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The mitotic polo-like kinases have been implicated in the formation and function of bipolar spindles on the
basis of their respective localizations and mutant phenotypes. To date, this putative regulation has been limited
to a kinesin-like motor protein, a centrosomal structural protein, and two microtubule-associated proteins (MAPs).
In this study, another spindle-regulating protein, the mammalian non-MAP microtubule-binding and -stabilizing
protein, the translationally controlled tumor protein (TCTP), was identified as a putative Plk-interacting clone
by a two-hybrid screen. Plk phosphorylates TCTP on two serine residues in vitro and cofractionates with the
majority of kinase activity toward TCTP in mitotic cell lysates. In addition, these sites were demonstrated to
be phosphorylated in vivo. Overexpression of a Plk phosphorylation site-deficient mutant of TCTP induced a
dramatic increase in the number of multinucleate cells, rounded cells with condensed ball-like nuclei, and cells
undergoing cell death, similar to both the reported anti-Plk antibody microinjection and the low-concentration
taxol treatment phenotypes. These results suggest that phosphorylation decreases the microtubule-stabilizing
activity of TCTP and promotes the increase in microtubule dynamics that occurs after metaphase.

Viability of daughter cells requires the proper segregation of
chromosomes during mitosis. The segregation of sister chro-
matids during anaphase is dependent on the assembly of a
functional bipolar spindle and the regulation of spindle dynam-
ics. For proper spindle function to occur, the proper balance of
microtubule-stabilizing and -destabilizing activities for each
stage of mitosis is critical. Reversible protein phosphorylation
plays an important role in the control of the assembly and
function of the mitotic spindle, generally through the regula-
tion of microtubule binding proteins and microtubule motors
(3, 18, 54, 72). Phosphorylation directly affects microtubule
binding proteins by increasing or decreasing their binding af-
finities for microtubules (15, 60), changing their stabilization
activities without affecting their binding affinities (56), altering
their non-tubulin-binding affinities such as for cross-linking
actin microfilaments (61), and affecting the degree of steric
hindrance to the binding sites of motor proteins (52). In addi-
tion to this indirect regulation of microtubule motility, kinase
activities can directly affect motor proteins by regulating their
binding to microtubules (38), their ATPase activity (63), their
localization (6), and their binding to other proteins and car-
goes (7, 63).

Among the protein kinases that regulate spindle function,
the mitotic polo-like kinases have been implicated by genetic,
biochemical, and cytological evidence to play a significant role.
The polo-like kinases are a family of serine/threonine kinases
that have a high degree of homology in their amino-terminal
catalytic domains. In addition, regions of homology are present
in the carboxy-terminal noncatalytic domains, which include
the highly conserved stretch of �30 amino acids called the polo
box (21) and two other regions of homology dubbed polo boxes
2 and 3 (31). Members of this family include the mammalian
Plk (31, 32, 36, 37, 45, 47), Snk (65), and Prk/Fnk (24, 49),

Xenopus laevis Plx1, Plx2, and Plx3 (25, 44), Drosophila mela-
nogaster polo (51), Schizosaccharomyces pombe plo1 (55), Sac-
charomyces cerevisiae Cdc5p (42), and Caenorhabditis elegans
plc1 and plc2 (57). Closely related to this family are mamma-
lian Sak-a and Sak-b, which possess homology to the catalytic
domain of the polo family members but lack the conserved
carboxy terminus and characteristic polo boxes (28). All of
these members, except for the G1-specific Snk and perhaps the
putative Xenopus Snk homolog Plx2 proteins, regulate a variety
of M-phase-specific events. These include centrosome matura-
tion (34, 46), bipolar spindle formation (46, 51, 55), microtu-
bule motor regulation (1, 17, 47), activation of Cdc2 via the
Cdc25C phosphatase (44, 58), DNA damage checkpoint adap-
tation (69), regulation of anaphase-promoting complex and
26S proteasome activity (22, 26, 39, 43, 64), and regulation of
cytokinesis (4, 17, 66).

The Drosophila polo1 mutant phenotype was the first to be
characterized and displays extensive spindle abnormalities.
polo mutants display a high mitotic index and spindle defects
that include mono- and multipolar spindles and disorganized
spindle poles. These defects are thought to contribute to the
high degree of abnormal chromosome segregation which leads
to the observed aneuploid and polyploid states (67). Lane and
Nigg established the mammalian loss-of-function phenotype by
microinjecting anti-Plk antibodies into HeLa cells. These in-
jected cells displayed mitotic arrest, monopolar spindles with
duplicated but not separated centrosomes, and abnormal nu-
clear states such as micro- and multinucleation and ball-like
condensed chromatin (46). Monopolar spindles were also ob-
served in the plo1 loss-of-function phenotype in S. pombe (55)
as well as in Xenopus embryos microinjected with anti-Plx1
antibodies (62). Work with Drosophila shows that exogenous
polo added to heat-inactivated lysates preferentially phosphor-
ylated microtubule-associated substrates, which were iden-
tified as �-tubulin, an 85-kDa microtubule-associated protein
(MAP), and a 220-kDa protein later identified as the centro-
somal abnormal spindle protein (asp). Genetic evidence of the
synergy of the polo1 aspE3 double-mutant phenotype, as well as
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recent biochemical evidence, supports a role of polo in regu-
lating centrosomal function through asp (23, 34, 68). Phos-
phorylation of DMAP-85 by polo was later shown to regulate
its in vitro microtubule-binding activity (16). In addition, work
with Xenopus egg extracts has suggested that Plx1 can phos-
phorylate the MAP Op18 and regulate its destabilizing activ-
ity (14). These substrates suggest possible pathways through
which polo family members may function in regulating micro-
tubule dynamics and controlling the formation of a bipolar
spindle.

In this study, the yeast two-hybrid system identified a Plk
substrate, the translationally controlled tumor protein (TCTP),
which was recently shown to be a tubulin-binding protein that
dynamically interacts with microtubules during the cell cycle
(30). TCTP was originally identified as a serum-inducible 23-
kDa protein band that undergoes an early and prominent in-
crease upon serum stimulation in tissue culture cells (5). The
TCTP mRNA is expressed at constant levels in both growing
and nongrowing cells, and the translation is regulated by its
polypyrimidine-rich 5� untranslated region (8). TCTP localizes
to microtubules from G1 until metaphase and then detaches
from the spindle at the metaphase-to-anaphase transition.
Both in vitro tubulin binding by TCTP and sequence homology
to the tubulin-binding domain of MAP-1B support these lo-
calization data. In addition, TCTP levels in overexpressing
cells were correlated with microtubule stabilization and re-
duced growth rate in vivo (30). Here, TCTP was shown to be
directly phosphorylated in mitosis in vivo and by Plk in vitro.
The Plk phosphorylation sites were mapped to two serine res-
idues, and overexpression of a double serine-to-alanine mutant
led to an increase of phenotypes associated with mitotic catas-
trophe such as multinucleation and rounded cells with ball-like
condensed chromatin very similar to a subset of those pheno-
types reported by Lane and Nigg in the Plk loss-of-function
study and by Mundt et al. in experiments studying the overex-
pression of wild-type and kinase-dead Plk (46, 53). The kinase-
substrate relationship between Plk and TCTP and the corre-
lation between the effects of neutralizing Plk activity and of
expressing a Plk phosphorylation site-deficient mutant protein
are consistent with the idea that TCTP is a key mitotic target
of Plk for regulating anaphase progression.

