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Abstract
Substantial evidence has confirmed that Polo-like kinases (Plks) play a crucial role in a variety of cellular processes via
phosphorylation-mediated signaling transduction. Identification of Plk phospho-binding proteins and phosphorylation
substrates is fundamental for elucidating the molecular mechanisms of Plks. Here, we present an integrative ap-
proach for the analysis of Plk-specific phospho-binding and phosphorylation sites (p-sites) in proteins. From the cur-
rently available phosphoproteomic data, we predicted tens of thousands of potential Plk phospho-binding and
phosphorylation sites in eukaryotes, respectively. Furthermore, statistical analysis suggested that Plk phospho-
binding proteins are more closely implicated in mitosis than their phosphorylation substrates. Additional computa-
tional analysis together with in vitro and in vivo experimental assays demonstrated that human Mis18B is a novel
interacting partner of Plk1, while pT14 and pS48 of Mis18B were identified as phospho-binding sites. Taken together,
this systematic analysis provides a global landscape of the complexity and diversity of potential Plk-mediated phos-
phoregulation, and the prediction results can be helpful for further experimental investigation.
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INTRODUCTION
The reversible phosphorylation catalyzed by pro-

tein kinases (PKs) is one of the pivotal post-

translational modifications (PTMs) of proteins and

orchestrates a large number of cellular and physio-

logical processes [1–3]. In addition, numerous phos-

phorylation-mediated signal transduction events are

achieved through a specific recognition process, in

which a variety of phosphoprotein-binding domains

(PPBDs) can physically interact with short

motifs in the vicinity of phosphorylated serine (pS),

threonine (pT) and/or tyrosine (pY) [1, 4–6]. In the

abundant regulatory proteins, kinase activity and

flexible phosphoprotein-binding may be carried

out in a closely correlated, ‘hand-in-glove’ manner

within a single molecule; this phenomenon is well
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exemplified by the Plk family [7–12]. Previous

studies have demonstrated that Plk-mediated phos-

phorylation play an important role in mitosis [7, 8,

12, 13]. Also, C-terminal Polo-box domains (PBDs)

of Plks, acting as pS/pT-binding modules, are crucial

for orchestrating the proper sub-cellular localizations

and kinase activities of Plks during multiple stages of

mitosis [9, 10, 12, 14, 15]. Moreover, Plk-mediated

phosphoregulation can regulate a variety of biolo-

gical and cellular processes beyond mitosis, such as

DNA damage [16, 17], centriole duplication [18,

19], apoptosis [20, 21], transcription regulation [22]

and stress-activated MAPK cascade [23]. In addition,

clinical evidence suggests that aberrant Plk function

is closely associated with tumorigenesis [7, 21].

In this regard, the identification of Plk phosphoryl-

ation substrates and phospho-binding proteins has

emerged as an urgent topic for a better understand-

ing of the exact Plk molecular mechanisms.

Conventionally, experimental identification of Plk

phosphorylation and phospho-binding sites that is

conducted solely with a site-directed mutagenesis

strategy is both labor-intensive and time-consuming.

Thus, the application of high-throughput techniques

has attracted considerable attention. In a landmark

study, Lowery et al. performed a proteome-wide

detection of the Plk1-PBD interactome with high-

throughput mass spectrometry (HTP-MS) in human

osteosarcoma U2OS cells and identified 622 poten-

tially phospho-binding proteins during mitosis,

although the exact phospho-binding sites were not

identified [15]. Recently, Santamaria et al. identified

358 potentially Plk1-mediated phosphorylation sites

(p-sites) in the human mitotic spindle by comparing

the phosphoproteome in the presence or absence of

Plk1 activity [13]. However, only 102 (28.49%)

p-sites were successfully validated using in vitro pep-

tide arrays, while Plk phospho-binding was not

demonstrated [13]. Thus, the development of more

efficient approaches is still an urgent challenge at

present. Recently, computational studies of the

phosphoproteome have attracted great attention. In

2005, we developed an online server of GPS

(Group-based Prediction System) for the prediction

of kinase-specific p-sites, and firstly constructed a

predictor for Plk [24]. Later, several other tools,

such as KinasePhos 2.0 [25], PhoScan [26] and

PostMod [27], also contained a specific predictor

for identifying potential Plk1 p-sites. Recently, a

PSSM (position-specific scoring matrix) model for

Plk1 was generated from the results of positional

scanning oriented peptide library screening

(PS-OPLS) [28]. In contrast with numerous efforts

on p-site prediction, few analyses have been per-

formed for the prediction of phospho-binding sites.

The Scansite 2.0 can predict specific phospho-

binding sites for 14-3-3, SH2, SH3 and PDZ

PPBDs [29], whereas SMALI can predict SH2-

specific phospho-binding sites [30]. Based on the

crystal structure of human Plk1-PBD and its

phospho-peptide complex [11, 31], Huggins et al.
computationally analyzed the molecular determin-

ants of Plk1 phospho-binding with molecular

dynamics simulations [32]. Since known complex

structures are limited, such an approach is difficult

to be used for the large-scale analysis. An applicable

tool for the prediction of Plk phospho-binding sites

was still not constructed.

In this work, we systematically analyzed the

Plk-mediated phosphoregulation in eukaryotes by

constructing an integrated computational platform

of GPS-Polo 1.0 for the prediction of Plk

phospho-binding and phosphorylation sites. By

comparison, the performance of GPS-Polo was

better than other approaches. From eukaryotic phos-

phoproteomic data, we predicted 17 713 potential

Plk phospho-binding sites in 8599 proteins and

17 232 Plk p-sites in 8712 substrates, respectively.

Through a statistical comparison of the significantly

differentiated GO (gene ontology) terms between

the Plk phospho-binding proteins and phosphoryl-

ation substrates in H. sapiens, we observed that the

Plk phospho-binding proteins are more closely

involved in mitosis. Based on further computational

analysis, we propose that human Mis18B, a critically

important regulator of proper chromosome segrega-

tion during mitosis [33, 34], can be a Plk1-binding

partner with high confidence. Here, we experimen-

tally validated that Plk1 interacts with Mis18B invitro
and in vivo. Further biochemical studies demon-

strated that both pT14 and pS48 in Mis18B are cru-

cial for the interaction with Plk1. In addition,

functional analysis revealed that this interaction

plays a significant role in maintaining the stability

of Mis18B, and probably promotes the subsequent

phosphorylation of Mis18B by Plk1. Taken together,

this systematic analysis provides a solid framework for

a better understanding of Plk-mediated phosphore-

gulation, while the predictions and analyses will

prove helpful for further experimental investigation.

The GPS-Polo 1.0 is freely available for academic

researches at: http://polo.biocuckoo.org/.
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METHODS
Data collection and preparation
First, we searched PubMed with multiple key terms

such as ‘Plk’, ‘Polo-like kinase’, ‘Polo-box domain’,

and so on. The preponderance of the Plk-related

articles was carefully curated (published before 24

September 2010). As previously described [24], the

experimentally verified Plk phospho-binding or

phosphorylation sites were regarded as positive data

(þ), while all the other noninteractive or nonpho-

sphorylated serine/threonine (S/T) residues were

taken as negative data (�), respectively. Finally, the

nonredundant Plk phospho-binding data set used for

training contained 56 positive sites and 5493 negative

sites, whereas the Plk phosphorylation data set

included 275 positive sites and 17 886 negative

sites. For the prediction and analysis of Plk-mediated

phosphoregulation, we also collected 120 877 pS/pT
sites in 24 739 substrates from five eukaryotic organ-

isms (Supplementary experimental procedure).

Performance evaluation
As previously described [24], the four measurements

of sensitivity (Sn), specificity (Sp), accuracy (Ac) and

Mathew Correlation Coefficient (MCC) were

adopted to evaluate the prediction performance.

