
Structural analysis of the polo-box domain of human Polo-like 
kinase 2

Ju Hee Kim1,†, Bonsu Ku1,†, Kyung S. Lee2, Seung Jun Kim1,★

1Functional Genomics Research Center, Korea Research Institute of Bioscience and 
Biotechnology, Daejeon 305-806, Korea

2Laboratory of Metabolism, National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland 20892

Abstract

Polo-like kinases (Plks) are the key regulators of cell cycle progression, the members of which 

share a kinase domain and a polo-box domain (PBD) that serves as a protein-binding module. 

While Plk1 is a promising target for antitumor therapy, Plk2 is regarded as a tumor suppressor 

even though the two Plks commonly recognize the S-pS/T-P motif through their PBD. Herein, we 

report the crystal structure of the PBD of Plk2 at 2.7 Å. Despite the overall structural similarity 

with that of Plk1 reflecting their high sequence homology, the crystal structure also contains its 

own features including the highly ordered loop connecting two subdomains and the absence of 

310-helices in the N-terminal region unlike the PBD of Plk1. Based on the three-dimensional 

structure, we furthermore could model its interaction with two types of phosphopeptides, one of 

which was previously screened as the optimal peptide for the PBD of Plk2.
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INTRODUCTION

Polo-like kinases (Plks) are serine/threonine kinases that regulate a variety of aspects of the 

cell cycle process, including M-phase entry, centrosome biogenesis, mitosis and cytokinesis, 

as well as response to genotoxic stress and neuron differentiation.1,2 To date, five Plk 

proteins (Plk1-Plk5) have been identified in mammals, which share an N-terminal kinase 

domain and a noncatalytic C-terminal polo-box domain (PBD) except the PBD-only protein 

human Plk5.2,3 The kinase domain of Plks is highly homologous to the catalytic domain of 

other serine/threonine kinases. On the other hand, the PBD, which is critical for the function 

of Plks by mediating protein-protein interaction and subcellular localization,4 is present 
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uniquely in the Plk protein family.5,6 The PBD of Plk1, Plk2, and Plk3 recognizes the S-

pS/T-P motif in common, in which phosphorylation is critical for the binding interaction.7,8 

The cryptic polo-box domain (CPB) of Plk4 plays a similar role, but it shares limited 

sequence homology with the other PBDs and requires neither the motif nor phosphorylation 

to bind a target protein.9

In association with their role in controlling cell cycle, the correlation of Plks and cancer has 

been under intense investigation. Intriguingly, despite the high sequence homology between 

Plk1 and Plk2 (nearly 50% in the kinase domain and >30% in the PBD), the two proteins 

function oppositely in the tumor development. Plk1, the most extensively characterized 

member, is the master regulator of mitosis and also a promising cancer target that is 

generally overexpressed in human cancers and implicated in aggressiveness and bad 

prognosis.10–12 Plk2, also known as serum-inducible kinase or Snk, was first identified as an 

immediate-early gene with a potential role in early mitogenic signaling.13 Later studies have 

suggested that Plk2 functions in centriole duplication14,15 and controls cell proliferation.
16,17 Considerable evidence indicates that Plk2 is a tumor suppressor; it is significantly 

downregulated in various B-cell neoplasms and hepatocellular carcinoma cells,18,19 and it is 

targeted by microRNA-126, which promotes acute myeloid leukemia cell survival.20 Recent 

reports have shown that Plk2 is also involved in nerve growth factor-driven neuronal cell 

differentiation21 and ADAM17-mediated inflammatory signaling.22

With the intention of overcoming the cross-reactivity usually accompanied with the 

inhibition of canonical kinase domain, a number of studies have focused on the PBD of Plk1 

as an attractive target for the development of an antitumor drug candidate.23–28 However, the 

PBDs of Plk1 and Plk2 share remarkable similarity in their sequence and in motif they 

recognize, implying the possibility of another cross-reactivity between them. For this reason, 

accurate information of the PBD of Plk2 would be of importance and necessity, including its 

binding targets during cell cycle and its three-dimensional structure. Herein, we report the 

2.7 Å resolution structure of the PBD of Plk2, which exhibits considerable similarity with 

that of Plk1 as their high sequence identity but also some structural features discriminating 

the two proteins. This structure allows us to model the complex structure bound to the 

phosphopeptide, which contains the optimal binding motif for the PBD of Plk2 found in the 

previous high-throughput screening study.