MATERIALS AND METHODS

Two-hybrid screen and cloning of TCTP cDNA. To search for proteins that
interact with the conserved carboxy terminus and polo box of Plk, the XmaI-
XmaI fragment of murine Plk (encoding amino acids 356 to 499) was cloned into
the pGBT9 vector and fused to the DNA-binding domain of GAL4. This bait was
transformed into yeast strain Y153, which carries two reporter genes, HIS3 and
lacZ. The Y153 strain carrying the bait was transformed with an oligo(dT)-
primed HeLa cDNA library, and the transformants were plated on Trp� Leu�

His� plus 3-amino-1,2,4-triazole (a histidine biosynthesis inhibitor) selection
plates and incubated at 30°C. After 7 to 10 days, the yeast colonies were sub-
jected to �-galactosidase filter assays as described elsewhere (11). Plasmids from
positive clones were sequenced on both strands by using the T7 DNA polymerase
sequencing kit (Life Sciences). The sequences indicated that five of the nine
positives in this screen were partial clones of human TCTP. To clone the full-
length murine gene, one of the longer partial clones was used to probe a
Lambda-Zap mouse neonatal brain library (Stratagene). Six of the eight positive
plaques were full-length TCTP cDNA. Primers were designed to add a 5� EcoRI
site and a 3� XhoI site for subcloning purposes and to remove the UTRs which
contain translational inhibitory signals. The oligonucleotides 5�-GGAATTCAT
GATCATCTACCGGGACCTC-3� and 5�-CCGCTCGAGTTAACATTTCTCC

ATCTCTAAGC-3� and Taq polymerase (Promega) were used to amplify the
TCTP cDNA by PCR.

Western blot analyses. Proteins resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) were transferred to polyvinylidene di-
fluoride (PVDF) blotting membranes (Immobilon-P; Millipore) at 80 V for 2 h
using either a standard methanol or ethanol plus SDS Tris-glycine transfer
buffer. Western blot analyses were performed with a PBST (phosphate-buffered
saline plus 0.1% Tween 20) plus 3% bovine serum albumin blocking buffer,
incubated with primary antibody in blocking buffer, washed three times with
PBST, incubated with horseradish peroxidase-conjugated secondary antibodies
(Amersham) in PBST plus 5% nonfat dry milk (Nestlé-Carnation), and finally
washed four times with PBST. Bands were visualized by chemiluminescence
using ECL detection reagents (Amersham-Pharmacia).

In vitro binding and phosphorylation assays. To make glutathione S-trans-
ferase (GST)-TCTP fusion protein, the TCTP cDNA was cloned into the pGEX-
KG vector. JM109 bacteria containing the resultant plasmid were diluted 1:10
from an overnight culture, grown for 1 h at 37°C, induced with 0.5 mM isopropyl-
�-D-thiogalactopyranoside (IPTG) for 4 h, and harvested. The bacteria were
lysed by freezing at �70°C followed by lysozyme treatment, and GST-TCTP was
purified and eluted by standard methods. HA-Plk and HA-Snk proteins were
made by infecting Sf9 cells with the appropriate baculovirus (47; M. Liu and R.
Erikson, unpublished data) and used either as a crude lysate or as an immuno-
precipitate with 12CA5 anti-HA monoclonal antibody. For the in vitro binding
assay, Sf9 cells infected with HA-Plk baculovirus for 2 days were lysed in a
buffer containing 100 mM NaCl, 20 mM Tris-Cl (pH 7.5), 1 mM EDTA, 1%
Triton X-100, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), 10
�g of pepstatin per ml, 10 �g of leupeptin per ml, and 5 �g of aprotinin per
ml. Supernatants from a 10-min microcentrifuge step were incubated for 1 h with
GST or GST-TCTP prebound to glutathione-agarose, and the beads were
washed four times in the lysis buffer. For the in vitro kinase assays, Plk immu-
noprecipitated with a Plk C-13 polyclonal antibody (47) from nocodazole-treated
MEL cells, HA-Plk and HA-Snk immunoprecipitated with 12CA5 monoclonal
antibody from Sf9 cells infected with the appropriate baculovirus, GST-Plk
purified with glutathione-agarose from Sf9 cells infected with the pAcGHLT-Plk
baculovirus, or 50-�g crude lysates of random and nocodazole-treated HeLa cells
were used as kinase sources to phosphorylate TCTP and casein. Plk and crude
lysate kinase reactions were carried out in TBMD cocktail as described previ-
ously (47). Snk kinase reactions were carried out in a kinase cocktail containing
25 mM Tris-Cl (pH 7.5), 10 mM MgCl2, 0.1 �g of bovine serum albumin per ml,
1 mM dithiothreitol, 50 �M ATP, and 5 �Ci of [�-32P]ATP and terminated with
Laemmli SDS sample buffer.

Phosphoamino acid, deletion, and point mutant analyses. GST-TCTP phos-
phorylated by immunoprecipitated Plk, purified GST-Plk, and crude lysates were
subjected to phosphoamino acid analysis as described previously (10). Since all of
the phosphorylation localized to serine residues, deletion mutants were created
to determine which of the eight serines in TCTP were phosphorylated by Plk.
pGEX KG-TCTP was digested with either ClaI-XhoI or KpnI-XhoI, filled in with
Klenow and T4 polymerase, respectively, and ligated to form carboxy-terminal
deletions. pGEX KG-TCTP was also digested with either EcoRI-ClaI or EcoRI-
KpnI, filled in with Klenow and T4 polymerase, respectively, and ligated to form
amino-terminal deletions. Potential serine phosphorylation sites in TCTP were
mutated to alanine by the Dut� Ung� method of mutagenesis (71).

Cell culture. HeLa, HEK293, and MEL cells were maintained in Dulbecco
modified Eagle medium supplemented with 10% fetal bovine serum (Intergen),
penicillin G (100 U/ml), and streptomycin (100 �g/ml) (Gibco-BRL Life Tech-
nologies). Sf9 cells were cultured in suspension at 27°C in IPL-41 medium
supplemented with 10% fetal bovine serum, yeastolate, lactalbumin hydrolysate
(VWR Scientific), and 0.1% pluronic acid F-68 (Gibco-BRL Life Technologies).
Baculovirus infections were performed either on plates or in suspension.

