofluorescent staining experiments. The
results indicated that approximately 20% of the
TTDN1-RNAI transfected cells showed phenotypes
of multiple nuclei, collapse or multiple-polar mitotic
spindles (Fig. 5c). To further determine whether
TTDNI1 plays a role in M phase progression, we
synchronized the TTDN1-RNAi cells by thymidine
blocks. Following the release of thymidine, the
TTDN1-RNAI cells could progress into M phase.
However, the DNA content of a significant fraction of
the cells is larger than 4N; indicating that these cells
had normal DNA replication but failed to divide
(Fig. 5d). The stable cell line C7 has the same
phenotype with C4 (data not shown). These data
suggest that TTDN1 plays a role in maintenance of
cell cycle integrity by regulating mitosis or cytokinesis.

Human PIkl1 plays several different roles during
mitotic progression and these functions require pre-
cise targeting of Plk1 to particular subcellular struc-
tures such as centrosomes and kinetochores. The
recent demonstration that the C-terminal PBD of
PIk1 serves as a phosphopeptide-binding domain has
led to an attractive model according to which the
temporal and spatial control of Plk1 action involves
PBD-mediated targeting of the kinase to pre-phos-
phorylated docking proteins [27, 35, 36].

In the present study, we identified TTDN1 as a
substrate of Cdk1 and an interacting partner of Plk1 in
M phase. Previous reports indicated that TTDN1 was
mutated in patients with Amish brittle hair syndrome
(ABSH) and in other non-photosensitive TTD cases
with mental retardation and decreased fertility [25,
37]. However, the physiological functions of TTDN1
were unknown. Our data indicate that overexpression
or depletion of TTDNI1 causes significant deregula-
tion of the cell cycle, such as disrupted mitotic spindles
and formation of multiple nuclei with DNA content
larger than 4N, suggesting that TTDNT1 plays a role in
maintenance of cell cycle integrity.

GenBank database searches identified predicted
proteins with sequence similarity to human TTDN1
in other mammalian species, but not in lower eukary-
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Figure 5. TTDNI1 plays a role in maintenance of cell cycle integrity. (@) Overexpression of TTDN1 causes fragmentation of the nucleus.
HeLa cells were transfected with pTTDN1-EGFP or pEGFP. The cells were stained with anti-TTDN1 (green), anti-Lamin B (red) and
DAPI (blue) 3 days after transfection. (b) Down-regulation of TTDN1 by RNAi. HeLa cells were transfected with control TTDN1 RNAi
plasmid. The cells were selected with puromycin for 7 days and analyzed for TTDN1 expression by Western blot and immunostaining. (c)
Immunostaining of control or TTDN1 RNAi-transfected stable cell lives. The cells were stained with DAPI or anti-a-tubulin antibody. The
red arrows point to a multiple-nuclei interphase cell or a multi-polar mitotic cell. (d) Flow cytometry analysis of TTDN1 RNAi-transfected
cells. Black arrows point to cell populations with DNA content larger than 4N.

otic species such as C. elegans and yeast. It is possible
that TTDNT1 is not required for cell cycle progression
but is involved in maintenance of cell cycle integrity in
mammalian cells. In this context, overexpression or
depletion of TTDNI1 did not affect the cell cycle in
most mammalian cells, but caused disruption of
mitotic spindles and formation of multiple nuclei in
a small fraction of cells.

Our studies clearly indicate that TTDNI1 is phos-
phorylated by Cdkl in M phase. Based on our and
others’ studies, TTDN1 was phosphorylated at several
residues, including Ser93, Ser104, Thr120, and other
unidentified sites. Thr120 is located in the consensus

Plk1-binding motif and mutation of this residue
abolished TTDN1’s interaction with Plk1, suggesting
that this motif is important for TTDNT1’s interaction
with PIk1.

