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A B S T R A C T

Phosphorylation of proteins on serine/threonine residues represents an important biochemical mechanism to
regulate several cellular processes. Polo-like kinases (PLKs) are a family of serine-threonine kinases that play an
imminent role in cell cycle regulation in yeast to humans, and thus an important therapeutic target for cancers.
The present study provides insights into the enzymatic features of Saccharomyces cerevisiae PLK, Cdc5 using in vitro
casein phosphorylation assays. The recombinant yeast PLK, GST-Cdc5 showed maximum casein phosphorylation
activity at 30 �C, pH 9 and 45 min of incubation period. GST-Cdc5 exhibited a KM of 1.35 μM for casein, and high
affinity for ATP, since addition of non-radioactive ATP chased out casein phosphorylation by radiolabeled ATP.
The recombinant enzyme showed maximum kinase activity at 2.7 μM of GST-Cdc5. Casein was found to be the
best in vitro substrate of GST-Cdc5 followed by BSA (Bovine Serum Albumin) and MBP (Myelin Basic Protein). Of
the metal ions tested, Mg2þ (at 20 mM) was found to enhance GST-Cdc5 kinase activity, while Ca2þ (at 5 mM) and
Mn2þ (at 10 mM) inhibited the same. The presence of EDTA, SDS and PMSF inhibited phosphorylation by GST-
Cdc5, while DTT had no effect. The recombinant GST-Cdc5 can be used as a tool for deciphering PLKs’ structure
and functions, which are still at infancy.
1. Introduction

Polo-like kinases (PLKs) are serine-threonine kinases, which regulate
the cell cycle progression in eukaryotes [1]. They comprise of N-terminal
kinase domain (KD) and C-terminal signature motif called polo box
domain (PBD) [2, 3]. PLKs were first identified in fruit flies and subse-
quently in most eukaryotes, except plants. In humans, multiple PLK
members are known (Plk 1, Plk 2, Plk 3, Plk 4), while there is a single
PLK, Cdc5 in budding yeast Saccharomyces cerevisiae [2, 3, 4].

CDC5 is an essential gene and loss of its function directly leads to
mitotic arrest [4]. CDC5 encodes a polypeptide of 705 amino acids, with
an N-terminal kinase domain critical for catalytic functions, and a
C-terminal polo box domain containing two polo-boxes PB1 and PB2 [1,
5,6]. The PBD functions as a phosphopeptide binding motif, thereby
regulating the localization of the PLK to its target substrates/locations
[5]. Cdc5 exhibits high level of conservation with the human PLK1. It
shows 49% identity (69–70% similarity) in kinase domain and 33–46%
irajan).
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identity (53–61% similarity) in polo box domain [7]. Consistent with
structural conservation, Cdc5 shows significant functional conservation
with mammalian PLK1, since human PLK1 can complement the defects in
S. cerevisiae mutants lacking functional Cdc5 [8,9].

PLKs regulate a variety of functions, including centrosomematuration
[10], mitosis [11], and mitotic exit [12]. PLKs are also involved in DNA
replication, DNA repair, and other post mitotic functions [1, 13, 14]. In
S. cerevisiae, Cdc5 regulates G2/M phase transition [15], metaphase to
anaphase transition during mitosis [7, 16], exit from mitosis and cyto-
kinesis [7]. Cdc5 also plays an important role during meiosis in yeasts,
including meiosis-specific events such as pachytene exit, and meiosis-I
[17, 18].

In humans, overexpression of PLKs is associated with carcinogenesis,
thereby inflicting PLK as an anti-cancer therapeutic target [19]. Thus,
understanding the biochemical characteristics of PLKs will contribute
significantly to advances in therapeutics development. The present study
was undertaken to develop an amenable system for biochemical
y, CGC Landran, 140307, Mohali, Punjab, India.
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Figure 1. Effect of reaction parameters (time, temperature and pH) on GST-Cdc5 casein phosphorylation activity: A) Autoradiogram showing kinetics of casein
phosphorylation by GST-Cdc5 kinase at different time intervals as indicated. Graph represents the quantitation of casein phosphorylation. The intensity of phos-
phorylated casein band was quantified and plotted in arbitrary units against indicated time of incubation (minutes). B) and C) represent the casein phosphorylation by
GST-Cdc5 at varying temperatures and pH, respectively. The data represent an average of two independent experiments. Error bars denote range of upper and lower
values. The full images of the blots in A, B, and C are provided in supplementary material.
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characterization of the yeast PLK, Cdc5. So far, there are no reports on the
in vitro studies of Cdc5 or any other PLK. Studies on PLKs in genetically
amenable lower eukaryotes such as budding yeast can provide valuable
insights into the functions of PLKs of higher eukaryotes.