Column chromatography and immunodepletion. Shake-off cells from plates of
nocodazole-treated (400 ng/ml) (Sigma) HeLa cells were harvested and lysed by
Dounce homogenization in TEV (20 mM Tris [pH 7.4], 1 mM EGTA, 100 �M
sodium orthovanadate) plus 10 mM �-glycerol phosphate, 20 mM p-nitrophenyl
phosphate, 1 mM AEBSF, 10 �g of pepstatin per ml, 10 �g of leupeptin per ml,
and 5 �g of aprotinin per ml. After centrifugation at 100,000 � g at 4°C, the
supernatant was assayed for protein content by the Bradford method. A 10-mg
portion of protein was then loaded onto a 1-ml MonoQ column (Amersham-
Pharmacia) preequilibrated with TEV. A gradient of 0.0 to 1.0 M NaCl over 40
ml (with 5 ml of TEV supplemented with 0 and 1 M NaCl before and after the
gradient, respectively) was used to elute protein from the column, and 1-ml
fractions were collected. Aliquots of every other fraction as well as crude lysate
were subjected to SDS-PAGE, transferred to PVDF, and Western blotted as
described above using anti-Plk antibodies to determine where the Plk protein
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eluted. Kinase activity toward TCTP was measured for every other fraction and
crude lysate by using either GST-wild-type (wt)-TCTP or GST-S46A S64A (AA)-
TCTP as a substrate and utilizing kinase assay conditions described previously.
The fractions containing kinase activity toward GST-TCTP were combined,
dialyzed overnight in buffer A (50 mM sodium phosphate [pH 7.0], 1 mM
EGTA), and loaded onto a 1-ml MonoS column (Amersham-Pharmacia) pre-
equilibrated with buffer A. A gradient of 0.0 to 0.5 M NaCl over 35 ml followed
by a gradient of 0.5 to 1.0 M NaCl over 5 ml (with 5 ml of buffer A supplemented
with 0 M and 1 M NaCl before and after the gradient, respectively) was used to
elute the protein from the column. All further analysis was the same as in the
MonoQ run. Immunodepletion experiments were preformed by lysing nocodo-
zole-arrested mitotic shake-off cells by Dounce homogenization in Plk kinase
buffer with 150 mM NaCl. An equal amount of lysate was incubated with protein
G beads, which were prebound with either anti-Plk antibodies (Zymed) or
control antibodies (anti-Mek1 or anti-Myc). The lysate was then used in kinase
assays with GST-wt-TCTP or GST-AA-TCTP bound to beads as substrates. The
NaCl was diluted fourfold with kinase buffer to a final NaCl concentration of 37.5
mM. The GST-TCTP beads were washed and processed for SDS-PAGE.

In vivo labeling. HEK293 cells were transfected with pCDNA-AmpI HA-
TCTP (wt and AA mutant) by a standard calcium phosphate precipitation
method. At �70% confluence, the cells were treated with nocodazole (400
ng/ml) for 16 h in standard medium, washed with PBS, and incubated in 4 ml of
phosphate-free medium without serum or antibiotics and supplemented with
nocodazole and 3 mCi of 32Pi per 10-cm plate. The cells were labeled for 3 h and
harvested. The cell pellets were lysed in a modified RIPA buffer containing 20
mM Tris (pH 8.0), 50 mM NaCl, 1 mM MgCl2, 10% glycerol, 1% NP-40, 20 mM
p-nitrophenyl phosphate, 100 �M sodium orthovanadate, 1 mM AEBSF, 10 �g
of pepstatin per ml, 10 �g of leupeptin per ml, and 5 �g of aprotinin per ml. The
lysates were microcentrifuged for 10 min at 4°C, and the supernatants were
incubated with 4 �g of anti-HA monoclonal antibody followed by protein A-
Sepharose beads. The beads were washed and prepared with Laemmli SDS
sample buffer. Purified GST-TCTP was phosphorylated by purified GST-Plk
using 100 �Ci of [�-32P]ATP, and the reaction was stopped with sample buffer.
The samples were subjected to SDS-PAGE and transferred to PVDF. Part of
each sample was loaded separately for Western analysis to confirm protein
expression. The membrane was then subjected to autoradiography, and the
appropriate bands were excised with a scalpel. The standard tryptic mapping
protocol (10) was followed. The electrophoresis was performed in pH 1.9 buffer,
and the chromatography was performed in phosphochromatography buffer. The
thin-layer chromatography plates were then subjected to autoradiography.

Microscopy. HEK293 cells were grown on collagen (Sigma)-coated coverslips
and transfected with green fluorescent protein (GFP), GFP-wt-TCTP, GFP-AA-
TCTP, HA-wt-TCTP, and HA-AA-TCTP expression vectors by the standard
calcium phosphate protocol. The cells were fixed with 4% paraformaldehyde for
10 min and permeabilized with methanol for 2 min. They were stained with
anti-�-tubulin and anti-�-tubulin primary antibodies (Sigma) and donkey anti-

mouse fluorescein isothiocyanate-conjugated secondary antibodies (Jackson
ImmunoResearch) by a standard method. DNA was stained with propidium
iodide. Stained cells were viewed either under a Zeiss LSM-410 confocal micro-
scope equipped with a krypton-argon laser or under a Nikon Optiphat 2 micro-
scope and Diagnostic Instruments Spot camera.

Polyclonal antibody generation. Polyclonal antibodies were generated in rab-
bits by Cocalico Biologicals, Inc. (Reamstown, Pa.), using bacterially produced
and purified GST-TCTP as the antigen. Antibodies were immunopurified by first
preclearing with GST covalently linked to CNBr-activated Sepharose 4B (Am-
ersham-Pharmacia), binding to GST-TCTP Sepharose 4B beads, washing with
100 mM Tris (pH 8.0)–500 mM NaCl, and eluting with 100 mM glycine (pH 2.5).