The different mitotic location of endogenous TTDN1
is very interesting. The movement of TTDN1 from the
nucleus to the centrosome coincides with its phos-
phorylation. Based on our data, we propose a model
whereby the Cdkl acts as a regulatory molecule to
phosphorylate TTDN1 upon mitotic entry. The phos-
phorylated TTDNT1 is then able to interact with Plk1
located at the centrosome in the M phase and at the
midbody in the telophase. Through the interaction
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between TTDN1 and Plk1, TTDN1 plays an accessory
role in regulating the functions of Plkl and proper
completion of the cell cycle progression.

Acknowledgements. We are grateful to members of the Shu lab for
discussion and technical support. This work was supported by
National Natural Science Foundation of China (nos. 30421004 and
30630019), Chinese 973 program (no.2006CB504301), and the
Instrumental Analysis Fund of Peking University.

10

11

12

13

14

15

16

Barr, F. A., Sillje, H. H. and Nigg, E. A. (2004) Polo-like kinases
and the orchestration of cell division. Nat. Rev. Mol. Cell.
Biol. 5, 429 — 440.

van Vugt, M. A. and Medema, R. H. (2005) Getting in and out
of mitosis with Polo-like kinase-1. Oncogene 24, 2844 — 2859.
Lowery, D. M., Lim, D. and Yaffe, M. B. (2005) Structure and
function of Polo-like kinases. Oncogene 24, 248 — 259.

Liu, J. and Maller, J. L. (2005) Xenopus Polo-like kinase Plx1: a
multifunctional mitotic kinase. Oncogene 24, 238 — 247.
Kneisel, L., Strebhardt, K., Bernd, A., Wolter, M., Binder, A.
and Kaufmann, R. (2002) Expression of polo-like kinase
(PLK1) in thin melanomas: a novel marker of metastatic
disease. J. Cutan. Pathol. 29, 354 — 358.

Weichert, W., Denkert, C., Schmidt, M., Gekeler, V., Wolf, G.,
Kobel, M., Dietel, M. and Hauptmann, S. (2004) Polo-like
kinase isoform expression is a prognostic factor in ovarian
carcinoma. Br. J. Cancer 90, 815 — 821.

Weichert, W., Schmidt, M., Gekeler, V., Denkert, C., Stephan,
C.,Jung, K., Loening, S., Dietel, M. and Kristiansen, G. (2004)
Polo-like kinase 1 is overexpressed in prostate cancer and
linked to higher tumor grades. Prostate 60, 240 — 245.
Yamada, S., Ohira, M., Horie, H., Ando, K., Takayasu, H.,
Suzuki, Y., Sugano, S., Hirata, T., Goto, T., Matsunaga, T.,
Hiyama, E., Hayashi, Y., Ando, H., Suita, S., Kaneko, M.,
Sasaki, F., Hashizume, K., Ohnuma, N. and Nakagawara, A.
(2004) Expression profiling and differential screening between
hepatoblastomas and the corresponding normal livers: identi-
fication of high expression of the PLK1 oncogene as a poor-
prognostic indicator of hepatoblastomas. Oncogene 23, 5901 —
5911.

Strebhardt, K. and Ullrich, A. (2006) Targeting polo-like
kinase 1 for cancer therapy. Nat. Rev. Cancer 6, 321 — 330.
Toyoshima-Morimoto, F., Taniguchi, E., Shinya, N., Iwamatsu,
A. and Nishida, E. (2001) Polo-like kinase 1 phosphorylates
cyclin B1 and targets it to the nucleus during prophase. Nature
410, 215 - 220.

Watanabe, N., Arai, H., Iwasaki, J., Shiina, M., Ogata, K.,
Hunter, T. and Osada, H. (2005) Cyclin-dependent kinase
(CDK) phosphorylation destabilizes somatic Weel via mul-
tiple pathways. Proc. Natl. Acad. Sci. USA 102,
11663-11668.

Kumagai, A. and Dunphy, W. G. (1996) Purification and
molecular cloning of Plx1, a Cdc25-regulatory kinase from
Xenopus egg extracts. Science 273, 1377 — 1380.

Casenghi, M., Meraldi, P., Weinhart, U., Duncan, P. 1., Korner,
R. and Nigg, E. A. (2003) Polo-like kinase 1 regulates Nlp, a
centrosome protein involved in microtubule nucleation. Dev.
Cell 5,113 - 125.