2. Methods

2.1. Chemicals

Chemicals and reagents were purchased from GE Biosciences and
SIGMA. Dephosphorylated casein (cat no. M4032; Sigma, USA) was used
as a substrate for kinase assays. Radioactive ATP (γ-P32-ATP 3000 Ci/
mMol) was obtained from BARC, Mumbai and used in radioactive facil-
ity, NIPGR, New Delhi. Myelin-basic protein (MBP), histone type IIIS, and
Bovine serum albumin (BSA) were procured from Sigma, USA.

2.2. Biochemical characterization of GST-Cdc5 kinase

GST-Cdc5 was purified as described [20]. The kinase activity of re-
combinant Cdc5was assayed in vitro and quantified. The kinase assay was
performed according to Mortenson et al. [21], with slight modifications.
Dephosphorylated casein (Sigma cat no. M4032) was used as a substrate
for the in vitro kinase assays. β- Glycerol phosphate and sodium
ortho-vanadate (Na3VO4) served as phosphatase inhibitors. Kinase re-
actions were performed by incubating purified GST-Cdc5 kinase (2.5 μg)
in a 20 μl reaction containing 50 mM Tris-Cl (pH 7.5), 10 mM MgCl2, 5
mM MnCl2, 1 mM dithiothreitol (DTT), 1 mM β-glycerol phosphate, 1
mM Na3VO4 supplemented with 0.25 mM ATP, 0.1 μl of 10 mCi/ml γ-32P
ATP (1 μCi; 3000 Ci/mmol) and 5 μg casein. The kinase reactions were
incubated for 30 min at 30 �C followed by addition of 4 μl of 5X Laemmli
2

SDS-PAGE sample buffer. Samples were resolved on 10% SDS-PAGE gel.
After the run, the radioactive gel was wrapped in plastic wrap and
exposed to the phosphor screen in a cassette for 12–16 h. The screen was
scanned and developed using Typhoon ImageQ.

3. Results and discussion

PLKs regulate multiple events of cell division. However, there are no
biochemical studies on the kinase activity of any of the PLKs. Previously,
we reported the purification of recombinant yeast PLK as GST-Cdc5,
which was found to be exhibit kinase activity in vitro [20]. In the pre-
sent study, we report the characterization of in vitro kinase activity of
recombinant Cdc5.
3.1. Recombinant Cdc5 is a robust kinase optimally active at 30 �C and
alkaline pH

To study the kinetics of GST-Cdc5 activity, reaction mixtures were
incubated at 30 �C for varying time, ranging for 0–90 min. Quantification
of the intensity of casein phosphorylation showed that the kinetics of
phosphorylation was linear until ~45 min, after which saturation in
casein phosphorylation was observed (Figure 1A). Thus, GST-Cdc5 ki-
nase is a fast and robust enzyme, with maximum substrate (casein)
phosphorylation at 45 min of incubation.

The effect of temperature on GST-Cdc5 kinase activity was studied by
incubating reaction mixtures at 15–40 �C for 45 min. Quantification of
casein phosphorylation showed that GST-Cdc5 exhibits a typical bell
shaped profile of kinase activity, with maximum activity at 30 �C
(Figure 1B). The optimum temperature of GST-Cdc5 kinase, i.e., 30 �C, is



Figure 2. Characterization of enzyme and substrate kinetics of GST-Cdc5. A) Effect of GST-Cdc5 concentration on GST-Cdc5 kinase activity. Autoradiogram showing
the kinase assay reactions with indicated GST-Cdc5 concentrations and graph showing the quantitation of casein phosphorylation by GST-Cdc5. B) Kinase activity of
GST-Cdc5 with varying concentrations of casein as indicated and graph showing the quantitation of casein phosphorylation. C) Autoradiogram showing the kinase
assays reactions with varying ATP concentrations as indicated and graph represents the quantitation of casein phosphorylation by GST-Cdc5. The data represents an
average of two independent experiments. Error bars denote range of upper and lower values. The full images of the blots in A, B, and C are provided in supple-
mentary material.