RESULTS

TCTP clones interacted with a carboxy-terminal polo box-
containing Plk bait in the two-hybrid screen. The polo box is
a hallmark of this family of kinases; however, very little is
known about the function of this conserved noncatalytic do-
main. It is essential in Plk and Cdc5p for localization to sub-
structures such as the spindle pole body and cytokinetic neck
filaments and for mitotic progression in S. cerevisiae, while
having no detectable influence on the protein’s in vitro casein
kinase activity (48, 66). It had also been hypothesized that the
polo box may influence substrate specificity, as was later shown
with GRASP65 (50). To further elaborate on the role of the
conserved carboxy terminus and polo box of Plk and to illumi-
nate possible Plk signaling pathways, a 144-amino-acid region
of Plk containing the polo box was used as a bait for a two-
hybrid screen. This bait was used to screen an oligo(dT)-
primed HeLa library. Five of the nine positives from the screen
were partial clones of human TCTP. The clones ranged from
the carboxy-terminal 34 to 143 of the full-length 172 amino
acids, with the shorter clones binding more strongly to the Plk
polo box bait. Clone 53.1 (amino acids 107 to 172) interacted
with full-length Plk but not with full-length Snk, which also
contains a polo box domain, and did not interact with the lamin
and vector controls. The interactions with both full-length Plk
and the original 144-amino-acid noncatalytic baits were dem-

FIG. 1. Two-hybrid analysis of the TCTP-Plk interaction. A Plk carboxy-terminal bait containing the polo box interacts with HeLa partial clones
of TCTP in the two-hybrid screen. Five of the nine positives from the screen were partial clones of human TCTP. One partial human clone and
full-length murine TCTP were shown to interact with full-length Plk but not full-length Snk, and this interaction was shown to be dependent on
the polo box of Plk (f.s. is the frameshift mutation). Lamin and GBT9 (GAL4 DNA-binding domain vector) were used as negative controls.
Interactions were determined by assaying for �-galactosidase activity, with interaction or activity strength denoted by dark, medium, light, and (--),
which roughly correlated to turning blue in under 1 h, between 1 and 4 h, longer than 4 h, and not detectable after 24 h, respectively. The Plk bait
showed a slight degree of autoactivation; however, the Plk-TCTP (both partial and full-length) interactions were consistently much stronger
(detectably blue in 1.5 h versus 6 h for the control) as determined by �-galactosidase activity.
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onstrated to be polo box dependent via a polo box frameshift
mutation (50) (Fig. 1).

The full-length murine gene was cloned from a mouse neo-
natal brain lambda phage library using a [	-32P]dCTP-labeled
probe of clone 56.1 (coding for amino acids 97 to 172). Eight
positives in duplicate from 106 plaques were picked, and six
phages were determined to contain full-length coding se-
quences. PCR was used to subclone the TCTP open reading
frame and remove the translational inhibitory signals (9, 20).
The full-length murine TCTP gene was subcloned in frame

with the GAL4 DNA-binding domain to determine if full-
length Plk, Snk, and TCTP interact in the two-hybrid system in
the same fashion as the Plk polo box bait and partial TCTP
clones. Full-length TCTP interacted with Plk in a polo box-
dependent manner, but not with Snk, as determined by the
�-galactosidase assay (Fig. 1). The interaction is specific for
Plk even though both Plk and Snk contain almost identical
30-amino-acid polo boxes. Perhaps the slight variability in the
polo boxes themselves or the divergence in the polo box-flank-
ing regions could explain the specificity of binding to TCTP.

Plk interacts with and phosphorylates TCTP in vitro. To
confirm that Plk and TCTP interact in vitro as they do in the
two-hybrid system, TCTP was expressed as a GST fusion pro-
tein. GST-TCTP and GST immobilized on glutathione-agarose
beads were incubated with lysates from baculovirus-infected
Sf9 cells expressing HA-Plk. After extensive washing, GST-
TCTP, but not the GST control, was found to retain HA-Plk
from these lysates (Fig. 2).

Since Plk was shown to bind TCTP in the two-hybrid system
and in vitro, kinase reactions were carried out to determine if
TCTP is also a Plk substrate. HA-wt-Plk and HA-wt-Snk, as
well as their respective kinase-defective mutants HA-K82M-
Plk and HA-K108M-Snk, were immunoprecipitated from
baculovirus-infected Sf9 cell lysates with anti-HA antibody.
Immunocomplex kinase reactions were performed using
[�-32P]ATP and either GST-TCTP or casein as substrates. As
shown in Fig. 3, HA-wt-Plk could efficiently phosphorylate
both GST-TCTP and the exogenous substrate casein. Throm-
bin cleavage of GST-TCTP, as well as kinase reactions using
GST alone as a substrate, indicated that Plk phosphorylates
residues in TCTP and not in the GST moiety (data not shown).
HA-wt-Snk displayed kinase activity toward casein but could
not phosphorylate TCTP to any appreciable degree. In addi-
tion, kinase-defective mutants of both HA-Plk and HA-Snk
could not phosphorylate GST-TCTP, indicating that the phos-
phorylation of GST-TCTP by HA-wt-Plk was due to the cata-
lytic activity of Plk and not to a Plk-associated kinase.

Plk phosphorylates TCTP on two serine residues. To deter-
mine the TCTP sites phosphorylated by Plk, phosphoamino
acid analysis was performed to first identify which types of
residues were phosphorylated. In vitro kinase reactions were

FIG. 2. In vitro binding of HA-Plk to GST-TCTP. Lysates from
baculovirus-infected Sf9 cells expressing HA-Plk were used in a pull-
down assay with either GST or GST-TCTP prebound to glutathione
(GSH)-agarose beads. HA-Plk and GST/GST-TCTP were detected by
Western immunoblotting with anti-HA monoclonal and anti-GST poly-
clonal antibodies, respectively.

FIG. 3. Plk but not Snk phosphorylates TCTP. HA-wt-Plk, HA-wt-Snk, and their respective kinase-defective mutants from baculovirus-infected
Sf9 cells were used in anti-HA immunocomplex kinase reactions with either GST-TCTP or casein as substrates. The exogenous Plk and Snk
substrate casein was used as a control for kinase activities.
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performed with endogenous Plk immunoprecipitated from no-
codazole-treated MEL cells or GST-Plk purified from baculo-
virus-infected Sf9 cells using GST-TCTP as a substrate. The
reactions were processed for partial amino acid hydrolysis fol-
lowed by electrophoresis on thin-layer chromatography plates.
GST-TCTP was phosphorylated exclusively on serine residues

by purified and immunoprecipitated Plk. In addition, this phos-
phoamino acid composition matched that of GST-TCTP phos-
phorylated by crude nocodazole-arrested HeLa cell lysates in
vitro (Fig. 4A).