The four measurements were defined as shown

below:

Sn¼
TP

TPþFN
, Sp¼

TN

TNþFP
,

Ac¼
TPþTN

TPþFPþTNþFN
, and

MCC¼
TP�TNð Þ FN�FPð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

TPþFNð Þ� TNþFPð Þ� TPþFPð Þ� TNþFNð Þ
p

The leave-one-out (LOO) validation and 4-, 6-,

8- and 10-fold cross-validations were performed. We

also used 42 human Plk1 phospho-binding sites as

the training data set and tested the performance of 14

nonhuman Plk1 binding sites in 13 proteins (Table 1

and Supplementary Table S1). For Plk phosphoryl-

ation, 262 p-sites of human Plk1 and its orthologs in

other organisms (mouse and frog Plk1, fly Polo,

nematode plk-1 and yeast Cdc5) were used as the

training data set to test the performance of 18

non-Plk1 p-sites in 13 substrates (Table 1 and

Supplementary Table S2). Moreover, we adopted

224 human Plk1 p-sites for training and tested the

performance on 55 nonhuman Plk1 p-sites of 27

substrates (Table 1 and Supplementary Table S2).

The receiver operating characteristic (ROC) curves

were drawn, and AROC (area under ROC) values

were calculated.

Algorithm
Over the past several years, we developed a series of

GPS algorithms mainly for the prediction of PTMs

sites in proteins [24]. In this work, we refined the

original approach and designed the GPS 2.2 algo-

rithm, which contains two computational parts of a

scoring strategy and performance improvement.

The basic hypothesis of the scoring strategy is that

similarly short peptides would exhibit similar 3D

structures and biochemical properties [24]. First, we

defined phosphorylation/phospho-binding site peptide
PSP(m, n) as a serine/threonine (S/T) amino acid

flanked by m residues upstream and n residues down-

stream. Then we used the amino acid substitution

matrix BLOSUM62 to estimate the similarity be-

tween two PSP(m, n) peptides A and B as

S A,BÞð ¼
X

min

Score A i½ �ð ,B i½ �Þ

Score(A[i], B[i]) denotes the substitution score of

the two amino acids of A[i] and B[i] in the

BLOSUM62 at the position i. If S(A, B) < 0, we

redefined it as S(A, B)¼ 0. A given PSP(m, n) is

then compared with each of the experimentally ver-

ified phosphorylation/phospho-binding peptides in a

pairwise manner to calculate the similarity score. The

average value of the substitution scores is regarded as

the final score.

Table 1: A statistical chart of the experimentally iden-
tified Plk phospho-binding and phosphorylation sites in
proteins

Organism PK namea UniProtb Bindingc p-sitesd

H. sapiens PLK1 P53350 42 224
PLK2 Q9NYY3 0 5
PLK3 Q9H4B4 0 9
PLK4 O00444 0 4

M. musculus Plk1 Q07832 1 2
Plk2 P53351 1 1

X. laevis plk1 P70032 6 11
D. melanogaster polo P52304 1 1
C. elegans plk-1 P34331 2 0
S. cerevisiae CDC5 P32562 3 23
Total 56 275

aThe PK name, the Plk gene. bUniProt, the UniProt accession number.
cbinding, the number of phospho-binding sites. dp-sites, the number of
p-sites.
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The performance improvement procedure com-

prises three sequential steps, including motif length

selection, weight training and matrix mutation.

Motif length selection
In this step, the optimal combination of PSP(m, n)
was determined based on the highest LOO result.

The Sp value was fixed at 95% for phospho-binding

and 90% for phosphorylation, while the combin-

ations of PSP(m, n) (m¼ 1, . . . , 15; n¼ 1, . . . , 15)

were exhaustively tested. In this work, the optimal

motifs for Plk phospho-binding and phosphorylation

were determined as PSP(2, 4) and PSP(11, 12),

respectively.

Weight training
The substitution score between two PSP(m, n) pep-

tides A and B was refined as

S0 A,BÞð ¼
X

m�i�n

wiScore A i½ �,B i½ �Þð

Initially, the weight of each position in PSP(m, n)
was defined as 1. The wi value is the weight of pos-

ition i. Again, if S0(A, B) < 0, we redefined it as

S0(A, B)¼ 0. Then we randomly picked out the

weight of any position for þ1 or �1 and recom-

puted the LOO result. The Sp value was fixed at

95% for phospho-binding and 90% for phosphoryl-

ation. The manipulation was adopted when the Sn
value was increased. This process was continued until

the Sn value was not increased any further.

Matrix mutation
The aim of this step is to generate an optimal or

near-optimal scoring matrix. BLOSUM62 was

chosen as the initial matrix, and the LOO perform-

ance was calculated. Again, we fixed the Sp value at

95% and 90% for the prediction of phospho-binding

and phosphorylation, respectively, to improve the Sn
though randomly picking out an element of the

BLOSUM62 matrix to be used as þ1 or �1. This

process was repeated until convergence was reached.

Choosing a different initial matrix, e.g. BLOSUM45,

will generate a convergent result if the training time

is sufficient (Data not shown).

Biochemical and cellular assays
Plasmids were transfected using Lipofectamine 2000

(Invitrogen) for HeLa cells according to the manu-

facturer’s instructions or Ca3(PO4)2 methods for

293T cells. For the in vitro pull-down assay, GST

fusion protein-bound Sepharose beads were used as

an affinity matrix to isolate proteins interacting with

PBD by incubation with 293 T cell lysate containing

ectopically expressed FLAG-Mis18B wild type (WT)

and specific site mutations. Briefly, they were incu-

bated in pull-down buffer (PBS, 1 mM DTT, 1 mM

PMSF, 1 mM DNAase, 1 mM RNAase) containing

0.5% Triton X-100 and a protease inhibitor cocktail

for 3 h at 4�C. After the incubation, the beads were

extensively washed with PBS containing 0.5%

Triton X-100 and boiled in protein sample buffer,

followed by fractionation of the bound proteins on

10% SDS-PAGE gel. Proteins were then transferred

onto a nitrocellulose membrane for western blotting

with the appropriate antibodies. Immunoprecipita-

tion was carried out using lysis buffer (50 mM

HEPES pH 7.4, 100 mM NaCl, 2 mM EGTA,

1 mM MgCl2, 1 mM DTT) containing 0.25%

Triton X-100, 1 mM phenylmethylsulfony fluoride

(PMSF) and a protease inhibitor cocktail. For protein

degradation assay, 24 h after transfection, cells were

treated with cycloheximide (20 mg/ml) and harvested

at the indicated time points. In some cases, 20 mM

MG132 were added at 4 h prior to the harvesting.

The following materials and methods can be

obtained in the Supplementary experimental pro-

cedure: reagents, plasmid construction, recombinant

protein expression, cell culture, synchronization,

immunoprecipitation and immunofluorescence.

RESULTS
Analysis of the Plk family and
development of GPS-Polo
From the scientific literature, we collected 56 experi-

mentally identified Plk phospho-binding sites in 47

proteins (Supplementary Table S1) and 124 Plk sub-

strates with 275 known p-sites (Supplementary Table

S2). The statistical results of the data collection are

shown in Table 1. Currently, most efforts have been

undertaken for human Plk1, while only a few

phospho-binding or phosphorylation sites have

been experimentally identified for other Plks

(Table 1). The phylogenetical relationship of Plk

family members in various organisms were analyzed

(Supplementary experimental procedure). All of the

Plks have a conserved kinese domain in the

N-terminus, with a less conserved tandem set or at

least one PBD domain in the C-terminus (Figure 1).

Plk1 in vertebrates, and Plk2 and Plk3 in H. sapiens,
M. musculus and X. laevis, were originated from
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yeast Cdc5 (ScCdc5) and became diversified before

speciation (Figure 1). In particular, a newly reported

mouse Plk5 (MmPlk5) also originated from ScCdc5

was found to be close to Plk2 and Plk3. Although its

biological functions are not yet fully elucidated [17],

Plk5 together with Plk1, 2 and 3 might recognize

similar phospho-binding or phosphorylation motifs

such as ScCdc5. In our results, a fourth family

member (Plk4) in a separate branch demonstrates

that there is a certain degree of homology with

other components, which is presumably ascribable

to their sharing of a particular structure (the single

Polo-box domain). However, their kinase domains

are closely related to the other members. Moreover,

additional evidence has confirmed that they share

certain overlapping functions [18, 19]. For example,

both Plk2 and Plk4 can phosphorylate human

CENPJ at S595 [18] (Supplementary Table S2).