MATERIALS AND METHODS

Preparation, crystallization, and structure determination of the PBD of Plk2

The DNA fragment coding for the PBD of human Plk2 (residues 468–685) was amplified by 

polymerase chain reaction and cloned into the pPROEX HTa plasmid (Invitrogen). The 

protein was produced in the Escherichia coli BL21(DE3) RIL strain (Novagen) at 18°C and 

purified using a Ni-NTA column (QIAGEN) first. After removal of the N-terminal (His)6-tag 

by TEV protease treatment, the protein was further purified using a HiPrep 26/60 Sephacryl 

S-100 HR gel filtration column (GE Healthcare), equilibrated with a buffer solution 

containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 10% (v/v) glycerol, and 2 mM 
dithiothreitol. Crystals were obtained by the sitting-drop vapor diffusion method at 18°C by 

mixing and equilibrating 0.4 μL samples of the protein solution (20 mg/mL) and a 
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precipitant solution containing 1.26 M sodium phosphate and 0.14 M potassium phosphate. 

Before data collection, the crystals were immersed briefly in a cryoprotectant solution, 

which was the reservoir solution plus 20% glycerol. Diffraction data were collected on the 

beamline 7A at the Pohang Accelerator Laboratory, Korea, and processed using the program 

HKL 2000.29 The structure was determined by the molecular replacement method with the 

program Phaser30 using the structure of the PBD of Plk131 as a search model. The programs 

Coot32 and PHENIX33 were used for the model building and refinement, respectively. 

Crystallographic data statistics are summarized in Table I. The coordinates of the structure 

together with the structure factors have been deposited in the Protein Data Bank with the 

accession code of 4XB0.

Size exclusion chromatography-multiangle light scattering (SEC-MALS)

The PBD of human Plk1 (Residues 371–603) and the CPB of human Plk4 (Residues 581–

808) were prepared and purified as reported earlier.9,34 For the SEC-MALS experiments, 

samples were diluted to a concentration of 1.5 mg/mL in a buffer solution containing 20 mM 
Tris-HCl (pH 7.5), 500 mM NaCl, 5% (v/v) glycerol, and 2 mM dithiothreitol. SEC-MALS 

was performed using a BioSep-SEC-S2000 column (phenomenex), DAWN HELEOS-II 

(Wyat Technology Corporation), Optilab T-rEX (Wyat Technology Corporation), and 

ASTRA version 6.1 (Wyat Technology Corporation) coupled with high-performance liquid 

chromatography (Shimadzu).

RESULTS AND DISCUSSION

Structure of the Plk2-PBD

The structure of the PBD of Plk2, referred to as Plk2-PBD, was determined to 2.7 Å 

resolution (Table I). The asymmetric unit of the crystal contains two molecules of Plk2-PBD 

(Plk2-PBD and Plk2-PBD′, respectively; Supporting Information Fig. S1). The Plk2-PBD 

monomer is composed of 4 α-helices and 12 β-strands that are arranged to form two polo-

box subdomains, PB1 (Residues 505–582) and PB2 (Residues 603–681), and an N-terminal 

extension (including α1 lying on PB2 and α1-β1 loop; Residues 469–504). Each subdomain 

adopts a canonical PB fold: a six-stranded antiparallel β-sheet (composed of β1–β6 in PB1 

and β7–β12 in PB2) with an α-helix (α2 in PB1 and α4 in PB2) packed against one side of 