Figure 3. Kinase activity of GST-Cdc5 on different substrates in vitro. Autora-
diogram showing the phosphorylation of different substrates, casein, BSA, His-
tone type IIIS and MBP by GST-Cdc5 kinase. The full image of the blot is
provided in supplementary material.
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consistent with the optimum temperature of growth of Saccharomyces
cerevisiae.

Casein phosphorylation by the GST-Cdc5 kinase was determined over
the pH range of 6.0–10. GST-Cdc5 exhibited a narrow pH activity profile
with maximum kinase activity at pH 9.0 (Figure 1C). In most cases, pH
determines the ionization state of the active site residues and cofactors/
coenzymes involved in catalysis. Thus, Cdc5 requires alkaline pH for
optimal transfer of phosphate group to its substrate.

3.2. Recombinant Cdc5 exhibits hyperbolic substrate kinetics and high
affinity for its substrates

To optimize the GST-Cdc5 concentration on its activity, kinase assay
was performed with a fixed amount of casein (5 μg) at different con-
centrations of GST-Cdc5 (0.5–3.15 μM) Quantification of phosphorylated
casein showed that kinase activity was maximum at 2.7 μM of GST-Cdc5
kinase (Figure 2A).

The reaction catalyzed by protein kinases are bi-substrate reactions
using ATP (phosphoryl donor) and protein substrates (phosphoryl
acceptor). Hence, the kinetics of GST-Cdc5 activity was analyzed for the
substrates, casein and ATP. To study the effect of casein concentration on
GST-Cdc5 kinase activity, casein concentration was varied from 1.66- 29
μM. Phosphorylation activity was measured as described in methods. A
linear increase in casein phosphorylation was observed with increasing
concentrations of casein (Figure 2B). Quantification of casein phos-
phorylation showed that GST-Cdc5 kinase exhibits a typical hyperbolic



Figure 4. Effect of metal ions and other agents on GST-Cdc5 kinase activity. A) Effect of metal ions on GST-Cdc5 kinase activity. Lane 1, Standard reaction; lane 2,
standard reaction þ MgCl2 (20 mM); lane 3, standard reaction þMnCl2 (10 mM); lane 4, standard reaction þ CaCl2 (5 mM). Quantitation of casein phosphorylation in
a standard reaction or in the presence of indicated metal ions is indicated in graph. The data represents an average of two independent experiments. Error bars denote
range of upper and lower values. B) Effect of inhibitors on GST-Cdc5 kinase activity. The standard indicates the kinase assay reaction without any inhibitor. The full
images of the blots in A, and B are provided in supplementary material.
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pattern of enzyme catalysis, and thus behaves in accordance with
Michaelis Menten's enzyme kinetics (Figure 2B). Casein phosphorylation
was maximum at ~ 16.6 μM of casein (Figure 2B). From these data, the
KM of GST-Cdc5 kinase for casein was determined to be 1.35 μM, which is
indicative of good affinity of GST-Cdc5 for casein. There are no other
reports on KM for other PLKs, including Cdc5.

The effect of ATP concentration on GST-Cdc5 kinase activity was
studied with varying concentrations of unlabeled ATP (0.25–2.5 mM). An
exponential decrease in casein phosphorylation was observed with
increasing concentrations of non-radioactive ATP (Figure 2C). Quantifi-
cation of casein phosphorylation indicated that GST-Cdc5 exhibited high
specificity for ATP, since unlabeled ATP competed out the radiolabeled
ATP. These findings indicate high affinity of recombinant Cdc5 kinase for
ATP.

3.3. Screening of in vitro substrates of GST-Cdc5 kinase

In the present study, casein was used as a generic substrate for
assaying kinase activity of PLKs [21]. To determine the possibility that
GST-Cdc5 can phosphorylate other generic substrates, histone type IIIS,
BSA andMBPwere used in the kinase assay (5 μg each). Casein was found
to be maximally phosphorylated by GST-Cdc5 followed by MBP and BSA,
although the latter two showed very weak phosphorylation (Figure 3).
However, GST-Cdc5 did not phosphorylate histone type III S (Figure 3).
4

The presence of active GST-Cdc5 in all the reactions was confirmed by
the detection of robust auto-phosphorylation of GST-Cdc5 (indicated as
GST-Cdc5-P) in all the samples (Figure 3; [20]). These results indicate
that casein is the best substrate for GST-Cdc5, which is consistent with
the studies of Mortenson and coworkers [21].