Since no phospho-binding site and only four

p-sites were experimentally identified for Plk4

(Table 1), we hypothesized that Plk4 might recog-

nize distinct but nevertheless similar motifs as the

other Plks.

Taken together, based on the hypothesis that

members of the Plk family can recognize similar

phospho-binding and phosphorylation motifs in pro-

teins, we developed the general predictor GPS-Polo

1.0, in which all of the experimental phospho-

binding and phosphorylation sites were regarded as

sets of training data. More specific predictors of in-

dividual Plks were not designed due to the limitation

of the available data. For performance improvement,

a refined GPS 2.2 algorithm was adopted. The dif-

ferences among the different versions of the GPS

algorithms are described in the Supplementary

experimental procedure and Supplementary Table

S3. In GPS-Polo 1.0, the three thresholds of high,

medium and low were chosen, while the medium

cut-off was selected as the default configuration.

The usage of GPS-Polo 1.0 is described in the

Supplementary results.

Performance evaluation and comparison
To evaluate the performance and robustness of

GPS-Polo 1.0, the LOO validation and 4-, 6-, 8-,

10-fold cross-validations were performed for Plk

phospho-binding (Figure 2A) and phosphorylation

(Figure 2B), respectively. To further evaluate the

limitation and bias of the training data sets, we also

tested the performance of nonhuman Plk1 binding

proteins by using human Plk1 phospho-binding sites

for training (Figure 2A). Moreover, the performance

values of non-Plk1 and nonhuman Plk1 substrates

were calculated with the training data sets of Plk1

Figure 1: Phylogenetic analysis of the Plk family members. The schematic of the functional domains, such as the
N-terminal kinase domain and C-terminal tandem or single Polo-box is also presented. Hs, H. sapiens; Mm, M. mus-
culus; Xl, X. laevis; Dm, D. melanogaster; Ce,C. elegans; Sp, S. pombe; Sc, S. cerevisiae.
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orthologs and human Plk1 p-sites, respectively

(Figure 2B). Since the results of different validations

are quite similar, it is evident that GPS-Polo 1.0 is a

stable and robust predictor, while phospho-binding

and phosphorylation sites of different Plk members

follow similar sequence patterns. The LOO results

were adopted as the major indicators of GPS-Polo

1.0 for the purposes of further comparison.

To exhibit the superiority of GPS-Polo, we com-

pared it to several other reported approaches.

Previously, Elia et al. proposed that Plk1-PBD rec-

ognizes a core consensus motif S-(pT/pS)-(P/X)

(Motif 1; X, any amino acid except Cys) for

phospho-binding [14]. To avoid any bias, we calcu-

lated the prediction performance of the Motif 1 with

the same training data set used in GPS-Polo. Since

no other predictors of Plk phospho-binding have

been developed, we directly compared the

GPS-Polo to Motif 1 (Table 2). When the Sp
value was �87.9%, the Sn value of GPS-Polo

(85.71%) was better than Motif 1 (80.36%)

(Table 2). The interactions of Plks and their phos-

pho-binding proteins can be mediated through the

priming phosphorylation by CDK/MAPK [9, 14],

which also recognize the S/T-P motif in substrates

for phosphorylation [35]. Thus, we speculated

whether the prediction of Plk phospho-binding

sites is identical to the predictions of CDK or

MAPK p-sites. To address this problem, we chose

two PK groups of CMGC/CDK and CMGC/

MAPK from GPS 2.1 [24], and calculated the pre-

diction performances with our training data set for

Plk phospho-binding, respectively (Table 2). When

the Sp value was �95.5%, the Sn value of GPS-Polo

(82.14%) was much better than GPS 2.1 (CMGC/

CDK: 63.64%; CMGC/MAPK: 37.50%) (Table 2).

In this regard, using known Plk phospho-binding

sites for training can significantly improve the pre-

diction accuracy since other PKs such as CaMKII

[36] and Nek2 [37] can also act as priming kinases

for Plks.

For Plk phosphorylation, we also compared

GPS-Polo to a variety of predictors, including GPS

[24], PostMod [27], KinasePhos 2.0 [25] and

PhoScan [26]. Previously, Nakajima et al. suggested

that D/E-X-S/T-�-X-D/E (Motif 2; X, any amino

acid; �, a hydrophobic amino acid) is a consensus

phosphorylation motif modified by Plk1 [8]. The

prediction performance of Motif 2 was also calcu-

lated. The same training data set used in GPS-Polo

was directly used for evaluating the performance of

these approaches (Table 2). We fixed the Sp values

of GPS-Polo 1.0 so as to be similar to these methods,

and then compared the Sn values. With the similar

Figure 2: The prediction performance of GPS-Polo.The LOO validation and 4-, 6 -, 8 - and10-fold cross-validations
were performed while the ROC curves and AROC values were carried out. (A) Performance for Plk
phospho-binding. We also used human Plk1 phospho-binding sites for training and tested the performance of
non-human Plk1 binding proteins (HsPlk1). (B) Performance for the prediction of the Plk p-sites.We also used Plk1
orthologs and human Plk1 p-sites for training to test the performance of non-Plk1 (Plk1) and non-human Plk1
(HsPlk1) substrates.
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Sp values, the corresponding Sn value of GPS-Polo

1.0 was found to be much better than the other

approaches (Table 2).

Systematic prediction and analysis of the
Plk-mediated phosphoregulation
Since the real p-sites are only a very small part of all

of the Ser/Thr residues in proteins [24], ab initio pre-

diction of Plk phospho-binding and phosphorylation

proteins with their sites merely from primary protein

sequences will generate an excess of false positive

hits. Recently, rapid advances in HTP-MS tech-

niques have resulted in an explosive increase of phos-

phoproteomic data, with the systematic detection of

thousands of p-sites in just a single experiment.

However, the exact regulatory PKs for most of

these p-sites have not been experimentally eluci-

dated. To reduce the false positive rate, here we pre-

dicted Plk phospho-binding and phosphorylation of

proteins from the available phosphoproteomic data.

From the public databases and several large-scale

experiments, we collected 120 877 pS/pT sites in

24 739 proteins in eukaryotes, including S. cerevisiae,
C. elegans, D. melanogaster, M. musculus and H. sapiens

(more detailed information is available in the

Supplementary experimental procedure and

Supplementary Table S4). In total, there were

17 713 potential Plk phospho-binding sites predicted

in 8599 proteins and 17 232 p-sites in 8712 sub-

strates, using the default threshold (Table 3). From

the results, we estimated that on average 14.65% of

the total proteins in a eukaryotic organism are po-

tential Plk phospho-binding proteins, while 14.26%

of the total proteins are potentially phosphorylated

by the Plks (Table 3). Although these potential Plk

phospho-binding and phosphorylation of proteins

are abundant, they have a relatively small overlap

rate of 31.62% (Table 3). Only 755 (5.73%) proteins

appear to interact with and are phosphorylated by

Plks at the same p-sites, while 3405 (25.89%) pro-

teins interact with and are phosphorylated by Plks at

different sites in the same protein (Table 3). In this

regard, phospho-binding and phosphorylation may

play distinct regulatory roles in a variety of biological

processes.

