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ABSTRACT: The mitotic protein kinase Plkl catalyzes events associated with centrosome maturation,
kinetocore function, spindle formation, and cytokinesis and is a target for anticancer drug design. It is
composed of a N-terminal kinase domain and a C-terminal polo-box domain (PBD). The PBD domain
serves to localize the kinase on cognate phosphorylated substrates, and this binding relieves the inhibition
of the kinase by the PBD. Similar to many protein kinases, Plk1 is activated by phosphorylation on a
threonine residue, Thr210, in the activation segment. In this work, we describe expression in Escherichia
coli cells and purification of full-length Plk1 in quantities suitable for structural studies and use this material
for quantitative characterization of the activation events with the substrate translationally controlled tumour
protein (TCTP). The presence of the PBD-binding phosphopeptide enhances phosphorylation by the
activating Ste20-like kinase (SIk). Native Plk1 exhibits a basal catalytic efficiency ke./Ky of 9.9 x 1073
s~ uM~1. Association with a polo-box-binding phosphopeptide increased the catalytic efficiency by 11 x
largely through an increase in ke, With no change in Ky. Phosphorylation by Slk increases catalytic
efficiency by 202 x with a 2.3-fold reduction in Ky and 88-fold increase in k. Phosphorylation and the
presence of the PBD-binding phosphopeptide result in an increase in catalytic efficiency of 1515x with
a 2.3-fold decrease in Ky and a 705-fold increase in k¢, over the unmodified Plk1. Knowledge of kinase
regulatory mechanisms and the structures of the Plk1 individual domains has allowed for a model to be

proposed for these activatory events.

PIk1 is a major regulator of mitotic progression; it plays
a role in centrosome maturation, kinetochore function,
spindle formation, chromosome segregation, and cytokinesis
(I-4). RNAi experiments have suggested that Plkl is
essential for proper spindle assembly but may not be essential
for mitotic entry and anaphase promoting complex activation
(5). PIk1 is a candidate for therapeutic intervention in the
treatment of cancer (6, 7). The enzyme is highly expressed
in proliferating cells and overexpressed in many cancers.
Downregulation of Plk1 expression causes reduced prolifera-
tion in tumor cell lines but does not affect untransformed
cells. A number of promising inhibitors have been reported
(8-13), and the structure of the Plk1 kinase domain with a
pyrrolo-pyrazole inhibitor has been solved (/4).

Plk1 (MW 68 254, 603 amino acids) and its isoforms Plk2
and PIk3 consist of a kinase domain followed by a C-terminal
polo-box domain (PBD).! The PBD is critical to Plkl
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localization and function and negatively regulates the kinase
activity of the catalytic domain (75, 16). In a seminal study,
Elia et al. (/7) established that the PBD binds preferentially
to a sequence motif Ser-(pSer/pThr)-Pro. This motif, whose
phospho form could be generated by the action of other
kinases, such as CDKI1, is present in several Plk1 substrates,
leading to the notion that, during cell-cycle progression, Plk1
uses its PBD to locate either to its appropriate substrate as
a priming site for further phosphorylation or to dock Plkl
to an appropriate scaffold, such as the centrosomes or
kinetochores, for phosphorylation of targets within these
assemblies. It also appears that phosphopeptide binding to
the PBD stimulates PIk1 activity (/8), suggesting a confor-
mational switch in Plkl regulation and a dual function for
the PBD. For other substrates, such as the microtubule-
associated protein involved in cytokinesis PCR1 and the
mitotic kinesin MKIp2, which are important for localization
of Plk1 to the central spindle in anaphase, Plkl is its own
priming kinase, allowing further mechanisms for regulation
(19). The structure determination of the PBD, both free and
complexed to an optimal peptide sequence MQS(pT)PL
(using the single-letter amino acid code), explained the origin
of the specificity for the phosphopeptide and showed that
there are no significant conformational changes in the PBD
itself upon binding the phosphopeptide (18, 20). More recent
structural studies with a Cdc25C PBD binding peptide and
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in studies on the localization of PIk1 to the centrosome have
shown that the requirement for a phospho threonine or serine
may be dispensed (27).

PIk1, similar to many other protein kinases, contains a
threonine residue (Thr210) in the activation segment. In
CDK2/cyclin A, phosphorylation of the equivalent residue
(Thr160) is essential for full activity. Phosphorylation of
Thr160 leads to a change in conformation of the activation
segment that results in the correct conformation for substrate
recognition (22, 23). Phosphopeptide mapping showed that
phosphorylation of Plk1 by Xenopus polo-like kinase kinase
(xPlkk1) gave Thr210 as the major phosphorylation site (24).
Thr210 is also an in vivo phosphorylation site, and the
phosphomimetic mutation Thr210Asp is activatory, while
Thr210Val is inhibitory (24). Slk, the human homologue of
xPlkk1, has been shown to phosphorylate and activate Plk1
in vitro and stimulates Plk1 activity in vivo (25, 26), but it
has not been definitively established that this kinase is the
in vivo upstream activator of PlkI.

PIk1 has been shown to phosphorylate a number of targets
that include BRAC2, Cdc25C, claspin, cyclin B, Chk2, Emil,
Grasp65, MKLpl1/2, Mytl, Nlp, NudC, RhoA, ROCK2,
TCTP, and Weel (2, 15, 27). The translationally controlled
tumour protein (TCTP) is a microtubule-associated protein
implicated in cell growth, cell-cycle progression, and ma-
lignant transformation (28). Plk1 phosphorylation of TCTP
leads to a decrease in the microtubule-stabilizing activity of
TCTP and promotes an increase in microtubule dynamics
that occurs after metaphase (29). Mutation of TCTP phos-
phorylation sites gives an increase in multinucleate cells and
cell death. A central role of TCTP in cell proliferation and
survival in a tissue-specific manner in mammals has been
demonstrated in a knockout mouse model (30). The protein
also plays a role in antiapoptosis through interaction with
Bcl-xL and Mcl-1 (31, 32). The structure determination of
Schizosaccharomyces pombe TCTP by nuclear magnetic
resonance (NMR) revealed an unexpected relationship with
guanine nucleotide free chaperones, a family of proteins that
bind the GDP/GTP free form of the Ras superfamily (33).
More recently, a link between TCTP and guanine exchange
factors (GEFs) and Plk1 and GEFs has been indicated (34, 35).