the sheet [Fig. 1(A)]. The N-terminal extension region, also known as “Polo-cap,” folds 

around PB2 and thus appears to support PB1-PB2 tethering, as the region does in Plk1-PBD.
8 The two Plk2-PBD monomers in the asymmetric unit overlap each other fairly well when 

superposed, with the RMSD value of 1.00 Å over 197 aligned residues out of total 213 

residues [Fig. 1(B)]. One noticeable discrepancy is exhibited with a loop segment linking α2 

of PB1 and β7 of PB2 (Residues 583–602), hereafter referred to as the PB1-PB2 loop, which 

shows a significant translocation within a distance of 19.5 Å [Fig. 1(B)]. This is presumably 

due to the differences of the two loops in the intramolecular interaction with the rest of the 

protein and in the intermolecular crystal packing contacts with a symmetry-related Plk2-

PBD molecule (Supporting Information Fig. S2).

At a glance, the two Plk2-PBDs seem to interact with each other and form a homodimeric 

structure (Supporting Information Fig. S1). This dimerization is yet questionable because the 
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PBD of Plk1 (referred to as Plk1-PBD), sharing 33% sequence identity and 54% similarity 

with Plk2-PBD based on the structure-based sequence alignment (Supporting Information 

Fig. S3), has been reported as a monomer in a number of previous structural studies.4,8,34–36 

To investigate this issue, SEC-MALS was performed, which is a powerful tool for 

determining the molecular weight of macromolecules in solution. The SEC-MALS data 

confirmed that Plk2-PBD and Plk1-PBD exist as a monomer in solution, in contrast with the 

CPB of Plk4 (referred to as Plk4-CPB) that forms a dimer as previously determined [Fig. 

1(C)].9 Therefore, the observed homodimerization of Plk2-PBD in the asymmetric unit 

should be a crystallographic artifact rather than a functional form of the protein.

Structural comparison with Plk1-PBD and Plk4-CPB

Reflecting a high sequence homology, a Dali search with Plk2-PBD in the Protein Data 

Bank identified the Plk1-PBD structures preferentially, with the Z-scores of more than 23.5. 

Structural alignment confirmed that Plk2-PBD and Plk1-PBD superpose each other well 

overall, with the RMSD value of 1.51 Å over 198 aligned residues [Fig. 2(A)]. But in detail, 

we were able to find several structural discrepancies between the two PBDs. First, α1-β1 

loop (Residues 486–502) in the N-terminal extension of Plk2-PBD does not match well with 

that of Plk1-PBD both in sequence and in structure [Fig. 2(A,B)]. Especially, while Plk1-

PBD contains two 310-helices (Residues 397–399 and 403–405, respectively) in this region, 

the corresponding region of Plk2-PBD does not build such turns [Fig. 2(B)]. Second, the 

PB1-PB2 loop is usually disordered in part or entirely in the structures of Plk1-PBD.34–36 

However, in the crystal structure we identified, both the loops from Plk2-PBD and Plk2-

PBD′ are ordered well (Supporting Information Fig. S2). Third, two more residues and one 

additional hydrogen bond are inserted in the β10-hairpin-β11 region of Plk2-PBD compared 

with the corresponding region of Plk1-PBD [Fig. 2(C)].

In the Dali search we performed, the structures of the CPB of Plk4 and ZYG-1, the Plk4 

homologue from Caenorhabditis elegans, followed Plk1-PBD, with the Z-scores of 8.6–10.4. 