With the GO annotations, we statistically analyzed

the functional abundance and diversity of Plk-

mediated phosphoregulation in H. sapiens with the

Table 2: Comparison of the GPS 2.2 algorithm with other approaches

Method Threshold Ac (%) Sn (%) Sp (%) MCC

Phospho-binding High 97.56 57.14 97.97 0.3477
Medium 95.27 82.14 95.41 0.3444
Low 89.99 85.71 90.03 0.2451
c 87.89 85.71 87.91 0.2205

Phosphorylation High 93.89 28.99 94.89 0.1283
Medium 87.20 50.72 87.76 0.1408
Low 81.52 57.61 81.89 0.1238
c 98.16 2.90 99.63 0.0482
d 91.92 38.41 92.74 0.1426

66.08 76.81 65.91 0.1097
97.93 4.35 99.37 0.0553

Motif 1a 87.86 80.36 87.93 0.2046
Motif 2b 98.14 1.82 99.63 0.0281
CMGC/CDK e 95.15 63.64 95.47 0.2657
CMGC/MAPK e 94.88 37.50 95.47 0.1532
GPS 2.1 High 92.64 18.25 93.78 0.0599

Medium 84.30 28.83 85.15 0.0476
Low 76.82 39.05 77.40 0.0478

PostMod 91.67 21.17 92.75 0.0646
KinasePhos 2.0 65.64 52.73 65.84 0.0477
PhoScan 97.93 3.64 99.38 0.0453

Note. For the construction of the GPS-Polo1.0 software, the three thresholds of high, medium and low were chosen for Plk phospho-binding and
phosphorylation, respectively.We fixed the Sp values of GPS-Polo 1.0 to be identical or similar to other methods and compared the Sn values. aA
Plk1-PBD phospho-binding motif S-(pT/pS)-(P/X) (X, any amino acid except Cys) [14]. bA Plk1 phosphorylation motif D/E-X-S/T-�-X-D/E (X, any
amino acid; �, a hydrophobic amino acid) [8]. cThe Sn values of GPS-Polo are higher than the simple motifs. dFor the prediction of the Plk p-sites,
the Sn values of GPS-Polo are evidentlymuch better than the other computational approaches. eTwo PKgroups of CMGC/CDK and CMGC/MAPK
were selected fromGPS 2.1 [24].
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hypergeometric distribution (P< 0.01) (Supplemen-

tary experimental procedure). The over-represented

GO terms of biological processes, molecular func-

tions and cellular components were calculated for

Plk phospho-binding (Supplementary Table S5)

and phosphorylation (Supplementary Table S6) pro-

teins, respectively. In particular, we also compared

the differentiated GO terms between the phospho-

binding and phosphorylation targets with Yates’

Chi-square (w2) test (Table 4 and Supplementary ex-

perimental procedure). Interestingly, although both

Plk phospho-binding and phosphorylation of pro-

teins are significantly involved in cell cycle and mi-

tosis processes (Supplementary Tables S5 and S6), the

former is more heavily implicated in mitosis, since

the top two most differentiated GO terms are mitosis

(GO:0007067) and the mitotic cell cycle

(GO:0000278) (Table 4). Moreover, although Plk-

mediated phosphoregulation was proposed to regu-

late apoptosis/cell death [20, 21] and stress-activated

MAPK cascade [23], our results suggested that Plk

phospho-binding targets more proteins than its phos-

phorylation (Table 4). Furthermore, we observed

that both Plk phospho-binding and phosphorylation

are implicated in DNA damage (GO:0006974, Sup-

plementary Table S5) or double-strand break repair

(GO:0006302, Supplementary Table S6), which are

consistent with previous studies [16, 17]. In addition,

Plk phospho-binding but not phosphorylation is sig-

nificantly implicated in transcription regulation

(GO:0045449, Supplementary Table S5).

Accurate prediction of the in vivo
Plk-mediated phosphoregulation
In the above section, we predicted several tens of

thousands of potential Plk phospho-binding and

phosphorylation sites from the phosphoproteomic

data in eukaryotes. However, most of these sites

may only interact or be phosphorylated by Plks

in vitro but not in vivo because Plks must co-localize

and ‘kiss’ their partners for either interaction or

modification to take place in a cell [24]. In this

regard, accurate prediction of in vivo Plk-mediated

phosphoregulation is still a great challenge.

The accumulated evidence suggests that Plks play

an essential role during mitotic progression and can

localize in various distinct regions, such as the mid-

body, centrosome and kinetochore [10, 14, 38, 39].

Previously, we developed the MiCroKit 3.0 database

that contains proteins that localize in the midbody,

centrosome and/or kinetochore (microkit proteins)

[39]. All of the microkit proteins were experimen-

tally identified with directly corroborating evidence

for subcellular localization under fluorescent micros-

copy [39]. Given the functional importance of the

midbody, centrosome and kinetochore in mitosis

and co-localization, we hypothesized that microkit

proteins are likely to heavily interact with or be

phosphorylated by Plks.

Using the MiCroKit database as a reference, we

mapped the annotated phosphoproteomic data in the

above section to microkit proteins. With the hyper-

geometric test, our statistical results clearly indicated

that Plk phospho-binding or phosphorylation pro-

teins are significantly enriched in microkit proteins,

at least in S. cerevisiae and H. sapiens (P < 0.01) be-

cause the information for the other species is far from

integrated (Table 5). In this regard, the midbody,

centrosome and kinetochore are hotspots of the

in vivo Plk-mediated phosphoregulation. Several ex-

amples were randomly selected, and their prediction

results are shown in Figure 3. Previous studies

Table 3: The statistics of the prediction results for the eukaryotic phosphoproteomic data

Organism Num.a Phospho-binding Phosphorylation Same sitee Same pro.f

Pro.b Sites Per.c (%) Sub.d Sites Per. (%) Sub. Sites Per. (%) Sub. Per. (%)

S. cerevisiae 1673 1005 1766 12.60 1254 2507 17.89 98 105 5.86 488 29.17
C. elegans 991 535 825 15.49 624 932 17.50 50 62 5.05 118 11.91
D. melanogaster 1856 1124 1888 12.83 1247 2042 13.87 100 111 5.39 415 22.36
M. musculus 4137 2783 6001 15.10 2689 5329 13.41 228 260 5.51 1107 26.76
H. sapiens 4495 3152 7233 15.36 2898 6422 13.64 278 321 6.18 1277 28.41
Total 13152 8599 17 713 14.65 8712 17232 14.26 754 859 5.73 3405 25.89

Note.GPS-Polo 1.0 was utilized using the default threshold. aNum., the number of totally annotated proteins. bPro., the number of annotated Plk
phospho-binding proteins. cPer., the proportion of sites annotated. dSub., the number of annotated Plk phosphorylation substrates. eSame site, pro-
teins interact and are phosphorylated by Plks at the same p-sites.fSame Pro., proteins interact and are phosphorylated by Plks at different sites,
but in the same proteins.
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reported that human Mis18B (O43482) is an import-

ant regulator for proper chromosome segregation

during mitosis, while its centromeric localization is

crucial for recruiting de novo-synthesized CENP-A

to the kinetochore [33, 34]. However, the precise

molecular mechanisms underlying Mis18B regula-

tion during mitosis remain elusive. Here, we pre-

dicted that its pS48 and pT221 might be potential

Plk phospho-binding sites, while pS225 might be

phosphorylated by Plks (Figure 3A). The tumor sup-

pressor TP53/p53 (P04637), which is positioned at

centrosomes during mitosis, was identified as a crit-

ical phosphorylation target of Plk1, whereas the

kinase domain region of Plk1 (99-329aa) was sug-

gested to be sufficient for its interaction with the

DNA-binding domain of TP53 [20]. However, no

Plk1 p-sites were experimentally identified in TP53.

Our predictions revealed that the single residue S9

might be modified by Plks (Figure 3B). It was also

confirmed that the physical interaction between Plk1

and TP53 inhibits the pro-apoptotic function of the

latter, and the findings suggest that pT81, pT150 and

pS315 are potential Plk phospho-binding sites

(Figure 3B). Moreover, extensive research has sug-

gested that ZW10 (O43264) associates specifically

with kinetochores and acts as a mitotic checkpoint

protein involved in chromosome segregation [40].

However, it is still unclear whether PBDs participate

in the Plk–ZW10 interactions. With GPS-Polo,

pT438 was predicted as a potential Plk phospho-

binding site (Figure3C). In addition, the results con-

firmed that NDC80 (O14777) is an evolutionarily

conserved kinetochore-associated protein that plays

a significant role in chromosome alignment and spin-

dle organization [41]. Here, we predicted S5, S15

and S44 to be putative Plk p-sites (Figure 3D).