In this study, we have used TCTP as a model substrate
for phosphorylation studies by Plk1 to explore Plkl regula-
tion by binding of a PBD phosphopeptide and phosphory-
lation by Slk. We show that Plk1 phosphorylates TCTP at a
single site, Ser46. Phosphopeptide binding to the PBD
promotes efficient phosphorylation of Plk1 by the Slk kinase
domain. Four levels of PIkl activation are demonstrated,
progressing from the basal level with the nonphosphorylated/
unbound PBD, nonphosphorylated/bound PBD, phosphory-
lated/unbound PBD, to the fully active, phosphorylated and
PBD-domain-bound form. We outline a procedure for the
production of milligram quantities of pure Plkl expressed
in Escherichia coli cells.

MATERIALS AND METHODS

The PBD-binding phosphopeptide MQS(pT)PL was syn-
thesized by Dr. G. Bloomberg (University of Bristol).

Expression and Purification of Full-Length Plkl. Plkl
cDNA (a gift from Professor Erich Nigg, Max-Planck-
Institute of Biochemistry, Martinsried, Germany) was cloned
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into pGEX 6pl expression vector. E. coli (BL21 DE3) cells
were transformed and grown to an ODgy of 0.6 at 37 °C in
the presence of 100 ug/mL ampicillin. The cells were cooled
to 20 °C, and expression was induced with 0.1 mM
isopropyl-f3-p-thiogalactopyranoside (IPTG) for 12 h. Cells
were harvested and resuspended in MOPS-buffered saline
(MBS) [200 mM NaCl, 40 mM 3-(N-morpholino)propane-
sulfonic acid (MOPS) at pH 7.4, 0.01% monothioglycerol,
1 mM ethylenediaminetetraacetic acid (EDTA), and 0.01%
sodium azide]. Plk1 was found to be stable and monodisperse
[as indicated by dynamic light scattering (DLS) in MOPS
buffer, but in other buffers, such as N-2-hydroxyethylpip-
erazine-N’-2-ethanesulfonic acid (HEPES) at pH 7.5, phos-
phate at pH 7.0, and 2-(N-morpholino)ethanesulfonic acid
(MES) at pH 6.2, peak broadening was observed, indicative
of oligomerization or aggregation]. Resuspended cell pellets
were flash-frozen and stored at —80 °C prior to use. Cells
pellets were lysed by homogenization in the presence of 100
uM DFP, 5 mM benzamidine, and one protease inhibitor
cocktail tablet (Sigma) per 1 L of cell culture equivalent.
The whole cell lysate was clarified by centrifugation at
100000g for 1 h. A glutathione-sepharose column was pre-
equilibrated in MBS, and the supernatant from the centrifu-
gation of solubilized cell pellets was loaded. The column
was washed with 500 mL of MBS containing 1.0 M NaCl
in the presence of 100 4uM DFP and 5 mM benzamidine to
remove any contaminants and degradation products. The
GST—PIk1 fusion protein was then eluted by application of
5 column volumes of MBS containing 20 mM glutathione.
GST was cleaved from Plk1 using precision protease in a
molar ratio of 1:50 at 4 °C overnight. The cleaved protein
was applied to a preparative S200 gel-filtration column pre-
equilibrated in MBS supplemented with 5 mM benzamidine
and 100 uM DFP. A total of 1 column volume of MBS with
inhibitors 100 kM DFP and 5 mM benzamidine was run,
and the elution peak was collected. Full-length Plk1 elutes
prior to the GST dimer, but there is a substantial overlap of
the peaks. GST was removed with an additional glutathione-
sepharose column, and Plk1 was further purified on a S200
gel-filtration column. Sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE) analysis of the 4 mL
fractions showed a single band of 70 kDa, corresponding to
full-length Plk1. Protein-degradation products, which have
proven problematic in the past, appeared to have been largely
eliminated by the use of DFP, which is a more potent
protease inhibitor than PMSF. Typically, 8—10 mg of pure
protein were obtained from 4 L of cell culture. The full-
length Plkl contains eight additional residues at the N
terminus (GPLGSPEF) from the 3C protease cleavage of the
pGEX vector product and nine additional residues (LLE-
KPPHRD) at the C terminus as a result of cloning. In
addition, sequencing showed that there was an insert of a
glycine residue after Arg356. Because this occurs in the
linker region between the kinase and PBD domains, it is not
expected to influence function.

DLS measurements were made with a Viscotek 802 DLS
instrument at 20 °C taking the average measurement of 10
consecutive 10 s scattering experiments.

Expression and Purification of TCTP and Slk. Human
TCTP was expressed as a GST fusion protein from the pGEX
6p2-TCTP plasmid (a gift from Christophe Cans, Molecular
Engines Ltd., France). A single colony was used to inoculate
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4 L of Luria Broth (LB) and grown to an ODgg of 0.6 in
the presence of 100 pg/mL ampicillin. The cells were pelleted
by centrifugation and resuspended in MBS containing 1
protease inhibitor cocktail tablet per 1 L of culture. Cells
were flash-frozen and lysed when required by homogeniza-
tion. The lysate was clarified by centrifugation at 100000g
for 1 h, and the lysate was applied to a 4 mL glutathione
sepharose column pre-equilibrated in MBS and 5 mM
benzamidine. After washing with 5 column volumes of MBS,
the protein was eluted with 20 mM glutathione in MBS. The
GST tag was cleaved by incubation with a 1:50 molar ratio
of precision protease (3C protease) to GST—TCTP overnight
at 4 °C, and the products were further purified by gel
filtration.