A combination of deletion mutant and point mutant analy-
ses was performed to determine which of the eight serines in

FIG. 4. Plk phosphorylates TCTP on two serine residues. (A) Both Plk and mitotic lysates phosphorylate TCTP on serine residues. Partial acid
hydrolysis followed by phosphoamino acid analysis was performed on GST-TCTP phosphorylated by GST-Plk purified from baculovirus-infected
Sf9 cells, immunoprecipitated Plk from nocodazole-treated MEL cells, and crude lysate from nocodazole-arrested HeLa cells. (B) Deletion
mapping of in vitro Plk phosphorylation sites in TCTP indicates more than one phosphorylation site. (C) Serine-to-alanine point mutant analysis
indicates that Plk phosphorylates TCTP on serines 46 and 64 in a hierarchical fashion. GST-TCTP and mutant fusion proteins were phosphorylated
by Sf9-produced GST-Plk in separate in vitro kinase reactions. (D) Serine-to-threonine mutations in TCTP support the two-Plk-phosphorylation-
site hypothesis. TCTP mutants with combinations of serines and threonines at resides 46 and 64 were phosphorylated by GST-Plk and subjected
to phosphoamino acid analysis. The lack of apparent Plk phosphorylation on the Ser64Thr residue indicates a specificity for serine at this site.
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TCTP were phosphorylated by Plk. Two amino- and two car-
boxy-terminal deletion mutants were generated using internal
and external restriction sites. Deletion mutant analysis indi-
cated that there were at least two phosphorylation sites, with at
least one serine phosphorylated in a peptide containing Ser46
and Ser53 and at least one serine phosphorylated in a peptide
containing Ser64, Ser82, and Ser98 (Fig. 4B). Site-directed
mutagenesis to convert serines to alanines was performed, and
two alanine substitutions, Ser46 and Ser64, affected the degree
to which Plk could incorporate radioactive phosphate on GST-
TCTP. The Ser64Ala mutation reduced the phosphorylation
by Plk to about half that of GST-wt-TCTP. Unexpectedly, the
Ser46Ala mutation abrogated phosphorylation by Plk, as did
the Ser46Ala Ser64Ala double mutant (AA-TCTP). This sug-
gests a hierarchical mechanism in which the phosphorylation
of Ser64 requires the prior phosphorylation of Ser46 in the
full-length TCTP protein (Fig. 4C). Phosphoamino acid anal-
ysis of serine-to-threonine mutants phosphorylated by Plk con-
firmed that both of these sites and only these two sites in TCTP
are phosphorylated by Plk in vitro (Fig. 4D).

Kinase activity toward TCTP is upregulated in mitosis, and
the majority of activity cofractionates with Plk. Since the ki-
nase activity of Plk peaks in mitosis, crude lysates were assayed
for kinase activity toward TCTP to determine if both kinase
activities coincided in a cell cycle-dependent manner. Cell ly-
sates from growing and nocodazole-arrested HeLa cells were
lysed, and 50 �g of each lysate was incubated with [�-32P]ATP
and GST-TCTP immobilized on glutathione-agarose. The
GST-TCTP beads were washed, the TCTP was cleaved from
the GST moiety with thrombin, the supernatants were resolved
by SDS-PAGE, and TCTP phosphorylation was visualized by
autoradiography. In vitro kinase activity toward TCTP was
elevated approximately 18-fold in nocodazole-arrested cell ly-
sates compared to unsynchronized cell lysates (Fig. 5A).

Since the elevation of kinase activity toward TCTP corre-
sponds to the point in the cell cycle when Plk is active, nocoda-
zole-arrested HeLa lysates were fractionated by column chro-
matography to determine if the kinase activity toward TCTP
cofractionates with the Plk protein. Nocodazole-arrested HeLa
cells were lysed, and a soluble supernatant was prepared. A
10-mg portion of protein was loaded on a MonoQ column, and
odd-numbered column fractions were assayed for kinase activ-
ity toward TCTP. Kinase reactions using GST-AA-TCTP as a
substrate were also run to show the specificity of the phosphor-
ylation to serine residues 46 and 64. To determine the Plk
elution profile, odd-numbered fractions were probed with
anti-Plk monoclonal antibodies. Kinase activity toward TCTP
eluted in fractions 19 through 37. GST-AA-TCTP was phos-
phorylated to a slight degree in fractions 23 though 29, which
indicates that there may be a kinase that can phosphorylate
alternative sites in TCTP or perhaps the GST moiety, in vitro.
The radiolabeled band below both GST-wt-TCTP and GST-
AA-TCTP in fraction 23 appears to correspond to a Coomass-
ie-stainable band that remained bound to the bead complex
after the washes. Plk protein coeluted with the kinase activity
toward TCTP in fractions 21 through 37; the kinase activity
that elutes in fraction 19 did not coelute with Plk and appears
to be another kinase which can phosphorylate GST-TCTP on
the same two serine residues as Plk can (Fig. 5B).

Fractions 19 through 29 were loaded on a MonoS column,

and analyses similar to those done in the MonoQ run were
performed on the MonoS fractions. The kinase activity toward
TCTP eluted in the flowthrough in fractions 3 through 5 and in
the salt gradient in fractions 19 through 29. A non-serine 46-
and serine 64-directed kinase activity appears relatively faintly
in fractions 23 through 27. Plk protein coeluted with the kinase
activity toward TCTP in both the flowthrough and salt gradient
fractions. The second kinase activity as observed in the MonoQ
run was not distinct from the Plk elution pattern and may be
coeluting with Plk in some of the fractions (Fig. 5C).

Thus, Plk appeared to cofractionate with the majority of the
kinase activity toward TCTP over two successive column runs.
The majority of all kinase activity toward TCTP was specific for
the two serine residues phosphorylated by Plk in vitro. There
appears to be at least one other in vitro kinase activity toward
Ser46 and Ser64 in TCTP that does not coelute with Plk in
some of the fractions. The presence of this secondary kinase
activity is supported by in vitro kinase assay data obtained
using anti-Plk immunodepleted cell lysates (Fig. 5D). Purified
cdc2-cyclin B1 and anti-cyclin B1 immunocomplexes, both with
high histone H1 kinase activities, were not able to phosphor-
ylate TCTP to any detectable level in vitro, which indicates that
cdc2-cyclin B1 is unlikely to be the other kinase activity ob-
served in vitro (data not shown).

In vivo phosphorylation sites on TCTP include those phos-
phorylated by Plk in vitro. To show that the sites on TCTP
phosphorylated by Plk in vitro are relevant sites in vivo,
HEK293 cells were transfected with cytomegalovirus (CMV)
promoter-driven HA-TCTP constructs (both wt and AA), treat-
ed with nocodazole for 16 h, and labeled with 3 mCi of 32Pi for
3 h in the presence of nocodazole. The products of an in vitro
kinase reaction with GST-Plk and GST-TCTP as well as the
anti-HA immunoprecipitates from the in vivo-labeled cell ly-
sates were processed for two-dimensional tryptic analysis.

HA-wt-TCTP was phosphorylated on two different tryptic
peptides (Fig. 6A), while the double-alanine mutant was phos-
phorylated on only one tryptic peptide (Fig. 6B). GST-TCTP
was phosphorylated by Plk on one tryptic peptide in vitro (Fig.
6C), which matches the phosphorylated tryptic peptide present
in HA-wt-TCTP but absent in HA-AA-TCTP in vivo, as con-
firmed by a mixing experiment (Fig. 6D).