Table 4: Statistical comparison of the GO terms of the Plk phospho-binding proteins and phosphorylation
substrates

Description of GO term Phospho-binding Phosphorylation E-ratioc X2d P value

Num.a Per.b (%) Num. Per. (%)

The most different biological processes
Mitosis (GO:0007067) 34 4.90 13 2.03 2.41 7.23 7.15�10�3

Mitotic cell cycle (GO:0000278) 42 6.05 21 3.28 1.84 5.08 2.42�10�2

Cell death (GO:0008219) 13 1.87 3 0.47 4.00 4.42 3.55�10�2

Stress-activated MAPK cascade (GO:0051403) 11 1.59 2 0.31 5.07 4.35 3.71�10�2

G2/M transition of mitotic cell cycle (GO:0000086) 14 2.02 4 0.63 3.23 3.86 4.95�10�2

Cellular protein metabolic process (GO:0044267) 4 0.58 14 2.19 0.26 5.34 2.09�10�2

Protein folding (GO:0006457) 3 0.43 12 1.88 0.23 5.00 2.53�10�2

The most different molecular functions
Sequence-specific DNA binding transcription factor activity

(GO:0003700)
59 8.50 29 4.53 1.88 7.89 4.98�10�3

Transferase activity (GO:0016740) 75 10.81 46 7.19 1.50 4.86 2.75�10�2

Magnesium ion binding (GO:0000287) 11 1.59 2 0.31 5.07 4.35 3.71�10�2

SH3 domain binding (GO:0017124) 15 2.16 4 0.63 3.46 4.56 3.28�10�2

Guanyl-nucleotide exchange factor activity (GO:0005085) 14 2.02 4 0.63 3.23 3.86 4.95�10�2

Receptor activity (GO:0004872) 5 0.72 30 4.69 0.15 18.99 1.32�10�5

RNA binding (GO:0003723) 36 5.19 52 8.13 0.64 4.20 4.05�10�2

The most different cellular components
Cytoskeleton (GO:0005856) 81 11.67 48 7.50 1.56 6.16 1.30�10�2

Transcription factor complex (GO:0005667) 18 2.59 5 0.78 3.32 5.43 1.98�10�2

Cytosol (GO:0005829) 142 20.46 100 15.63 1.31 4.92 2.65�10�2

Synaptosome (GO:0019717) 13 1.87 3 0.47 4.00 4.42 3.55�10�2

Nuclear pore (GO:0005643) 14 2.02 4 0.63 3.23 3.86 4.95�10�2

Integral to plasma membrane (GO:0005887) 15 2.16 35 5.47 0.40 9.20 2.42�10�3

Endoplasmic reticulum (GO:0005783) 14 2.02 33 5.16 0.39 8.75 3.10�10�3

Integral to membrane (GO:0016021) 50 7.20 72 11.25 0.64 6.08 1.37�10�2

Membrane fraction (GO:0005624) 13 1.87 27 4.22 0.44 5.52 1.88�10�2

Endoplasmic reticulum membrane (GO:0005789) 9 1.30 21 3.28 0.40 5.10 2.40�10�2

Golgi apparatus (GO:0005794) 25 3.60 41 6.41 0.56 4.99 2.56�10�2

Membrane (GO:0016020) 70 10.09 90 14.06 0.72 4.62 3.17�10�2

aThe number of proteins annotated. bThe proportion of proteins annotated. cE-ratio, enrichment ratio, the phospho-binding proportion divided by
the phosphorylation proportion. dThe result of theYates’ Chi-square (w2) test.The linesmarked in gray indicate the Enrichment-ratio is�1.
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Human Plk-mediated
phosphoregulation favors the distributive
phosphorylation model
The large-scale analyses provided a great opportunity

to dissect how Plk phospho-binding and phosphor-

ylation synergistically regulate proteins. Previously,

two hypothetical models, a processive phosphoryl-

ation model and distributive phosphorylation model,

were proposed for PBD-mediated substrate targeting

[9, 10] (Figure 7). In the former model, the Plks first

bind with a phosphorylated protein by PBDs and

further phosphorylate the protein at one or multiple

sites by their kinase domains (Figure 7). In the latter

model, a phosphorylated protein first interacts with

the PBDs serving as a scaffold and recruits additional

substrates to be further phosphorylated by the Plks

(Figure 7). In both models, the protein must be first

phosphorylated by Plks (self-priming) or other PKs

(nonself-priming) (Figure 7). If self-priming is the

predominant mode, most of the annotated p-sites

would be expected to be both Plk phospho-binding

and phosphorylation sites. However, only 859 p-sites

in 755 (5.73%) proteins interact with and are phos-

phorylated by Plks (Table 3). Furthermore, upon

analyzing the mitosis-specific Plk-mediated phos-

phoregulation, this proportion is unchanged

(Supplementary Table S7). Thus, the proteins favor

a nonself-priming pattern. Again, if the processive

phosphorylation model were predominant, most of

the proteins would contain both Plk phospho-

binding and phosphorylation sites. In our analysis

of the eukaryotic phosphoproteomic data, only

4159 (31.62%) of the total annotated proteins were

found to both interact with and be phosphorylated

by Plks (Table 3). Although this proportion is mod-

erately enhanced to 48.90% (289 proteins) in the

mitosis-specific Plk-mediated phosphoregulation

(Supplementary Table S7), our results suggest that

Plk regulation favors the distributive model.

Human Plk1 interacts with and regulates
phosphorylated Mis18B
Although a number of computational analyses were

performed, it was still not clear whether the predic-

tion results would be reliable with high confidence.

To further evaluate the prediction accuracy, ‘wet’

experiment was needed. Here we mainly focused

on validating the phosphorylation-dependent inter-

action between Plk1 and Mis18B. We first explored

the spatiotemporal patterns of Plk1 (Figure 4A) and

its co-localization profiles together with Mis18B

during the cell cycle (Figure 4B). Immunofluores-

cence showed that both Mis18B and Plk1 readily

appear at the centrosomes in prophase HeLa cells

Figure 3: Applications of GPS-Polo 1.0. Here we predicted several Plk phospho-binding events or phosphorylated
proteins in H. sapiens using the default (medium) threshold. The predicted Plk phospho-binding sites are shown in
blue, while the potential Plk p-sites are indicated in red. (A) Mis18B (O43482), also called Mis18-beta or OIP5;
(B) TP53/p53 (P04637); (C) ZW10 (O43264), a conserved centromere/kinetochore protein; (D) NDC80 (O14777),
a kinetochore protein.

Table 5: The statistics of the prediction results for the
in vivo Plk-mediated phosphoregulation

Organism Num.a Phospho-binding Phosphorylation

Pro.b Sites P valuec Sub.d Sites P value

S. cerevisiae 191 97 206 1.33�10�5 114 265 6.48�10�12

C. elegans 29 8 8 3.97�10�1 9 12 2.47�10�1

D. melanogaster 61 28 54 1.26�10�3 26 59 6.46�10�3

M. musculus 89 40 108 8.95�10�2 34 94 4.85�10�1

H. sapiens 500 283 830 2.11�10�17 241 749 3.26�10�6

Total 870 456 1206 1.45�10�27 424 1179 4.48�10�18

Note.The protein localization information from the MiCroKit database
[39] was utilized as an efficient filter to remove potentially false posi-
tivehits. aNum., thenumberofproteins collectedin theMiCroKitdata-
base. bPro., the number of annotated Plk phospho-binding proteins.
cP value, the result of the hypergeometric test. dSub., the number of
annotated Plk phosphorylation substrates.
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(Figure 4B). In this regard, we hypothesized that

Plk1 might physically interact with Mis18B in vivo.

The phosphoproteomic data showed Mis18B to

be a phosphorylated protein, with pS48 and pT221

predicted as potential Plk phospho-binding

sites (Figure 3A). We directly examined whether

the PBD of Plk1 is responsible for its interaction

with phosphorylated Mis18B. The human plasmid

Plk1-PBD (Plk1-C, 305-603) was constructed

(Figure 5A). Recombinant GST-tagged PBD and

GST were incubated with lysate of 293T cells tran-

siently transfected with FLAG-Mis18B, which

ensured the correct phosphorylation of Mis18B.

Preliminary experiments revealed that pT221 is not

responsible for interacting with Plk1-PBD (data not

shown), while Mis18B can still interact with

Plk1-PBD even when pS48 was mutated. In this

regard, additional there must be phospho-binding

sites present in Mis18B. To avoid overlooking

any positive hits, we input the full-length sequence of

Mis18B into GPS-Polo and predicted the additional

phospho-binding site of pT14 (Figure 4B). Interest-

ingly, although this site was not included in our

phosphoproteomic data sets, a recent large-scale

experiment demonstrated that this site is phos-

phorylated in the Akt-RSK-S6 kinase signaling

networks [42].