Slk domain (residues 19-320) was expressed from the
vector pNIC28-Bsa4 (a gift from Stefan Knapp, Structural
Genomics Consortium, Oxford, U.K.) as a histidine-tagged
protein in BL21 Rosetta cells. A culture of 4 L was grown
at 37 °C to an ODgg of 0.6. The cells were cooled to 20 °C,
and expression was induced with 1 mM IPTG for 4 h. Cells
were pelleted by centrifugation and resuspended in binding
buffer (30 mM MOPS at pH 7.4, 300 mM NaCl, 20 mM
imidazole, and 0.01% MTG). The cells were lysed by
homogenization, and the resulting lysate was clarified by
centrifugation at 100000g. The lysate was applied to a
Ni—NTA column, and the column was washed with 50 mL
of wash buffer (30 mM MOPS at pH 7.4, 1 M NaCl, 20
mM imidazole, and 0.1% MTG). The column was then
washed with 50 mL of binding buffer (defined above), and
the protein was eluted with 50 mL of elution buffer (30 mM
MOPS at pH 7.4, 300 mM NaCl, and 150 mM imidazole).
The eluted protein was concentrated to 10 mL and applied
to a S200 gel-filtration column pre-equilibrated with 20 mM
MOPS at pH 7.4, 250 mM NaCl, and 0.01% MTG. The
resulting elution peak was pooled and concentrated as
required for phosphorylation of PIkI.

Slk-Mediated Activation of Plkl. Assays were carried out
using p81 paper chromatography to detect phosphorylated
proteins (36). Full-length Plk1 (3 #M) was prephosphorylated
with SIk1 (1 M) in the presence of 0.5 mM unlabeled ATP
and 10 mM MgCl,. The reaction was started by the addition
of ATP, and aliquots were taken over a time course from 5
to 60 min at 30 °C. These aliquots were then added to
reaction tubes containing 0.5 mM y3?P-labeled ATP (specific
activity of 50 cpm/pmol), 10 mM MgCl,, and 100 uM TCTP
with or without 5 mM PBD-binding phosphopeptide. After
10 min, aliquots were spotted onto p81 paper squares and
the reaction was stopped by the addition of 0.1% phosphoric
acid. The papers were washed 5 times in 0.1% phosphoric
acid to remove free ATP and then dried for Cerenkov
counting. The amount of phosphate incorporated into the
substrate was determined from the counts obtained with
reference to the specific radioactivity of the ATP.

To determine if the presence of the PBD-binding phos-
phopeptide had an effect on the ability of Slk to phos-
phorylate Plk1, phosphorylation time-course reactions were
carried out containing 2.3 uM Plk1 and either 4.3 or 8.6
uM SIk, 0.5 mM y3?P-labeled ATP (specific activity of 100
cpm/pmol), and 10 mM MgCl, in the presence or absence
of 5 mM PBD-binding phosphopeptide at 30 °C. Control
reactions were also carried out with only Plk1 or only Slk,
where Slk or Plkl were replaced with MBS, respectively.
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After starting the reaction by the addition of the Plk1/Slk
mixture, aliquots were taken at 5, 15, 30, and 45 min and
run by SDS—PAGE. The resulting gels were dried and
subjected to overnight autoradiography for visualization of
the levels of phosphorylation.

Test of the Ability of Slk to Phosphorylate TCTP. Because
Slk is present in the Pkl TCTP phosphorylation reactions
above as well as the kinetic experiments outlined below, it
was necessary to determine if it was able to phosphorylate
TCTP. Prephosphorylation of Plkl (7.5 uM) with Slk (60
uM) was carried out in the presence of 0.5 mM ATP, 10
mM MgCl,, and 4 mM PBD-binding peptide. Aliquots were
taken over a time course of 5-60 min and assayed against
100 uM TCTP in the presence of 0.5 mM y3?P-labeled ATP
(specific activity of 50 cpm/pmol) and 10 mM MgCl,. The
same procedure was carried out in a control reaction, in
which Plk1 was substituted by MBS. These reactions were
then run on a 12.5% SDS—PAGE gel, which was then dried
and subjected to autoradiography.

Kinetic Analysis of Plkl. Pkl (4.2 uM) was activated by
phosphorylation with the Slk kinase domain (40 4M) both
in the absence and presence of 4 mM PBD-binding phos-
phopeptide at 30 °C for 30 min in 50 mM MOPS at pH 7.4,
200 mM NacCl, 0.01% monothioglycerol, 0.5 mM ATP, and
10 mM MgCl,. Slk was added in a high molar excess to
ensure rapid, complete phosphorylation. The phosphorylated
PIk1 was diluted to 10 nM and assayed against substrate
TCTP (concentrations from 6.25 to 400 4M) in the presence
of 0.5 mM y3?P-labeled ATP (specific radioactivity of 100
CPM/pmol). The final concentration of Slk in the Plk1 kinase
reactions against TCTP was 95 nM. Slk-mediated phos-
phorylation of Plkl appears to be stopped at the diluted
concentration of enzyme used in the assay as indicated by
the lack of incorporation of radioactively labeled phosphate
into Plkl during the assay. The reactions were started by
the addition of the diluted enzyme to the ATP/Mg/TCTP
substrate mix and allowed to proceed for 5 min at 30 °C.

In the kinase assays, the PBD-binding phosphopeptide was
diluted 420-fold from the prephosphorylation reaction to the
final kinase reaction, giving a final concentration of 6.0 uM.
At least 0.5-1.0 mM of phosphopeptide is required to
facilitate accelerated phosphorylation of Plkl by Slk. To
determine if there is an additive effect on the activity of
phosphorylated Plk1 by the presence of high phosphopeptide
concentrations in the assay, similar reactions were carried
out but with phosphopeptide added to the final reaction tubes
at higher concentrations (2.5 mM). Similar experiments were
carried out with nonphosphorylated Plk1 in the absence and
presence of high peptide concentrations. Concentrations of
enzyme used in the kinase reactions were 500, 250, 10, and
10 nM in the nonphosphorylated/6 uM phosphopeptide,
the nonphosphorylated/2.5 mM phosphopeptide, the phos-
phorylated/6 uM phosphopeptide, and the phosphorylated/
2.5 mM phosphopeptide reactions, respectively. The incu-
bation time for the nonphosphorylated/zero phosphopeptide
assay was increased from 5.0 to 7.0 min.