The Plk phosphorylation site-deficient TCTP mutant inter-
feres with karyokinesis. Since serine 46 and serine 64 appear to
be phosphorylated in vivo during mitosis, the overexpression of
a double-alanine mutant of TCTP was tested for its effect on
mitosis and the cell cycle. HEK293 cells grown on collagen-
treated coverslips were transfected with a CMV promoter-
driven GFP (Fig. 7a), GFP-wt-TCTP (Fig. 7b), and GFP-AA-
TCTP constructs (Fig. 7c). At 40 h posttransfection, the cells
were fixed and the DNA was stained with propidium iodide.
Three independent observers, testing blindly with respect to
the construct transfected, each scored approximately 280 green
fluorescent cells per construct. The cells were scored for those
that contained one nucleus (Fig. 7a and b) or several nuclei
(Fig. 7c), mitotic cells, rounded cells with ball-like condensed
chromosomes (Fig. 7d), and cells undergoing cell death (Fig.
7e). The cells undergoing cell death showed nuclear and cyto-
plasmic shrinkage, membrane blebbing, and cell fragmenta-
tion.

Overexpression of GFP-AA-TCTP led to a 2.8-fold increase
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FIG. 5. Kinase activity toward TCTP is high in mitotic lysates, and the majority cofractionates with Plk on successive MonoQ and MonoS
columns. (A) Unsynchronized and nocodazole-arrested HeLa lysates were incubated with GST-TCTP on beads in an in vitro kinase reaction. The
washed GST-TCTP was thrombin cleaved, and subjected to SDS-PAGE and then to autoradiography. (B) Nocodazole-arrested HeLa lysates were
fractionated over a MonoQ column. The top panel is an anti-Plk blot showing the Plk elution pattern over the salt gradient. The middle and bottom
panels are kinase reactions using GST-wt-TCTP and GST-AA-TCTP, respectively, to monitor the elution pattern of kinase activities toward TCTP.
(C) MonoQ fractions 19 to 29 were loaded onto a MonoS column and subjected to a similar analysis as performed on the MonoQ fractions. The
middle and bottom panels depict kinase reactions with each column fraction and either GST-wt-TCTP or GST-AA-TCTP, respectively, as a sub-
strate. The top panel shows Plk fractionation as determined by Western blotting. The slightly faster-migrating band phosphorylated in fraction 23 from
the MonoQ and fraction 23 from the MonoS column correspond to a contaminating protein from the lysate and not phosphorylation on GST-TCTP.
(D) Immunodepletion experiments show that at least one-third of the kinase activity toward TCTP in HeLa cells is due to Plk or a Plk complex
in vitro. The top panel shows kinase reactions with an equal amount of crude lysate that were immunodepleted with a control antibody (anti-Myc or
anti-Mek1) or with anti-Plk antibodies. The bottom panel shows the Coomassie-stained bands of GST-TCTP with the wild-type fusion protein in
the left two lanes and the double-alanine mutant in the right two lanes. The right-hand panel shows the effectiveness of the Plk immunodepletions.
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in the number of multinucleate cells compared to overexpres-
sion of both GFP and GFP-wt-TCTP. The multinucleation
observed in both cells expressing the GFP and the GFP-wt-
TCTP proteins was at the basal level of binucleated cells char-
acteristic of many tissue culture cell lines, and only the GFP-
AA-TCTP-expressing cells routinely contained three or more
nuclei. In fact, the GFP-AA-TCTP-expressing cells had as
many as 13 nuclei, some of which appeared to be as small as a
single chromosome, often referred to as satellite DNA (Table
1). Fluorescence-activated cell sorter analysis indicates that
these mutant TCTP-expressing cells had a DNA content be-
tween 2N and 4N DNA, with no detectable peaks at higher
ploidy levels (data not shown). In addition, the nuclei in these
multinucleate cells generally appeared less intensely stained by
propidium iodide and more hollow in appearance than the
nuclei of the neighboring cells. The multinucleate cells were
often arranged in a partial or complete annulus around an
intensely fluorescent GFP-AA-TCTP core (Fig. 7c). Staining
with anti-	- or anti-�-tubulin antibodies indicates that this core

is enriched with interphase-like microtubules and that these
microtubules are radiating out from the center of the annulus.
On the other hand, interphase nontransfected cells have mi-
crotubules throughout the cytoplasm, with a slight enrichment
at the cell periphery (Fig. 7f). The observed intensely fluores-
cent GFP-AA-TCTP cores may be due to the enrichment of
microtubules in this region and the ability of TCTP to bind
tubulin (Fig. 7c and f). Staining with anti-�-tubulin antibodies
suggests that a pair of centrosomes is in the center of the
nuclear ring (Fig. 7g). In addition, over a 9-day observation
period, these transfected multinucleate cells continued to grow
to well over 10-fold larger than the untransfected neighboring
cells, and these multinucleate cells failed to enter mitosis or
undergo cell death (Fig. 7c and data not shown).

Besides the increase in the multinucleate phenotype, there
was a 1.7- and 2.0-fold increase in the number rounded cells
with ball-like condensed chromosomes and cells undergoing
cell death for cells expressing GFP-wt-TCTP and GFP-AA-
TCTP, respectively. The total degree of cell death and ball-like

FIG. 6. The Plk in vitro phosphorylation sites on TCTP are phosphorylated in vivo in mitosis. Tryptic mapping of in vivo-labeled overexpressed
HA-wt-TCTP (A) and HA-AA-TCTP (B) of GST-TCTP phosphorylated by GST-Plk in vitro (C) and of in vivo HA-wt-TCTP and in vitro GST-
TCTP mixed (D). The horizontal axis represents electrophoresis in pH 1.9 buffer, and the vertical axis represents chromatography in phospho-
chromatography buffer.

FIG. 7. Overexpression of AA-TCTP leads to an increase in the number of multinucleated cells, and overexpression of wt-TCTP and AA-TCTP
leads to an increase in the number of cell deaths and cells with ball-like condensed DNA. (a to c) GFP (a), GFP-wt-TCTP (b), and GFP-AA-TCTP
(c) were overexpressed in HEK293 cells. Panel c shows an example of the multinucleate phenotype. (d and e) Overexpression of either form of
TCTP leads to an increase in the number of rounded cells with ball-like condensed DNA (d) and the number of cells undergoing cell death (e).
DNA is stained with propidium iodide (red) and transfected cells fluoresce green in these images. (f) The microtubule network in these
multinucleate HA-tagged AA-TCTP-expressing cells appears interphase-like and is concentrated in the center of the ring of nuclei (upper left).
Interphase nontransfected cells possess a microtubule network throughout the cytoplasm (right). The green signal is �-tubulin staining, and the
red signal is DNA (propidium iodide staining). (g) A pair of centrosomes also localizes to the center of the nuclear annulus in AA-TCTP-
transfected cells, as determined by �-tubulin staining (green) and DNA staining (red).
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condensed chromosomes per transfectant is most probably
much greater due to the transient nature of these phenotypes
before detachment from the coverslip. In addition, there was
no discernible effect on the mitotic index observed for expres-
sion of any of the constructs (Table 1). The phenotypes ob-
served by expressing the double-alanine mutant TCTP in cells
are indicative of a mitotic catastrophe, with the phenotypes of
cell cycle arrest and abnormal nuclear and microtubule struc-
tures being most striking.