Thus, we further investigated whether the two

p-sites are responsible for interacting with Plk1-

PBD. As illustrated in Figure 5C, GST-PBD, but

not GST, could pull down the FLAG-Mis18B

(lane 5 and 6), demonstrating that the C-terminal

PBD domain is required for the Plk1-Mis18B inter-

action. Furthermore, GST pull-down assays demon-

strated that double-site mutations almost abolished

the binding affinity between Mis18B and PBD,

while a single-site mutation (T14A or S48A) dimin-

ished nearly half of the binding affinity with PBD,

respectively (Figure 5C, lanes 7–9). Thus, we con-

cluded that pT14 and pS48 of Mis18B are Plk1

phospho-binding sites. In addition, we employed

immunoprecipitation assay to investigate whether

Plk1 forms a complex with Mis18B in vivo. As

shown in Figure 5D, GFP-Mis18B immunoprecipi-

tated with FLAG-Plk1 (lanes 3 and 4) indicating that

Mis18B is a bona fide Plk1-interacting partner. This

in vivo physical interaction was also confirmed in a

recent experiment by a similar strategy [43].

Previously, extensive experimental studies showed

that Plk1 plays a significant role in regulating protein

stability [21]. Thus, we suspected that this interaction

modulated the stability of Mis18B. When the

cells were treated with the protein biosynthesis

inhibitor cycloheximide (CHX), the stability of

Figure 4: The spatiotemporal subcellular localization of Plk1 and its co-localization profiles with human Mis18B at
multiple stages of the cell cycle. (A) The specificity of the anti-Plk1 antibody (red) was critically evaluated, whereas
anti-human centromere antibody (ACA, green) and DAPI (blue)-stained centromere and DNA/chromosome,
respectively. (B) Twenty-four hours after transfection with GFP-Mis18B (green), HeLa cells were fixed, blocked,
and stained for the anti-Plk1 antibody (red) and DAPI (blue).
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FLAG-Mis18B WT was almost identical with

FLAG-Mis18B T14A/S48A, without the presence

of Plk1 (Figure 6A). When GFP-Plk1 was co-

transfected, the degradation rate of FLAG-Mis18B

T14A/S48A was unchanged, while the stability of

FLAG-Mis18B WT was greatly enhanced. Also,

the protein level of Mis18B remained constant

after treatment with the proteasome inhibitor

MG132 (Figure 6A, lanes 1, 6, 11 and 12;

Figure 6B, lanes 1, 6, 11 and 12). In this regard,

the degradation of Mis18B is mediated through the

proteosomal pathway. These existing data amply

confirmed that the phospho-binding between Plk1

and Mis18B is crucial for maintaining the stability of

Mis18B. Moreover, the migratory bands were pre-

sent during the co-existence of FLAG-Mis18B WT

and GFP-Plk1 (Figure 6B, lanes 1–4 and 11), indi-

cating that the Plk1-Mis18B interaction probably

promotes the subsequent phosphorylation of

Mis18B.

DISCUSSION
As a multi-faceted kinase family, Plks have been ex-

tensively characterized by their specific phosphoryla-

tion-dependent signaling transduction, orchestrate

Figure 5: Plk1 interacts with Mis18B in vitro and in vivo. (A) We constructed a plasmid of human Plk1-PBD (Plk1-C,
305-603aa). (B) Using GPS-Polo, we re-analyzed Mis18B by predicting the additional Plk phospho-binding site pT14,
which had been experimentally identified as a bona fide p-site in a recent study [42]. (C) Plk1 interacts with Mis18B
in vitro. Recombinant GSTand GST-tagged PBD incubated with the lysate of 293T cells and transiently transfected
with FLAG-Mis18B.The loading samples of GST-PBD and GSTwere detected using Coomassie blue. Bound proteins
were detected by immunoblotting analysis with an anti-Flag antibody. (D) Co-immunoprecipitation of exogenously
expressed Plk1 and Mis18B in vivo. 293T cells were transiently co-transfected with FLAG-Plk1 and GFP-Mis18B.
Then cells were lysated and incubated with the anti-FLAG antibody-coupled beads. The samples were analyzed by
Western blotting with an anti-GFP and anti-FLAG antibody, respectively.
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a variety of biological and cellular processes especially

mitosis, and are closely associated with tumorigenesis

[7, 9, 10]. Thus, the identification of the Plk-

mediated phosphoregulation by the detection of

Plk phospho-binding and phosphorylation sites is

fundamental to an understanding of the molecular

mechanisms and regulatory roles of Plks. Although

an optimal phosphorylation motif (Motif 2) of Plk1

was in vitro verified [8], only 1.82% of all the known

Plk p-sites follow this pattern (Table 2). Moreover,

although a consensus motif S-(pT/pS)-(P/X)

(Motif 1) was proposed for Plk1 phospho-binding

[14], we observed that the newly identified pT14

(AT14P) of human Mis18B does not follow this pat-

tern (Figure 5B). Thus, accurate prediction of Plk

phospho-binding and phosphorylation sites is still a

great challenge. In this work, we developed a novel

software package termed GPS-Polo. From the scien-

tific literature, we extensively collected the known

Plk phospho-binding and phosphorylation sites as

the training data sets, while a previously designed

GPS algorithm [24] was greatly refined for the pur-

poses of this study. By direct comparison, the pre-

diction performance is much better than the other

available approaches (Table 2).

Ab initio prediction of Plk phospho-binding and

phosphorylation sites merely from protein primary

sequences will inevitably generate a huge amount

of false positive hits because most of the Ser/Thr

residues are not modified at all. In this regard, effi-

cient filters need to be added to reduce false positive

predictions. Recent progress in phosphoproteomic

studies have identified over one hundred thousand

p-sites in eukaryotic cells, and these can be used as

source material from which the number of potential

candidates is ultimately narrowed down. Using

GPS-Polo 1.0, we predicted 17 713 potential Plk

phospho-binding sites in 8599 proteins and

17 232 p-sites in 8712 substrates from eukaryotic

phosphoproteomic data (Table 3). However, the

Figure 6: Plk1 promotes the stability of Mis18B. The FLAG-Mis18B WT or mutant (T14A/S48A) was
single-transfected (A) or co-transfected, respectively, with GFP-Plk1 (B), into 293T cells. Twenty-four hours after
transfection, cells were treated with cycloheximide or MG132, respectively.The samples were harvested at the indi-
cated times and subjected to immunoblotting analysis using the anti-GFP or anti-Flag antibody. Tubulin and Plk1
were chosen as the control to ensure the quantity of cells and GFP-Plk1. The migratory bands (red boxes) are pre-
sented in the case of the co-existence of FLAG-Mis18B WTand GFP-Plk1.
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results are still of limited utility for further experi-

ments because most of these sites may only interact

with or be phosphorylated by Plks in vitro not in vivo
since a number of contextual factors such as physical

interaction and subcellular co-localization can

provide additional specificity for the phosphoregula-

tion [44].

Recently, large-scale identification of potential

Plk p-sites has attracted much attention by quantita-

tively comparing the human phosphoproteomes in

the presence or absence of Plk activity with

small-molecule inhibitors [13, 43, 45, 46]. Since

102 in vitro validated Plk1 p-sites was included in

our training data set [13], here we focused on analyz-

ing the other three studies by integrating 1979 po-

tential Plk p-sites in 810 proteins (Supplementary

Table S8) [43, 45, 46]. From the results, we observed

that the overlapping rate among the three analyses is

limited, and only 205 (10.36%) p-sites occur in more

than one experiment (Supplementary Table S8).