3.4. Casein phosphorylation by GST-Cdc5 was enhanced by Mg2þ ions

To study the effects of different metal ions, the kinase assay mixtures
were supplemented with 2 fold excess of either MgCl2 (20 mM), MnCl2
(10 mM) or CaCl2 (5 mM). The addition of Mg2þ greatly enhanced the
kinase activity, while Ca2þ andMn2þ inhibited casein phosphorylation as
compared to the standard reaction (Figure 4A). These results indicate
that Mg2þ serves as an activator of GST-Cdc5 kinase, while Ca2þ and
Mn2þ are inhibitors of kinase activity. Consistent with the activating role
of Mg2þ, addition of EDTA (5 and 10 mM) completely inhibited the ki-
nase activity of GST-Cdc5 kinase (Figure 4B; lanes EDTA). Further studies
are required to decipher the role of metal ions in the catalysis of re-
combinant PLK.

Similar to the effect of EDTA, addition of either SDS, a denaturant or
PMSF inhibited both phosphorylation by GST-Cdc5 (Figure 4B). On the
other hand, DTT had no effect on kinase activity in comparison to the
standard reaction (Figure 4B).



Figure 5. Protein Sequence Alignment and hydropathy analysis of the PLKs from budding yeast Saccharomyces cerevisiae (Cdc5) and humans (PLK1). A) Alignment of
budding yeast Cdc5 and human PLK1 protein sequences. The amino acid sequences of human PLK1 (NP_005021_2_ser) and Saccharomyces cerevisiae Cdc5
(KZV08844_1_CDC5) were subjected to multiple sequence alignment using PRALINE. The conservation scale is indicated on the top, with 0 score for the least
conserved position to 10 for the most conserved alignment position. B & C) Hydropathy analysis of budding yeast Cdc5 and human PLK1. The amino acid sequences of
human PLK1 (NP_005021_2_ser) and Cdc5 (KZV08844_1_CDC5) were subjected to Expasy-Protscale analysis and the Kyte and Doolittle hydropathy plots of budding
yeast Cdc5 (panel B) and human PLK1 (panel C) were generated. Hydropathy plots represent the hydrophobicity score plotted against the position of amino acid
residues of the respective proteins.
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3.5. Sequence alignment and hydropathy analysis of budding yeast Cdc5
and human PLK1

Towards application of recombinant Cdc5 as a tool for cancer drug
discovery, the protein sequences of yeast Cdc5 and human PLK1 were
analyzed for sequence conservation and hydrophobicity. Multiple
sequence alignment of Cdc5 and PLK1 protein sequences showed a
limited degree of conservation (35 % sequence identity) between the two
sequences (Figure 5A). Further analysis revealed a high degree of con-
servation between Cdc5 and PLK1 in the regions corresponding to the
kinase domain (KD) towards amino-termini and PBDs towards C-termini
(Figure 5A, red colored regions). These results are consistent with earlier
reports by Lee et al. [7]. Hydropathy plots revealed the presence of
interspersed regions of hydrophobic and hydrophilic residues in both
Cdc5 and PLK1 (Figure 5B). The overall hydropathy scores (-3.2 for
human PLK1 and -2.6 for budding yeast Cdc5) indicate that both Cdc5
and PLK1 are hydrophilic proteins, and thus amenable as tools for cancer
drug discovery.

4. Conclusions

The present study provides insights into the enzymatic features of
S. cerevisiae PLK, Cdc5. The recombinant Cdc5 protein was found to be
functional despite the presence of GST tag. Although the GST by itself
was not found to be active in kinase assays as reported in our previous
5

study [20], the possibility that the GST tag downregulates the kinase
activity of GST-Cdc5 fusion protein needs to be eliminated by studying
the kinase activity post thrombin cleavage of the GST tag. Subsequent
studies can shed light into the catalytic active site of Cdc5 kinase. The
recombinant functional Cdc5 can be used as a versatile tool for charac-
terization of enzymatic features of Cdc5 as a kinase, pull down of sub-
strates of Cdc5 from yeast extracts, mutational analysis for deciphering
structural-function correlation, and analysis of consensus sequence for
PLK phosphorylation, which is still an enigma. Since PLKs exhibit a
remarkable structural and functional homology, studies from yeast PLK
can aid in understanding the mammalian Plk1 and its spectrum for
anticancer targets can be expanded.
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