Low-level taxol treatment and expression of double-alanine
TCTP have an additive effect on karyokinesis. The phenotype
of cells expressing TCTP with alanine substitutions in the Plk
phosphorylation sites in HEK293 cells was quite similar to the
observations made by Jordan et al. for HeLa cells treated with
low (�10 nM) concentrations of the microtubule-stabilizing
drug taxol. These phenotypes include spindle abnormalities as
well as a similar multinucleate terminal state (40). To deter-
mine if the karyokinesis defects induced by taxol treatment and
the AA-TCTP mutant expression could be additive, HEK293
cells were transfected with either GFP, GFP-wt-TCTP, or
GFP-AA-TCTP and treated with 0, 1, 3, 10, 30, or 100 nM
taxol. The cells were fixed and stained for fluorescence micros-
copy 24 h after transfection and drug treatment. Green fluo-
rescent cells were scored for being either mono- or multinu-
cleate. The experiment was performed in triplicate, with
approximately 100 cells scored for each condition per trial. The
effect of the taxol treatment on cells expressing the double-
alanine TCTP mutant protein in terms of inducing multinucle-
ation was additive and at some concentrations was synergistic
relative to both the cells expressing wild-type TCTP and vector
the alone control (Fig. 8A). An anti-TCTP Western blot shows
comparable levels of exogenous wt- and AA-TCTP expression
(Fig. 8B). Therefore, it appears that the double-alanine TCTP
mutant and taxol may be working in a similar pathway to
disrupt spindle function and mitotic progression.

DISCUSSION

Plk but not Snk interacts with and phosphorylates the mi-
crotubule-stabilizing protein TCTP in vitro. Examination of
the mutant phenotypes of polo1, loss of function of plo1, and
the effect of anti-Plk antibody microinjection shows that the
most apparent cytological effect is that of aberrations in the
mitotic spindle. In this study, the Plk substrate TCTP was

identified by a two-hybrid screen using a bait containing the
highly conserved polo box domain found in the carboxy termi-
nus of Plk. While Plk does bind to TCTP in vitro, the most
notable biochemical aspect of this interaction is that Plk can
robustly phosphorylate TCTP in vitro. The mammalian polo
family member Snk did not interact with TCTP in the two-
hybrid system and did not phosphorylate TCTP in vitro. The
binding and two-hybrid interaction is specific for Plk even
though Plk and Snk have 52% overall identity and 73% identity
in the polo box domain (21). The strongest TCTP clone, which
is also the shortest, is a very hydrophobic region in the carboxy
terminus, with more than half of the 34 residues being hydro-
phobic. In addition, these hydrophobic residues are concen-
trated in two discrete and evolutionarily conserved patches of
five or six residues each. Both the nuances in the polo box
sequences and, more likely, the divergent flanking regions
around the polo boxes might dictate the binding specificity of
these kinases; interestingly, the seven residues preceding the
Plk polo box are all hydrophobic whereas the same region in
Snk is rather hydrophilic. The specificity of the results was
surprising due to the expression patterns of Plk, Snk, and
TCTP. Both Snk and TCTP are immediate-early genes, and
their respective proteins appear within an hour after serum

FIG. 8. Taxol and expression of AA-TCTP have additive effects to
the multinucleate-cell index. (A) Cells grown on coverslips were trans-
fected and taxol treated for 24 h, fixed, and scored for a multinucleate
phenotype (average of three separate transfections). (B) An anti-
TCTP Western blot showing that the phenotype is not due to differ-
ential stability or expression levels of GFP-wt-TCTP and GFP-AA-
TCTP.

TABLE 1. Phenotypes of 40-h GFP, GFP-wt-TCTP, and
GFP-AA-TCTP overexpression in HEK293 cellsa

Cell type
% of cells expressing:

GFP vector GFP-wt-TCTP GFP-AA-TCTP

Mononucleate 85.6 
 7.2 81.6 
 7.4 69.6 
 7.6
Multinucleate 5.28 
 2.79 5.31 
 0.37 14.6 
 5.8
Mitotic 1.99 
 0.72 1.03 
 0.29 1.76 
 1.23
Condensed�cell death 7.11 
 5.40 11.8 
 7.4 14.1 
 7.8

Mean no. of cells counted 274 
 30 289 
 27 277 
 33

a Asynchronously growing HEK293 cells on coverslips were transfected with
CMV-driven GFP, GFP-wt-TCTP, and GFP-AA-TCTP plasmids. After a 40-h
incubation, the cells were fixed, permeabilized, stained with propidium iodide,
and analyzed by confocal and immunofluorescence microscopy. Three indepen-
dent observers testing blindly scored the phenotypes of the green fluorescent
cells. Values are means 
 standard deviations.
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stimulation, while the M-phase-specific Plk protein does not
begin to appear until 14 h after serum stimulation or during the
late S phase of NIH 3T3 cells (8, 47, 65). The disparity between
the timing of TCTP translation at the beginning of interphase
and the timing of Plk kinase activity toward the end of the cell
cycle seemed to suggest that nonphosphorylated TCTP could
be functioning as an inhibitor to mitotic progression that is
either resynthesized or dephosphorylated at the initiation of
the next cell cycle.

To gain some insight into the Plk-TCTP interaction and
TCTP function in general, a mutant that cannot be phosphor-
ylated by Plk was generated. The Plk phosphorylation sites on
TCTP were mapped by deletion and point mutant analysis to
two serines located at residues 46 and 64. These two sites are
similar in that the serine residues are preceded by one or two
aspartate or glutamate residues and followed by several resi-
dues with uncharged side chains [E-G-(A/E)-(I/G)-(D/T)-
(D/E)-S-(L/T)-(I/V)]. This consensus site is similar to that pre-
dicted by Golsteyn et al. By comparing specific residues in the
conserved kinase domain of Plk to those in protein kinase A
which have been analyzed by X-ray crystallography, the au-
thors predicted that the second and third residues amino-
proximal to the phosphorylated serine or threonine in the Plk
substrate would not be positively charged and that the residue
following the serine or threonine would be hydrophobic (32).
This prediction matches the evidence from serine-to-alanine
and serine-to-threonine mutations than Ser46 (IDDSL) is a
stronger Plk phosphorylation site than Ser64 (GTEST). In
addition, Plk appears to prefer negatively charged regions and
substrates such as casein, 	-, �-, and �-tubulin, and TCTP
(pI � 4.5) over positively charged ones such as histone H1 (27,
30, 33, 47). Along with the sites mapped in S. cerevisiae Cdc5p
phosphorylation of Scc1p and in Xenopus Plx1 and human Plk
phosphorylation of human cyclin B1, a polo kinase phosphor-
ylation site consensus sequence can be derived as a stretch
of six uncharged or negatively charged residues preceding a
serine (or threonine). All but Ser147 of cyclin B1 are directly
preceded by one or two aspartate or glutamate residues in the
two positions amino-proximal to the phosphorylated residue,
and the phosphorylated residue is followed by an uncharged
residue (2, 70).