We used GPS-Polo to predict potential Plk

phospho-binding and phosphorylation sites in

these proteins and performed the Fisher’s Exact

Test (http://www.langsrud.com/fisher.htm, 2-Tail)

(Table 6). Interestingly, the statistical results sug-

gested that Plk phosphorylation substrates were sig-

nificantly enriched by �2-fold (P< 0.01), while Plk

phospho-binding proteins were significantly under-

represented (Table 6). Thus, the quantitative

approach can be an efficient filter for Plk phosphor-

ylation but not phospho-binding. Also, Kettenbach

et al. experimentally identified 584 Plk1-interacting

partners by immunoprecipitation [43]. We mapped

all known p-sites to these proteins and performed the

prediction with GPS-Polo (Supplementary Table

S9). Again, the Fisher’s exact test was carried out,

while the statistical results suggested that both Plk

phospho-binding and phosphorylation proteins

were significantly over-represented (Table 6). Thus,

the interaction information can be an efficient filter

for both Plk phospho-binding and phosphorylation.

In addition, the co-localization of Plks and their

Figure 7: Two hypothetical models for phosphorylation-mediated Plk regulation [9,10]. In both models, a protein is
first phosphorylated by a priming PK, such as Plks (self-priming) or other PKs (non-self-priming).Then in the proces-
sive phosphorylation model, Plks interact with the phosphorylated protein by means of the PBDs, and further phos-
phorylate it at one or multiple sites via the kinase domains. In the distributive model, the phosphorylated protein
can act as a scaffold by binding PBDs, and it recruits more proteins to be phosphorylated by Plks.
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partners is a prerequisite for either interaction or

modification within a cell [24]. By comparison, the

co-localization information can be a more efficient

filter for Plk phospho-binding (Tables 5 and 6).

Previous studies and our own Immunofluorescent

assays demonstrated that Plks localize at the

midbody, centrosome and kinetochore during mi-

tosis [10, 14, 38, 39] (Figure 4A). Therefore, we

used the protein localization information from the

MiCroKit database to remove potentially false posi-

tive predictions from the large-scale analysis

(Table 5).

Based on the prediction results (Figure 3A), we

experimentally confirmed that human Mis18B is a

novel interacting partner of Plk1 both in vitro and

in vivo. Together with additional computational ana-

lysis, we further confirmed that pT14 and pS48 of

Mis18B are responsible for its interaction with Plk1-

PBD (Figure 5). In addition, the association between

Plk1 and Mis18B is crucial for maintaining the sta-

bility of Mis18B and probably promotes the subse-

quently phosphorylation of Mis18B at S225 by Plk1

(Figure 3A). Interestingly, previous reports

showed that Mis18B is essential for recruiting

de novo-synthesized CENP-A to the centromeres

[33, 34]. Thus, we speculated that the interaction

between Plk1 and Mis18B may participate in regu-

lating CENP-A dynamics during mitosis, and this

hypothesis will be tested in future experimental

work.

In our data set, there are 42 (75.0%) phospho-

binding and 224 (81.5%) phosphorylation sites for

the human Plk1 (Table 1). Thus, the intrinsic limi-

tation and bias of the training data set cannot be

avoided. For example, a previous experiment indi-

cated that Plk3 can phosphorylate p53 at S20 [20],

which was not predicted by GPS-Polo (Figure 3B).

We believed that the prediction performance can be

further improved with a greater supply of available

data and additional refinement of the GPS algorithm.

Furthermore, although we collected 120 877 pS/pT
sites in 24 739 substrates in eukaryotes, the phospho-

proteomic data set is still far from fully integrated.

For example, the pT14 of Mis18B was recently iden-

tified as a real p-site but is not included in our data

set [42]. In this regard, we will keep collecting and

integrating the emerging phosphoproteomic data

from the latest literature. In addition, more experi-

mental studies will be carried out to further validate

the prediction results.

Although a number of analyses remain to be

performed, the systematic analysis reported here

clearly exhibited the functional complexity and

diversity of the Plk-mediated phosphoregulation in

eukaryotes. The extensive computational evaluation

and experimental confirmation suggest that our

results are accurate and thus useful for further inves-

tigation. We believe that computational prediction

followed by experimental verification will

help advance the understanding of the molecular

mechanisms and dynamics of Plk-centered

regulation.

SUPPLEMENTARYDATA
Supplementary data are available online at http://

bib.oxfordjournals.org/.

Key Points

� The GPS-Polo is a software package for the prediction of Plk
phospho-binding and phosphorylation sites.

� Systematic analysis suggests that Plk phospho-binding proteins
are more closely implicated in mitosis than their phosphoryl-
ation substrates.

� The subcellular co-localization information can be used to
reduce potentially false positive hits.

� Human Mis18B was predicted and experimentally validated as a
Plk1phospho-binding protein.

Table 6: The statistics of the prediction results for the quantitative phosphoproteomic data and Plk1-binding
proteins

Data set Num.c Sitesd Phospho-binding Phosphorylation

Pro. Sites Per. (%) P valuee Sub. Sites Per. (%) P value

Plka 810 1979 196 240 12.13 5.69�10�9f 382 546 27.59 1.63�10�5

Plk1-bindingb 584 7398 344 1021 13.80 4.13�10�9 305 929 12.56 2.34�10�7

aPlk, thepotential Plk p-siteswere collected from three large-scale studies [43, 45, 46]. bPlk1-binding, the Plk1-interactingpartnerswere experimen-
tally validated by immunoprecipitation [43]. cNum., the number of proteins. dSites, the number of p-sites. eP value, the result of the Fisher’s exact
test (two tail). fThis P value denotes that Plk phospho-binding proteins are significantly under-represented.

358 Liu et al.
 at H

uazhong U
niversity of Science and T

echnology on June 14, 2013
http://bib.oxfordjournals.org/

D
ow

nloaded from
 

http://bib.oxfordjournals.org/cgi/content/full/bbs041/DC1
http://bib.oxfordjournals.org/
http://bib.oxfordjournals.org/
http://bib.oxfordjournals.org/


ACKNOWLEDGEMENTS
The authors thank Dr. Francesca Diella and Dr. Toby J. Gibson

(EMBL) for always providing the newly data set of

Phospho.ELM database during the past seven years. They

thank Dr. Peter Hornbeck (Cell Signaling Technology, USA)

for providing the PhosphoSitePlus data set on 14 July 2009, and

Drs. Hong Li and Guohui Ding (SIBS, China) for providing the

SysPTM data set. Pacific Edit reviewed the manuscript prior to

submission.

FUNDING
This work was supported, in whole or in part, by the

National Basic Research Program (973 project)

(2012CB911201, 2012CB910101, 2010CB945401,

2010CB912103 and 2011CB910400), Natural

Science Foundation of China (90508002,

90913016, 31071154, 30900835, 30830036,

91019020, 31171300, 31171263 and 21075045),

Chinese Academy of Sciences (KSCX1-YW-R-65,

KSCX2-YW-H-10, KSCX2-YW-R-195 and

KSCX2-YW-R-140), Fundamental Research

Funds for the Central Universities (HUST:

2011TS085; SYSU: 11lgzd11) and Anhui Province

Key Project (08040102005).

References
1. Seet BT, Dikic I, Zhou MM, et al. Reading protein modi-

fications with interaction domains. Nat Rev Mol Cell Biol
2006;7:473–83.

2. Ubersax JA, Ferrell JE, Jr. Mechanisms of specificity in pro-
tein phosphorylation. Nat RevMol Cell Biol 2007;8:530–41.

3. Manning G, Whyte DB, Martinez R, et al. The protein
kinase complement of the human genome. Science 2002;
298:1912–34.

4. Gong W, Zhou D, Ren Y, et al. PepCyber:P�PEP: a data-
base of human protein protein interactions mediated by
phosphoprotein-binding domains. Nucleic Acids Res 2008;
36:D679–83.

5. Pawson T. Specificity in signal transduction: from
phosphotyrosine-SH2 domain interactions to complex cel-
lular systems. Cell 2004;116:191–203.

6. Pawson T, Nash P. Assembly of cell regulatory systems
through protein interaction domains. Science 2003;300:
445–52.

7. Archambault V, Glover DM. Polo-like kinases: conserva-
tion and divergence in their functions and regulation. Nat
RevMol Cell Biol 2009;10:265–75.

8. Nakajima H, Toyoshima-Morimoto F, Taniguchi E, et al.
Identification of a consensus motif for Plk (Polo-like kinase)
phosphorylation reveals Myt1 as a Plk1 substrate. J Biol
Chem 2003;278:25277–80.