Phosphorylated TCTP substrate was purified from free
ATP by p81 paper chromatography (/2). Briefly, the papers
were washed 5 times in 1% phosphoric acid and air-dried,
and the incorporated radioactivity was measured by Cerenkov
counting. Kinetic constants were calculated by nonlinear
regression analysis.
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Determination of the Optimal PBD-Binding Phosphopep-
tide Concentration for Slk-Mediated Phosphorylation of Plkl.
PIkl (10 uM) was incubated with Slk (80 uM) in the
presence of 0.5 mM y3?P ATP (100 cpm/pmol), 10 mM
MgCl,, and PBD-binding phosphopeptide (concentrations of
0, 0.1, 0.5, 1.0, 2.0, and 4.0 mM). A total of 5 uL. samples
were taken from 20 uL total volumes at each peptide
concentration at 0, 20, 40, and 60 min, and the reaction was
stopped by adding 2x SDS sample buffer. Samples were
then run by SDS—PAGE, and the gel was dried and subjected
to autoradiography for visualization of phosphorylated bands.

Mass Spectrometry of Phosphorylated TCTP and Plkl.
PIk1l (5 uM) in MBS was phosphorylated by Slk (70 uM)
also in MBS, in the presence of 1.0 mM ATP, 10 mM MgCl,,
and 4 mM PBD-binding peptide at 30 °C for 30 min. The
reaction mix was diluted /59, added to the TCTP reaction
mix (21.0 mM ATP, 10.0 mM MgCl,, and 100 uM TCTP)
with a final Plk1 concentration of 62.5 nM, and incubated
at 30 °C for 45 min. The reaction was put on ice, and the
buffer was exchanged into low salt buffer (20 mM NaCl
and 10 mM MOPS at pH 7.4).

TCTP was dephosphorylated using A-protein phosphatase
(New England Biolabs) at 30 °C o/n. Phosphorylated and
dephosphorylated TCTP were each dialysed into 0.1% formic
acid (FA) and diluted in 50:50 MeCN/0.1% FA to a
concentration of 10 pM/uL for MS data acquisition. Intact
mass spectra were obtained using a QTofl (Micromass,
Manchester, U.K.), fitted with a nanoESI source and operated
using MassLynx version 4.0. Capillary voltage was main-
tained at 3300 V, and cone voltage was maintained at 40 V.
Raw spectra were combined and processed using MaxEnt]1.

To identify phosphorylation sites, TCTP was dialysed into
either 25 mM NH4HCO:; for tryptic digestion or 50 mM Tris-
HC1 at pH 4.0 for Glu-C digestion. Samples were diluted to
10 pM/uL and digested overnight at 37 °C. A total of 5 uL
of each were dried down and resuspended in 6.5 L of 0.1%
FA for LC—MSMS acquisition using a Q-TOF 1 coupled
to a CapLC (Waters, Milford, MA). Peptides were concen-
trated and desalted on a 300 #m i.d./5S mm C18 precolumn
and resolved on a 75 um i.d./25 cm C18 PepMap analytical
column (LC packings, SanFrancisco, CA) using a 45 min
5-95% MeCN gradient containing 0.1% FA at a flow rate
of 200 nL/min. Spectra were acquired in positive mode, and
MS to MS/MS switching was controlled in an automatic data-
dependent fashion with a 1 s survey scan followed by three
1 s MS/MS scans of the most intense ions. Precursor ions
selected for MS/MS were excluded from further fragmenta-
tion for 2 min. Spectra were processed using ProteinLynx
Global server 2.1.5 and searched against the SWISS-PROT
database (release 53.2) using the MASCOT search engine
(Matrix science, London, U.K.). Searches were restricted to
the human taxonomy allowing carbamidomethyl cysteine as
a fixed modification, with oxidized methionine and phos-
phoSTY as potential variable modifications. Data were
searched allowing 0.5 Da error on all spectra and up to three
missed cleavages to accommodate calibration drift and
incomplete digestion. All data were checked for consistent
error distribution.

To identify phosphorylation sites in Plk1 phosphorylated
by Slk, GST—PIk1 fusion (5 uM) in MBS was phosphory-
lated by Slk (70 uM) also in MBS, in the presence of 1.0
mM ATP, 10 mM MgCl,, and 4 mM PBD-binding peptide
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at 30 °C for 30 min. The mixture was applied to a
gluthathione-sepharose column. The column was washed in
MBS to remove Slk, and the phosphorylated-Plk1 fusion was
eluted with 20 mM glutathione and applied to a gel-filtration
S200 column in MBS, 20 mM MOPS at pH 7.5, and 100
mM NaCl. The PIkl fusion was cleaved with GST—3C
protease and reapplied to the glutathione-sepharose column
to remove 3C protease and GST. Reduced and alkylated Plk1
was dialysed into either 25 mM NH,HCO:s for tryptic, Arg-
C, and Glu-C digestion or 50 mM Tris-HCI at pH 4.0 for
Glu-C digestion. Samples were diluted to 10 pM/uL and
digested for 3 h or overnight at 37 °C. A total of 5 uL. of
each were dried down and resuspended in 6.5 uL of 0.1%
FA for LC—MSMS acquisition using a Q-TOF 1 coupled
to a CapLC (Waters, Milford, MA) as detailed above.
Because of increased sample complexity, all digests were
analyzed using a 45 and 300 min 5-95% MeCN gradient.
Spectra were processed using ProteinLynx Global server
2.1.5 and searched against the SWISS-PROT database
(release 54.6x) using the MASCOT search engine (Matrix
Science, London, U.K.). Searches were restricted and evalu-
ated as described above.