Therefore, we structurally aligned Plk2-PBD with a single molecule from the Plk4-CPB 

dimer. Despite quite different arrangement of the subdomains between Plk2-PBD and Plk4-

CPB [Fig. 3(A)], each PB1 and PB2 of Plk2-PBD could be matched to the corresponding 

subdomain of Plk4-CPB with the RMSD values of 2.12 Å over 71 aligned residues and 1.30 

Å over 70 aligned residues [Fig. 3(B)]. Distinguishingly, Plk4-CPB contains an “additional 

region” in PB2 composed of the second half of α2 and following β13, which is not shown in 

Plk2-PBD [Fig. 3(B)]. Since this part plays a critical role in forming the homodimeric 

interface of Plk4-CPB,9 the absence of such a region in Plk2-PBD and also in Plk1-PBD 

accounts for their monomeric state in solution [see Fig. 1(C)]. The absence of the N-terminal 

extension (containing α1 of Plk2-PBD) and the replacement of the PB1-PB2 loop with a 

two-residue linker (S700-P701 of Plk4) are also notable differences of Plk4-CPB compared 

with Plk2-PBD.

Modeling of phosphopeptide binding to Plk2-PBD

To structurally elucidate the binding of Plk2-PBD to the S-pS/T-P motif, we first tried to 

crystallize Plk2-PBD in a complex with the motif-containing phosphopeptide, but we were 

unsuccessful to obtain the complex crystal. Previous studies indicated that peptide binding 
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does not induce any dramatic conformational change in the PBD domains.4,9,34 Therefore, 

we instead modeled a phosphopeptide-bound Plk2-PBD structure by superposing Plk2-PBD 

onto Plk1-PBD in a complex with a peptide MQSpTPL. Upon structural alignment, we 

found that the MQSpTPL motif, the core of the Plk1-PBD-optimal peptide sequence,7,28 is 

also able to associate well with Plk2-PBD [Fig. 4(A)]. The phosphothreonine residue in the 

consensus motif, which was proved to be inevitable for the peptide to binding Plk2,28 

mediates ionic interactions with positively charged Plk2 residues (His629, Lys631, and 

Arg650). Together with a number of hydrogen bonds, hydrophobic interaction between Met1 

of the peptide and the bulky side chains of Trp507 and Tyr626 of Plk2 also contributes the 

complex formation in this model. Intriguingly, through a high-throughput screening study, 

Reindl et al.28 previously reported that alteration of the motif from MQSpTPL (Plk1-PBD-

optimal) to MQTSpTPK (Plk2-PBD-optimal) increases the Plk2-PBD binding affinity 

nearly 30-fold (from KD of 1580 to KD of 56 nM). We thus next modeled the complex 

structure of Plk2-PBD bound to this Plk2-PBD-optimized peptide [Fig. 4(B)]. In this 

complex model, the reinforcement of the interaction between the modified peptide and Plk2-

PBD could be accounted for by three major points. First, insertion of a threonine residue 

between glutamine and serine induces a consequent shift of Met1, pushing its side-chain into 

the hydrophobic pocket more deeply and thus strengthening hydrophobic interactions with 

the bulky Plk2 residues Trp507 and Tyr626. Second, the insertion of threonine possibly 

provides the opportunity for hydrophobic interactions between its Cγ atom and Val508, 

Tyr578 and Leu583 of Plk2. Third, movement of Gln2 by the threonine insertion and lysine 

substitution of C-terminal leucine result in the additional formation of intermolecular 

electrostatic interactions. Further biochemical and structural studies, together with solid 

information of Plk2-PBD-binding proteins in cells which are largely unknown to date, would 

be needed to determine the precise discrepancy between the PBDs in assigning the binding 

specificity.

Next, we compared the phosphopeptide-bound Plk2-PBD complex model with the Plk4-

CPB structure in a complex with a Cep192 fragment. In both the structures, residues from 

both PB1 and PB2 are involved in intermolecular interactions (Supporting Information Fig. 

S4). However, the details are quite different from each other, especially due to the 

aforementioned distinct subdomain arrangement of Plk2-PBD and Plk4-CPB [see Fig. 