Hauf, S., Roitinger, E., Koch, B., Dittrich, C. M., Mechtler, K.
and Peters, J. M. (2005) Dissociation of cohesin from chromo-
some arms and loss of arm cohesion during early mitosis
depends on phosphorylation of SA2. PLoS Biol. 3, e69.
Sumara, I., Gimenez-Abian, J. F., Gerlich, D., Hirota, T., Kraft,
C.,delaTorre, C., Ellenberg, J. and Peters, J. M. (2004) Roles of
polo-like kinase 1 in the assembly of functional mitotic
spindles. Curr. Biol. 14, 1712 - 1722.

Hansen, D. V., Loktev, A. V., Ban, K. H. and Jackson, P. K.
(2004) PIk1 regulates activation of the anaphase promoting
complex by phosphorylating and triggering SCFbetaTrCP-

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Research Article 639

dependent destruction of the APC inhibitor Emil. Mol. Biol.
Cell 15, 5623 — 5634.

Moshe, Y., Boulaire, J., Pagano, M. and Hershko, A. (2004)
Role of Polo-like kinase in the degradation of early mitotic
inhibitor 1, a regulator of the anaphase promoting complex/
cyclosome. Proc. Natl. Acad. Sci. USA 101, 7937 — 7942.
Litvak, V., Argov, R., Dahan, N., Ramachandran, S., Amarilio,
R., Shainskaya, A. and Leyv, S. (2004) Mitotic phosphorylation
of the peripheral Golgi protein Nir2 by Cdkl provides a
docking mechanism for Plkl and affects cytokinesis comple-
tion. Mol. Cell 14, 319 - 330.

Liu, X., Zhou, T., Kuriyama, R. and Erikson, R. L. (2004)
Molecular interactions of Polo-like-kinase 1 with the mitotic
kinesin-like protein CHO1/MKLP-1. J. Cell Sci. 117, 3233 -
3246.

Neef, R., Preisinger, C., Sutcliffe, J., Kopajtich, R., Nigg, E. A.,
Mayer, T. U. and Barr, F. A. (2003) Phosphorylation of mitotic
kinesin-like protein 2 by polo-like kinase 1 is required for
cytokinesis. J. Cell Biol. 162, 863 — 875.

Zhou, T., Aumais, J. P., Liu, X., Yu-Lee, L. Y. and Erikson, R. L.
(2003) A role for Plk1 phosphorylation of NudC in cytokinesis.
Dev. Cell 5, 127 - 138.

Fabbro, M., Zhou, B. B., Takahashi, M., Sarcevic, B., Lal, P.,
Graham, M. E., Gabrielli, B. G., Robinson, P. J., Nigg, E. A.,
Ono, Y., and Khanna, K. K. (2005) Cdk1/Erk2- and Plk1-
dependent phosphorylation of a centrosome protein, Cep55, is
required for its recruitment to midbody and cytokinesis. Dev.
Cell 9, 477 — 488.

Zhao, W. M., Seki, A. and Fang, G. (2006) Cep55, a micro-
tubule-bundling protein, associates with centralspindlin to
control the midbody integrity and cell abscission during
cytokinesis. Mol. Biol. Cell 17, 3881 — 3896.

Martinez-Garay, I., Rustom, A., Gerdes, H. H. and Kutsche, K.
(2006) The novel centrosomal associated protein CEPS55 is
present in the spindle midzone and the midbody. Genomics 87,
243 - 253.

Nakabayashi, K., Amann, D., Ren, Y., Saarialho-Kere, U.,
Avidan, N., Gentles, S., MacDonald, J. R., Puffenberger, E. G.,
Christiano, A. M., Martinez-Mir, A., Salas-Alanis, J. C., Rizzo,
R., Vamos, E., Raams, A., Les, C., Seboun, E., Jaspers, N. G.,
Beckmann, J. S., Jackson, C. E. and Scherer, S. W. (2005)
Identification of C7orf11 (TTDN1) gene mutations and genetic
heterogeneity in nonphotosensitive trichothiodystrophy. Am.
J. Hum. Genet. 76, 510 - 516.