RESULTS

Full-Length Plkl Expression in E. coli Cells and Purifica-
tion. Full-length Plkl expressed from E. coli cells and
purified was homogeneous and free of major degradation
products and contaminants (Figure 1A). Plkl gave a sym-
metrical peak on gel filtration (Figure 1B) and was mono-
disperse at low concentrations (1 mg/mL) with an approxi-
mate hydrodynamic radius of 4.1 nm in DLS experiments
(Figure 1C). This radius indicated a molecular mass of 100
kDa for a spherical particle. This is a reasonable approxima-
tion for Plkl (MW 70 114, including the extra eight
N-terminal and nine C-terminal residues). Plkl is a two-
domain protein, and its shape is likely to deviate from the
spherical model used in the DLS calculation. The choice of
buffer and the use of 200 mM salt concentration contributed
to maintaining a monodisperse sample. Peak broadening at
concentrations above 2—-3 mg/mL indicated the possibility
of some oligomerization or self-association.

Activation of Plkl by Slk Is Enhanced by PBD-Binding
Phosphopeptide. Sk has been shown to phosphorylate and
activate Plk1 (25, 26) but the effects of the PBD binding to
a phosphopeptide on Slk activation have not been reported.
We found that in the absence of PBD-binding phosphopep-
tide there was an increase in the activity of Plk1 against its
substrate TCTP with time of incubation with Slk (lower curve
in Figure 2A). In the presence of 5 mM PBD-binding
phosphopeptide, there was a significant further increase in
activity (upper curve in Figure 2A). After 60 min of
incubation, the activity was approximately 6-fold higher in
the presence of PBD-binding phosphopeptide than that in
the absence of phosphopeptide. We conclude that binding
of the PBD-binding phosphopeptide enhances the effects of
Slk on PIkI.

Phosphorylation time courses of Plkl (2.3 uM) in the
presence and absence of 5 mM PBD-binding phosphopeptide
at two Slk concentrations (4.3 and 8.6 uM) are shown in
Figure 2B. The presence of PBD-binding phosphopeptide
increased the phosphorylation of Plk1 by Slk (two left panels
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FIGURE 1: Purification and characterization of full-length Plk1. (A)
SDS—PAGE analysis after the final S200 gel-filtration column. (B)
Peak from preparative S200 gel-filtration column. (C) Results from
DLS showing a monodisperse peak with hydrodynamic radius of
4.1 nm.

compared to the two center panels in Figure 2B). The
maximal efficiency of PBD-binding phosphopeptide on Slk-
mediated phosphorylation of Plkl occurred at peptide
concentrations of 0.5—1.0 mM peptide (results not shown).

In addition to the Plk1 band at 71 kDa, there was a third
strongly phosphorylated band at about 40 kDa. This band is
likely to correspond to a small amount of degradation product
of Plkl and runs at a similar MW to the kinase domain of
Plk1. We judged that the concentration of the 40 kDa protein
was significantly lower than that of full-length Plk1, because
the band is not visible on a Coomassie-stained SDS gel
(Figure 1A). Slk was also phosphorylated under these
conditions with increased phosphorylation in the presence
of PBD phosphopeptide (Figure 2B).

PIk1 incubated on its own in the presence PBD-binding
phosphopeptide was able to autophosphorylate (right panel
in Figure 2B). The absolute requirement for the presence of
PBD-binding phosphopeptide for this to occur (results not
shown) supports the notion that occupation of the PBD-
binding site by phosphopeptide results in a more active
enzyme that is accessible to substrate, in this case itself. In
the absence of Slk, there was no apparent phosphorylation
of the additional 40 kDa band. This may indicate that
autophosphorylation occurred at a different site to the site
of phosphorylation by Slk or was too low to detect. Slk was
also able to autophosphorylate (far right panel in Figure 2B).
The intensities of the Slk radioactive bands (far right panel
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FIGURE 2: Phosphorylation activities of Plk1. (A) Activity of Plk1
against substrate TCTP (100 uM) in the presence (upper curve)
and absence (lower curve) of 5 mM PBD-binding phosphopeptide
as a function of time of Slk (1 uM) phosphorylation of Plkl (3
uM). (B) Time course SDS—PAGE autoradiographs showing
phosphorylation of Plk1 (2.3 uM) by Slk (4.3 or 8.6 uM) in the
presence (left panel) and absence (center panel) of 5 mM PBD-
binding phosphopeptide. The right panel shows phosphorylation
in the absence of TCTP by PIk1 only and Slk only. (C) SLK does
not phosphorylate TCTP. The left panel shows phosphorylation of
TCTP by PIk1 activated by Slk. The right panel shows TCTP
incubated with Slk alone (see the Materials and Methods).

in Figure 2B) were slightly less than those seen in the
presence of Plkl (second panel from left in Figure 2B),
suggesting that Plk1 was able to phosphorylate Slk.

The size of the fragment (approximately 40 kDa) that was
strongly phosphorylated in Figure 2B is likely to correspond
to the Plk1 kinase domain produced by trace amounts of
protease activity during purification. The high activity of Slk
for this fragment suggests that removal of the PBD from
the kinase domain renders the Plk1 kinase domain a much
better substrate for Slk than the full-length enzyme. This
would be consistent with the notion that binding of the PBD-
binding phosphopeptide to the PBD causes a conformational
change that creates access to the site of phosphorylation by
Slk and thereby an increase in the activity of Slk on PIkl.

Slk Does Not Phosphorylate TCTP. Because low concen-
trations of Slk (95 nM) were present in the Plk1 assay against
TCTP, it was important to establish if Slk phosphorylated
TCTP. As shown in Figure 2C in assays in which Plk1 was
replaced with MBS buffer, there was no phosphorylation of
TCTP by Slk. In the presence of Plkl, there is marked
phosphorylation of the TCTP over the time course of
activation of Plkl by Slk.