The vast majority of phosphorylation by crude lysates on
TCTP in vitro matches these two Plk phosphorylation sites. In
addition, column chromatography demonstrated that a large
proportion of the kinase activity toward TCTP cofractionates
with Plk over two columns. The contribution by Plk in crude
lysates toward phosphorylating TCTP in vitro was further dem-
onstrated by anti-Plk immunodepletion experiments. The
other mitotically active polo family members and related mem-
bers, Fnk/Prk (19, 59) and Sak-a (29), might be responsible for
this mitotic non-Plk kinase activity toward TCTP. Support for
the possibility of overlapping regulation of mitotic substrates
by polo family members is drawn from the fact that both Plx1
(44) and Prk (58) have been reported to be able to phosphor-
ylate Cdc25C and upregulate its phosphatase activity in vitro.

TCTP is phosphorylated in vivo on the in vitro Plk phos-
phorylation sites and may transiently colocalize with Plk dur-
ing the metaphase-to-anaphase transition. Two-dimensional
mapping shows that two different tryptic peptides are phos-
phorylated in vivo, and one of the peptides appears to contain

the two sites phosphorylated by Plk in vitro. The identity of the
second peptide, as well as the kinase responsible for the phos-
phorylation and the functional significance of this phosphor-
ylation, is not known. The in vivo phosphorylation on this
second peptide could be due to the same activity which is
responsible for the in vitro phosphorylation detected in both
the MonoQ and MonoS columns runs while using the double-
alanine TCTP mutant protein as a substrate.

These two in vitro Plk phosphorylation sites are just amino-
terminal to the basic domain in TCTP, which has similarity to
the tubulin-binding domain of MAP-1B. TCTP is a tubulin-
binding protein in vitro, and it interacts with microtubules in
interphase through metaphase and detaches during the met-
aphase-to-anaphase transition (30). It is possible that when Plk
translocates at the metaphase-to-anaphase transition from the
centrosomes to the midzone by way of the spindle microtu-
bules (33) in a hypothesized MKLP-1/CHO1-dependent fash-
ion (1, 17, 47), it can phosphorylate any TCTP bound to these
microtubules. The binding affinity of TCTP for tubulin may be
phosphorylation dependent, similar to that of several MAPs
including MAP2 (13), E-MAP-77 (12), and tau (35).

The Plk phosphorylation site mutant of TCTP appears to
induce an abortive mitosis by overstabilizing microtubules
during the metaphase-to-anaphase transition. The multinucle-
ate phenotype observed in cells overexpressing the double-
alanine mutant of TCTP is quite similar to that seen in other
p53� cells treated with low concentrations of the microtubule-
stabilizing drug taxol. These taxol-treated cells arrest at the
metaphase-to-anaphase transition after sister chromatid sepa-
ration and proceed to undergo an aberrant mitotic exit without
the occurrence of anaphase chromosome-to-pole movement or
cytokinesis. The cells re-form nuclear membranes around sub-
genomic chromosome aggregations, giving rise to a multinu-
cleate state, and enter a G1-like arrested state with interphase-
like microtubule arrays and decondensed chromatin. More
than 55% of these taxol-treated cells become multinucleate
and later undergo apoptosis after 3 to 5 days (40, 41, 73).
Similarly, overexpression of wt-TCTP during interphase has
been reported to show an increase of microtubule bundling
and stabilization against depolymerization by nocodazole
treatment (30). Perhaps this microtubular stabilization activity
of TCTP during interphase is carried over into mitosis in cells
expressing the double-alanine mutant and thereby interferes
with the delicate balance of microtubule-stabilizing and -de-
stabilizing proteins needed to ensure a proper karyokinesis.
Low-level taxol treatment also yields monopolar spindles as
well as abnormal bipolar metaphase-like spindles with lagging
chromosomes near one or both poles (40). Preliminary data
from double-alanine TCTP mutant-expressing tetracycline-re-
pressible HeLa cells showed similar phenotypes of monopolar
spindles as well as bipolar spindles with chromosomes dis-
persed from the midzone to each pole only in the absence of
tetracycline (data not shown). In addition, taxol treatment and
the expression of the double-alanine TCTP mutant in HEK293
cells, which are generally assumed to be p53�, induced a
greater number of multinucleate cells after 24 h than did either
treatment alone or with the combined expression of wild-type
TCTP and treatment with taxol. The effect of multinucleation
in taxol treatment is thought to be a result of an abortive
mitosis due to a block specifically at the metaphase-to-an-
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aphase transition. This block has been proposed to be caused
by taxol increasing the stability of microtubules and decreasing
their dynamic nature, which is required to apply tension be-
tween sister chromatids (40). Similarly, TCTP has been re-
ported to increase the stability of microtubules and has been
shown to dissociate from the spindle at the metaphase-to-
anaphase transition (30).

TCTP may be a key target substrate of Plk, since this
multinucleate phenotype as well as the increase in cells under-
going cell death and rounded cells with ball-like condensed
chromatin show a remarkable similarity to a subset of the
effects of microinjecting anti-Plk antibodies into tissue culture
cells. Injection of anti-Plk antibodies into HeLa cells and over-
expression of AA-TCTP in HEK293 cells caused a fivefold and
a threefold increase, respectively, in the number of multi-
nucleate cells compared to the control conditions (46). The
similarities in the stabilization of microtubules by taxol
and by interphase TCTP, the effect of taxol and expression of
the double-alanine mutant on anaphase progression, and the
temporal correlation of Plk traversing the microtubules from
the centrosome to the midzone and of TCTP detaching from
the microtubules seem to suggest that Plk plays a regulatory
role through TCTP in controlling spindle dynamics at the met-
aphase-to-anaphase transition. Furthermore, the similarities
between removing Plk kinase activity from the cell and express-
ing a nonphosphorylatable in vitro Plk substrate indicate that
TCTP could be an important downstream signaling component
of Plk, regulating the cell cycle at both the metaphase-to-
anaphase and the mitosis-to-interphase transitions.
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