Hanisch, A., Wehner, A., Nigg, E. A. and Sillje, H. H. (2006)
Different Plk1 functions show distinct dependencies on Polo-
Box domain-mediated targeting. Mol. Biol. Cell 17, 448 — 459.
Liu,J., Lewellyn, A. L., Chen, L. G. and Maller, J. L. (2004) The
polo box is required for multiple functions of PIx1 in mitosis. J.
Biol Chem. 279, 21367 - 21373.

Reynolds, N. and Ohkura, H. (2003) Polo boxes form a single
functional domain that mediates interactions with multiple
proteins in fission yeast polo kinase. J. Cell Sci. 116, 1377 —
1387.

Elia, A. E., Rellos, P., Haire, L. F., Chao, J. W., Ivins, F. J.,
Hoepker, K., Mohammad, D., Cantley, L. C., Smerdon, S. J.
and Yaffe, M. B. (2003) The molecular basis for phosphode-
pendent substrate targeting and regulation of Plks by the Polo-
box domain. Cell 115, 83 - 95.

Cheng, K. Y., Lowe, E. D., Sinclair, J., Nigg, E. A. and Johnson,
L. N. (2003) The crystal structure of the human polo-like
kinase-1 polo box domain and its phospho-peptide complex.
EMBO J. 22, 5757 — 5768.

Song, S., Grenfell, T. Z., Garfield, S., Erikson, R. L. and Lee, K.
S. (2000) Essential function of the polo box of Cdc5 in
subcellular localization and induction of cytokinetic structures.
Mol. Cell. Biol. 20, 286 — 298.

Lee,K.S., Grenfell, T. Z., Yarm, F. R. and Erikson, R. L. (1998)
Mutation of the polo-box disrupts localization and mitotic
functions of the mammalian polo kinase Plk. Proc. Natl. Acad.
Sci. USA 95, 9301 — 9306.

Nakabayashi, K., Fernandez, B. A., Teshima, 1., Shuman, C.,



640

34

35

Y. Zhang et al.

Proud, V. K., Curry, C. J., Chitayat, D., Grebe, T., Ming, J.,
Oshimura, M., Meguro, M., Mitsuya, K., Deb-Rinker, P,
Herbrick, J. A., Weksberg, R., and Scherer, S. W. (2002)
Molecular genetic studies of human chromosome 7 in Russell-
Silver syndrome. Genomics 79, 186 — 196.

Beausoleil, S. A., Villen, J., Gerber, S. A., Rush, J. and Gygi, S.
P. (2006) A probability-based approach for high-throughput
protein phosphorylation analysis and site localization. Nat.
Biotechnol. 24, 1285 - 1292.

Kang, Y. H., Park, J. E., Yu, L. R., Soung, N. K., Yun, S. M.,
Bang, J. K., Seong, Y. S., Yu, H., Garfield, S., Veenstra, T. D.,
and Lee, K. S. (2006) Self-Regulated Plk1 Recruitment to

36

37

TTDNI interacts with Plk1

Kinetochores by the Plk1-PBIP1 Interaction Is Critical for
Proper Chromosome Segregation. Mol. Cell 24, 409 — 422.

Qi, W., Tang, Z. and Yu, H. (2006) Phosphorylation- and polo-
box-dependent binding of Plkl to Bubl is required for the
kinetochore localization of Plkl. Mol. Biol. Cell 17, 3705 -
3716.

Botta, E., Offman, J., Nardo, T., Ricotti, R., Zambruno, G.,
Sansone, D., Balestri, P., Raams, A., Kleijer, W. J., Jaspers, N.
G., Sarasin, A., Lehmann, A. R., and Stefanini, M. (2007)
Mutations in the C7orfl1 (TTDNT1) gene in six nonphotosen-
sitive trichothiodystrophy patients: no obvious genotype-
phenotype relationships. Hum. Mutat. 28, 92 — 96.