Determination of the Site of Phosphorylation of TCTP by
Mass Spectrometry. Mass spectrometry analysis of the Plk1-
phosphorylated TCTP gave a molecular mass of 20 460.6.
Treatment of the phosphorylated TCTP with phosphatase
resulted in a protein with a molecular mass of 20 380.5. The
calculated molecular mass of TCTP from the amino acid
sequence deduced from the DNA sequence is 20 380.2. The
phosphatase-sensitive mass shift (—80 Da) indicates that
TCTP contains a single site of phosphorylation. LC—MSMS
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Table 1: Kinetic Constants for Plk1 Activity against the Substrate TCTP

relative catalytic efficiency relative catalytic
Knv (uM) kear (71 turnover kea/ Kt (874 uM™1) efficiency
Plk1 172+9 0.017 £ 0.001 1 9.9 x 107 1
PIk1 plus phosphopeptide 182 £ 18 0.23 £0.02 14 1.1 x 1073 11
phosphorylated Plk1 76 = 10 1.5£03 88 0.02 202
phosphorylated Plk1 plus phosphopeptide 79+9 1241 706 0.15 1515

and database searching identified TCTP from both tryptic
(MOWSE score of 449, sequence coverage of 67%) and
Glu-C (MOWSE score of 269, sequence coverage of 51%)
digested samples. Glu-C digestion of TCTP generated three
peptides (residues 33-60, 41-60, and 41-63), with masses
consistent with single-site phosphorylation and MSMS
consistent with phosphorylation at Ser46 in all three peptides.
Tryptic digestion generated one peptide (residues 39-85),
with a mass consistent with monophosphorylation and the
MSMS supporting phosphorylation at Ser46. Because all
MSMS data identify Ser46, which has a sequence consistent
with the epitope for PIk1 phosphorylation (NIDDS*LI), we
conclude that the site of TCTP phosphorylation by PIkI is
Ser46. Knowledge that phosphorylation under our conditions
took place at a single site simplified the kinetic analysis.

Plk1 Sites Phosphorylated by Slk. Mass spectrometry of
all digests of Slk-phosphorylated Plkl1 identified the major
protein component as Plkl (Plkl_human). Combining the
peptides from the tryptic, Arg-C, and Glu-C digests generated
total sequence coverage of 86%. All identified sites of
phosphorylation were evaluated for MSMS ion intensity,
signal/noise, and frequency of occurrence. A total of eight
potential sites of phosphorylation were identified within Plk1,
fulfilling these criteria. While care must be taken inferring
the relative abundance of phosphorylation sites from ion
intensities, it was clear from the LC—MSMS data that the
phosphorylation site most abundantly represented across the
spectrum of digests was Thr210. Phosphorylated residues
between S330 and S335 were also well-represented, with
ions containing phosphorylated Ser330 more common than
either Ser331 or Ser335. Less well-represented but still of
significance were phosphorylated residues Thr259, Thr317,
Thr320, and Thr341.

Kinetic Analysis of Plkl. The results described above show
that both phosphorylation by Slk and binding of PBD-binding
phosphopeptide enhance the activity of Plk1. They also show
that the activatory phosphorylation event is made more
efficient by having the Plkl PBD engaged with its optimal
PBD-binding phosphopeptide. To quantify these effects, we
carried out a kinetic comparison between the various
activation states of Plkl (i.e., the nonphosphorylated/non-
bound PBD, the nonphosphorylated/bound PBD, the phos-
phorylated/nonbound PBD, and the phosphorylated/bound
PBD). As shown in Table 1, the nonphosphorylated/non-
PBD-bound full-length Plk1l gave a relatively low basal
activity with ke, of 0.017 s7! and a high Ky of 172 uM.
The addition of 2.5 mM PBD-binding phosphopeptide to the
reaction resulted in a similar Ky of 182 uM, but ke, was
increased 14-fold to 0.23 s™! over the basal activity level.
Phosphorylated Plk1 resulted in approximately a 2.4-fold
drop in Ky to 76 uM and a further substantial increase in
kear to 1.5 s71, compared to the nonphosphorylated form in
the presence of high peptide (ke of 0.23 s7!). Finally,
phosphorylated Plk1 in the presence of 2.5 mM PBD-binding

phosphopeptide throughout the preactivation reaction and
kinase assay resulted in a similar Ky to the phosphorylated
Plk1 of 79 uM but a marked increase in k., to 12 s~!. The
turnover rate as indicated by k., increased 700-fold, and
catalytic efficiency (k../Kwm) increased 1500-fold upon going
from the nonphosphorylated/non-PBD-bound form to the
phosphorylated/PBD-bound form. These results indicate that
PBD-binding peptide at high concentration increases the
enzymatic activity, possibly through the relief of steric
hindrance to the catalytic site by the PBD. However, there
is no change in Ky between the non-PBD bound or PBD-
bound forms in either the non-phospho or phospho states of
PIk1 (Table 1), indicating that binding of the PBD-binding
phosphopeptide does not substantially affect the substrate-
recognition site. The decrease in Ky upon phosphorylation
indicates a likely increase in affinity for the substrate that
could be achieved by reconfiguration of the activation
segment.