9. Lowery DM, Lim D, Yaffe MB. Structure and function of
Polo-like kinases. Oncogene 2005;24:248–59.

10. Lowery DM, Mohammad DH, Elia AE, etal. The Polo-box
domain: a molecular integrator of mitotic kinase

cascades and Polo-like kinase function. Cell Cycle 2004;3:
128–131.

11. Elia AE, Rellos P, Haire LF, et al. The molecular basis for
phosphodependent substrate targeting and regulation of Plks
by the Polo-box domain. Cell 2003;115:83–95.

12. Chu Y, Yao PY, Wang W, et al. Aurora B kinase activation
requires survivin priming phosphorylation by PLK1. J Mol
Cell Biol 2011;3:260–7.

13. Santamaria A, Wang B, Elowe S, et al. The Plk1-dependent
phosphoproteome of the early mitotic spindle. Mol Cell
Proteomics 2011;10:M110 004457.

14. Elia AE, Cantley LC, Yaffe MB. Proteomic screen finds
pSer/pThr-binding domain localizing Plk1 to mitotic sub-
strates. Science 2003;299:1228–31.

15. Lowery DM, Clauser KR, Hjerrild M, et al. Proteomic
screen defines the Polo-box domain interactome and iden-
tifies Rock2 as a Plk1 substrate. EMBOJ 2007;26:2262–73.

16. Bassermann F, Frescas D, Guardavaccaro D, et al. The
Cdc14B-Cdh1-Plk1 axis controls the G2 DNA-damage-
response checkpoint. Cell 2008;134:256–67.

17. Andrysik Z, Bernstein WZ, Deng L, et al. The novel mouse
Polo-like kinase 5 responds to DNA damage and localizes in
the nucleolus. Nucleic Acids Res 2010;38:2931–43.

18. Chang J, Cizmecioglu O, Hoffmann I, et al. PLK2 phos-
phorylation is critical for CPAP function in procentriole
formation during the centrosome cycle. EMBO J 2010;29:
2395–406.

19. Habedanck R, Stierhof YD, Wilkinson CJ, et al. The Polo
kinase Plk4 functions in centriole duplication. Nat Cell Biol
2005;7:1140–6.

20. Ando K, Ozaki T, Yamamoto H, et al. Polo-like kinase 1
(Plk1) inhibits p53 function by physical interaction and
phosphorylation. J Biol Chem 2004;279:25549–61.

21. Feng YB, Lin DC, Shi ZZ, et al. Overexpression of PLK1 is
associated with poor survival by inhibiting apoptosis via en-
hancement of survivin level in esophageal squamous cell
carcinoma. IntJ Cancer 2009;124:578–88.

22. Darieva Z, Bulmer R, Pic-Taylor A, et al. Polo kinase con-
trols cell-cycle-dependent transcription by targeting a coac-
tivator protein. Nature 2006;444:494–8.

23. Wang L, Dai W, Lu L. Stress-induced c-Jun activation
mediated by Polo-like kinase 3 in corneal epithelial cells.
J Biol Chem 2007;282:32121–7.

24. Xue Y, Ren J, Gao X, et al. GPS 2.0, a tool to predict
kinase-specific phosphorylation sites in hierarchy. Mol Cell
Proteomics 2008;7:1598–608.

25. Wong YH, Lee TY, Liang HK, etal. KinasePhos 2.0: a web
server for identifying protein kinase-specific phosphoryl-
ation sites based on sequences and coupling patterns.
Nucleic Acids Res 2007;35:W588–594.

26. Li T, Li F, Zhang X. Prediction of kinase-specific phos-
phorylation sites with sequence features by a log-odds
ratio approach. Proteins 2008;70:404–14.

27. Jung I, Matsuyama A, Yoshida M, et al. PostMod: sequence
based prediction of kinase-specific phosphorylation sites
with indirect relationship. BMC Bioinformatics 2010;
11(Suppl 1):S10.

28. Alexander J, Lim D, Joughin BA, et al. Spatial exclusivity
combined with positive and negative selection of phosphor-
ylation motifs is the basis for context-dependent mitotic
signaling. Sci Signal 2011;4:ra42.

Plk phospho-binding and phosphorylation 359
 at H

uazhong U
niversity of Science and T

echnology on June 14, 2013
http://bib.oxfordjournals.org/

D
ow

nloaded from
 

http://bib.oxfordjournals.org/


29. Obenauer JC, Cantley LC, Yaffe MB. Scansite 2.0:
Proteome-wide prediction of cell signaling interactions
using short sequence motifs. Nucleic Acids Res 2003;31:
3635–41.

30. Huang H, Li L, Wu C, etal. Defining the specificity space of
the human SRC homology 2 domain. Mol Cell Proteomics
2008;7:768–84.

31. Cheng KY, Lowe ED, Sinclair J, et al. The crystal
structure of the human polo-like kinase-1 polo box
domain and its phospho-peptide complex. EMBO J 2003;
22:5757–68.

32. Huggins DJ, McKenzie GJ, Robinson DD, et al.
Computational analysis of phosphopeptide binding to the
polo-box domain of the mitotic kinase PLK1 using molecu-
lar dynamics simulation. PLoSComput Biol 2010;6:e1000880.

33. Hayashi T, Fujita Y, Iwasaki O, et al. Mis16 and Mis18 are
required for CENP-A loading and histone deacetylation at
centromeres. Cell 2004;118:715–29.

34. Fujita Y, Hayashi T, Kiyomitsu T, et al. Priming of centro-
mere for CENP-A recruitment by human hMis18alpha,
hMis18beta, and M18BP1. Dev Cell 2007;12:17–30.

35. Amanchy R, Periaswamy B, Mathivanan S, et al. A curated
compendium of phosphorylation motifs. Nat Biotechnol
2007;25:285–6.

36. Hansen DV, Tung JJ, Jackson PK. CaMKII and polo-like
kinase 1 sequentially phosphorylate the cytostatic factor
Emi2/XErp1 to trigger its destruction and meiotic exit.
Proc Natl Acad Sci USA 2006;103:608–13.

37. Rapley J, Baxter JE, Blot J, et al. Coordinate regulation of
the mother centriole component nlp by nek2 and plk1 pro-
tein kinases. Mol Cell Biol 2005;25:1309–24.

38. Barr FA, Sillje HH, Nigg EA. Polo-like kinases and the
orchestration of cell division. Nat Rev Mol Cell Biol 2004;5:
429–40.

39. Ren J, Liu Z, Gao X, et al. MiCroKit 3.0: an integrated
database of midbody, centrosome and kinetochore. Nucleic
Acids Res 2010;38:D155–160.

40. Karess R. Rod-Zw10-Zwilch: a key player in the spindle
checkpoint. Trends Cell Biol 2005;15:386–92.

41. Musacchio A, Salmon ED. The spindle-assembly check-
point in space and time. Nat Rev Mol Cell Biol 2007;8:
379–93.

42. Moritz A, Li Y, Guo A, et al. Akt-RSK-S6 kinase signaling
networks activated by oncogenic receptor tyrosine kinases.
Sci Signal 2010;3:ra64.

43. Kettenbach AN, Schweppe DK, Faherty BK, et al.
Quantitative phosphoproteomics identifies substrates and
functional modules of Aurora and Polo-like kinase activities
in mitotic cells. Sci Signal 2011;4:rs5.

44. Linding R, Jensen LJ, Ostheimer GJ, et al. Systematic dis-
covery of in vivo phosphorylation networks. Cell 2007;129:
1415–26.

45. Grosstessner-Hain K, Hegemann B, Novatchkova M, et al.
Quantitative phospho-proteomics to investigate the
polo-like kinase 1-dependent phospho-proteome. Mol Cell
Proteomics 2011;10:M111 008540.

46. Oppermann FS, Grundner-Culemann K, Kumar C, et al.
Combination of chemical genetics and phosphoproteomics
for kinase signaling analysis enables confident identification
of cellular downstream targets. Mol Cell Proteomics 2011;11:
O111.012351.

360 Liu et al.
 at H

uazhong U
niversity of Science and T

echnology on June 14, 2013
http://bib.oxfordjournals.org/

D
ow

nloaded from
 

http://bib.oxfordjournals.org/