DISCUSSION

The first step for structural studies by X-ray crystal-
lography requires the production of milligram quantities of
pure, homogeneous material. Previously, in our hands, this
has proven problematic for PLk1, because expression levels
were low in insect cells and the protein was prone to
degradation. In this work, we have expressed and purified
homogeneous Plk1 in milligram quantities from E. coli cells.
Key steps involved the maintenance of protease inhibitors,
especially DFP, during purification, and attention to buffer
solutions (preferred buffer: 40 mM MOPS and 200 mM NaCl
at pH 7.4) to achieve a monodisperse protein as assessed by
DLS. Attempts to crystallize using a number of protein
crystallization screens with crystallization robots have not
been successful. More work is required that may use different
deletion constructs and/or the introduction of surface muta-
tions to reduce surface residue charge and/or entropy.
Previous work has shown that Slk can activate Plk1 (25, 26)
and that phosphorylation of Thr210 is activatory (24). In this
work, we confirm by mass spectrometry that Thr210 is the
major site of phosphorylation by Slk and that Ser330 is also
phosphorylated, together with other residues (Thr259, Thr317,
Thr320, Ser331, Ser335, and Thr341) at lower frequency.
Thr210 is in the activation segment at a classical position
for activation as determined from other protein kinase
structures. The crystal structure of the Plkl kinase domain
defined the fold up to residue 328 (/4). There is no structural
information for the linker region (residues 329-370) between
the kinase domain and the PBD. Ser330 lies just at the start
of the linker where the polypeptide chain is directed into
the solvent. Residues Thr317 and Thr320 lie in a helical turn
on this external C-terminal region of the kinase domain. None
of these sites are close to the catalytic site, and their
phosphorylation seems unlikely to affect the conformation
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of the kinase domain or its activity. Thr259, which is
phosphorylated at low frequency, is in a partly buried water-
filled pocket but also distant from the catalytic site.

Plkl activity after phosphorylation is significantly en-
hanced when the PBD-binding phosphopeptide is included
at high concentrations (Figure 2A), and the presence of the
PBD-binding phosphopeptide also increases the rate of Slk
phosphorylation of Plk1 (Figure 2B), with maximal efficiency
occurring at concentrations of 0.5—1.0 mM PBD-binding
phosphopeptide. Slk is also able to autophosphorylate (Figure
2B), and phosphorylation of Slk is observed in the presence
of phosphopeptide and Plk1l. We cannot exclude the pos-
sibility that autophosphorylation and/or phosphorylation of
Slk by PIkI are able to enhance the activity of Slk and lead
to the apparent increase in activity of Slk on Plkl as a
function of time. The crystal structures show that Slk
expressed in E. coli cells is phosphorylated on Thr183 (about
70%) and in some preparations on Ser189 (by about 30%)
(PDB codes 2JFL and 2J51). Residues Thr183 and Ser189
are in the activation segment of Slk. It is not known which,
if any, of these phosphorylations are activatory for Slk
recognition of Plk1, but from sequence alignment, Ser189
is the predicted site for activation. In the crystal structure,
Ser189 points toward the solvent. In the crystal dimeric form
of SIk, there is a strand exchange of activation segments, SO
that the activation segment of one Slk kinase enters the
catalytic site of the other Slk kinase in the dimer assembly
(37). Thr183 is involved in a network of interactions that
stabilize this structure. Thr183 is close to the catalytic site,
so that it could be an autophosphorylation site. The auto-
phosphorylation sites of Sk, seen in the right panel of Figure
2B, are likely to be either or both of these two sites. Their
phosphorylation could result in increased activity of Slk
observed in Figure 2A in the absence of phosphopeptide,
but this was not tested directly. However, the enhancement
of activity seen in the presence of the PBD-binding phos-
phopeptide is most likely to occur by the effects of the
phosphopeptide on Plkl, leading to increased accessibility
of the Plk1 Thr210 for Slk and subsequent Plk1 activation
rather than by effects on Slk itself, because there is no
evidence that the kinase domain of Slk binds or is regulated
by this specific phosphopeptide. However, these mutual
autophosphorylation and phosphorylation activities were not
tested experimentally, and the precise activation mechanisms
remain to be elucidated. Slk does not phosphorylate TCTP,
and hence, the increased activity on TCTP comes solely from
PIk1.

Preliminary experiments on optimization of the peptide
concentration indicated that a minimal concentration of about
0.5 mM was required but higher concentrations (5 mM) of
PBD-binding phosphopeptide were used to ensure that the
effects were driven to completion. These concentrations are
larger than the Ky for phosphopeptide binding to the free
PBD (0.280 uM) obtained by isothermal calorimetry (/8)
or the phosphopeptide binding to free PBD (2.3 uM) obtained
by tryptophan fluorescence measurements (38), suggesting
that the association of the PBD with the kinase domain
reduces the affinity of the PBD for the phosphopeptide. The
inference that the PBD associates with the kinase domain is
supported by the observation that a GST—kinase domain
fusion product is able to bring down free PBD (38). While
the concentrations of the PBD-binding phosphopeptide used
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FIGURE 3: Hypothetical model for the activation of Plk1l by Slk
phosphorylation and PBD-binding phosphopeptide. The Plk1 kinase
and PBD domains are shown as ribbon representation surrounded
by van der Waals surface representation. The Plk1 kinase domain
is shown in orange with AMPPNP (stick representation) bound at
the catalytic site. The activation segment is in green with Thr210
in a stick representation (coordinates from ref /4; PDB code 20U7).
The PBD is shown in purple (coordinates from ref 20; PDB code
1Q4K) and has been docked (without energy minimization) against
the kinase domain close to the catalytic site. The connecting region
from the kinase domain (residue 328) to the start of the PBD
(residue 371), for which there is no structural information, is not
shown. (Top image) In the Plk1 basal state, it is proposed the PBD
blocks access of the substrate to the catalytic site and also may
promote the inactive kinase conformation possibly by docking
against the C helix of the kinase domain. The activation segment
(green) is in the inactive conformation. The relative k/Ky is
defined as 1. (Middle left image) Upon binding the phosphopeptide
(red ribbon) to the PBD, it is proposed that there is a displacement
of the PBD relative to the kinase domain allowing for access to
the catalytic site. There is no change in the conformation of the
PBD upon binding the phosphopeptide. The relative kq,/Ky is
increased to 11. (Middle right image) Upon phosphorylation of Plk1
by Slk at Thr210, the activation segment changes conformation so
that it can accept the substrate, but the PBD still blocks access
(the activation segment was modeled on that for active phospho-
rylated CDK?2). The relative k,/Ky is 202. (Lower image) Upon
both phosphorylation and binding of the PBD, the shift in the PBD
allows for access to the substrate and phosphorylation on Thr210
allows for the activation segment to adopt the correct orientation
for binding the substrate. The relative k.,/Kv is increased 1505
times that of the unmodified Plk1.

in these experiments are likely to be nonphysiological, in
vivo lower concentrations might be effective if the major
role of the PBD binding is to locate the enzyme in the vicinity
of the substrate. Our results indicate that the major effects
of activation come from phosphorylation of the kinase
domain of Plk1 (202-fold increase in k.,/Ky) compared to
PBD-binding phosphopeptide (11-fold increase in kea/ Km).

A possible model for the activation of PIkI is proposed
in Figure 3. This model is hypothetical to show possible
changes in protein docking, but no attempt has been made
to energy refine the model because of insufficient restraints.
In the absence of the PBD-binding phosphopeptide, it is
assumed that the PIkl is held in an inactive conformation



Activation of Plkl by Slk and Polo-Box Binding

by either direct obstruction by the PBD of the catalytic site
and access to Thr210 or conformational changes promoted
by the association of the PBD with the kinase domain (top
image in Figure 3). Upon binding the PBD-binding phos-
phopeptide, there is a displacement of the PBD or relief of
conformational stabilization of the inactive conformation but
the affinity for the substrate is low because the activation
segment is not in its correct conformation (image at middle
left in Figure 3). After observations with other protein
kinases, it is assumed that the correct conformation of the
activation segment is promoted by phosphorylation of Thr210
by SIk, leading to significant enhancement of activity (image
at middle right in Figure 3). In the presence of the PBD-
binding phosphopeptide, the Slk phosphorylation reaction is
enhanced because binding of the phosphopeptide allows for
access of Slk to Thr210 and gives rise to the fully active
enzyme (lower image in Figure 3). The notion that the PBD
has to be displaced for Slk to access Thr210 is supported by
the observation that Slk strongly phosphorylates the free
kinase domain (~40 kDa) (Figure 2B). These results are also
consistent with the observations that deletion of the PBD
results in an increase in activity of the kinase domain (39, 40).

A comparison of the kinetic constants of Plkl in four
different activation states, nonphosphorylated with and
without 2.5 mM PBD-binding peptide and Slk-phosphory-
lated Plk1 with and without 2.5 mM PBD-binding peptide
(Table 1 and Figure 3), shows that that Slk phosphorylation
results in a significant drop in Ky of Plkl (from 172 to 76
uM), consistent with phosphorylation-mediated reorganiza-
tion of the catalytic site to a conformation conducive to
substrate binding and phosphotransfer. However, it is ap-
parent that, after phosphorylation, binding of the PBD-
binding phosphopeptide further enhances activity, as indi-
cated by the significant increase in k., upon going from the
phosphorylated form to the phosphorylated form in the
presence of 2.5 mM PBD-binding phosphopeptide (from 1.5
to 12 s71). By itself, without SIk phosphorylation, the PBD-
binding phosphopeptide produces an increase in k¢, (from
0.017 to 0.23 s™') without a change in Ky,, consistent with
allowing for a better access to the catalytic site but without
promoting the correct activation of the activation segment.
It is known that there is no significant change in the
conformation of the PBD itself upon binding phosphopeptide
(20). Similarly as discussed above, Plk1 is phosphorylated
with a higher efficiency in the presence of a high concentra-
tion of PBD-binding phosphopeptide, suggesting a better
access to Thr210 in the activation segment.

The work of Yarm (29) indicated that Plk1 phosphorylated
two sites on TCTP, Ser46 and Ser64. The Ser46 site appeared
to be the more important because TCTP mutant Ser46Ala
abolished phosphorylation, while the mutant Ser64Ala al-
lowed phosphorylation. We have shown by MS/MS that
under our conditions Plk1 phosphorylates only Ser46. The
PIk1 consensus phosphorylation site has been identified as
®/E-E/D-E/D/S-S/T-®-S/®, where ® is a hydrophobic
residue and the site of phosphorylation is in bold, although
a number of other nonconsensus sites have also been
identified (47). TCTP Ser46 is surrounded by a near perfect
consensus sequence (IDDS*LI), while that for Ser64 is less
than ideal (GTES®TV). This may explain the preference for
Ser46 phosphorylation. The structures of TCTP including
those of human TCTP (PDB codes 1YZ1 and 2HR9) show
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that residues 37—66 are disordered and exposed on the surface
of the protein. Ser64 is closer to an ordered region, which
may make it less accessible to phosphorylation. Ser46 is
conserved in higher eukaryotes but not in Drosophila or
yeast, while Ser64 is not conserved in chicken or lower
eukaryotes. In view of the multiple and complex roles in
cells for TCTP (as described in the introduction), it is
possible that there are other functions for this protein that
may or may not involve phosphorylation.

In summary, we describe the expression and purification
of fully functional Plkl from E. coli and indicate the
requirement for PBD occupancy to facilitate efficient activa-
tion by its activating kinase Slk as well as promote full
activity once phosphorylated. The results indicate that the
structure of the inactive kinase is likely to adopt a conforma-
tion in which the PBD either sterically occludes the catalytic
site of the kinase and access to Thr210 or promotes a
conformational state, in which these sites are not accessible.
A variety of mechanisms are known by which a covalently
attached domain may regulate protein kinase activity either
through direct obstruction of the catalytic site, as in the
calcium calmodulin-regulated kinases (reviewed in ref 42)
and in focal adhesion kinase (43), or the regulatory domain
may act as an allosteric inhibitor through action at a distance
that stabilizes an inactive conformation, such as in the Src
and Zap70 kinases (44). For Plkl, the mechanism used
remains to be definitively elucidated by structure.
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