3(A)]. The 29 residues-shown Cep192 fragment is quite longer than the 7-mer 

phosphopeptide modeled to bind Plk2. Furthermore, the Cep192 fragment has an aspartate-

rich motif that associates with the lysine/arginine-enriched crater of Plk4-CPB and an α-

helix region that mediates tight hydrophobic interactions with α1 of Plk4-CPB [Supporting 

Information Fig. S4(B)], but the Plk2-PBD-bound phosphopeptide does not contain any of 

them [Supporting Information Fig. S4(A)]. Therefore, such structural differences between 

the Plk2-PBD and Plk4-CPB complexes should prevent the two Plk proteins from sharing 

their binding partners and discriminate their role in cell cycle and in other cellular processes 

that they involve.

In summary, we presented the crystal structure of Plk2-PBD and delineated its structural 

features discriminating it from other PBDs, especially Plk1-PBD. Structure-based modeling 

of phosphopeptide-bound complexes provides an account for the drastic improvement in the 

binding affinity for Plk2-PBD found in the previous peptide screening study. We believe that 
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this structural information will eventually contribute to the development of specific Plk-

selective peptides or molecules, which are under intense investigation.

During the revision of this article, an article describing a similar structure was reported.37

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Crystal structure of Plk2-PBD. (A) Two views of the monomeric structure. Plk2-PBD is 

presented as ribbon drawings with the labels of secondary structures according to the order 

of their appearance in the primary sequence. Also labeled at the top are two subdomains of 

the molecule. (B) Structural superposition of two subunits in the asymmetric unit shown in 

Cα traces. For clarity, α-helices of the two monomers are labeled only. PB1-PB2 loops 

showing dramatically different location are indicated. The dashed line highlights the 

distance of the Cα atoms of two Gly586 residues where the loops are furthest apart. (C) 

SEC-MALS analysis of three PBDs. (Top) Molar masses (in kg/mol) are plotted against the 

elution time (in min) from the size exclusion column. (Bottom) Plk4-CPB, but not Plk1-
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PBD or Plk2-PBD, forms a dimer. Mw, weight-average molar mass; Mn, number-average 

molar mass.
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Figure 2. 
Structural comparison with Plk1-PBD. (A) Superposition of Plk2-PBD (red) onto Plk1-PBD 

(deepblue; PDB code 3HIH) both shown in Cα trace representation. Labeled are α-helices of 

the two monomers. Regions showing prominent structural discrepancies are indicated: α1-

β1 loop (including two 310-helices only present in Plk1-PBD), the PB1-PB2 loop and β10-

β11 hairpin. (B) Two 310-helices present in Plk1-PBD (yellow) are not conserved in Plk2-

PBD (violet). The Plk1 residues constituting the 310-helices are labeled in red in both ribbon 

drawings (top) and sequence alignment (bottom). Dashed lines highlight i → I + 3 hydrogen 

bonding patterns. (C) β10-β11 hairpin loop. Hydrogen bonds between the β10 and β11 

strands of Plk2-PBD (violet) and Plk1-PBD (yellow) are represented as dotted lines. 

Residues that are not conserved between the two proteins are labeled in red (seven in Plk2 

and five in Plk1), and the others are in black, in both stick presentation (top) and sequence 

alignment (bottom).
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Figure 3. 
Structural comparison with Plk4-CPB. (A) Plk2-PBD (violet) and Plk4-CPB (blue; PDB 

code 4N7Z), both shown in Cα trace representation with labels for α-helices of the two 

domains, are aligned by superposing their PB1 subdomains. (B) Subdomain comparison. 

Dotted circle indicated the second half of α2 and following β13 of Plk4-CPB that is critical 

for its homodimerization but absent in Plk2-PBD.
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Figure 4. 
Phosphopeptide-binding models of Plk2-PBD. Plk2-PBD (violet) in a complex with a 

peptide MQSpTPL (green; A) or MQTSpTPK (cyan; B) are modeled based on the structural 

superposition on Plk1-PBD (yellow) bound to the MQSpTPL peptide (PDB code 3P34). 

Labeled are the whole peptide residues and the Plk1 or Plk2 residues involving the 

intermolecular interactions. Dotted lines represent intermolecular hydrogen bonds. Among 

them, bonds only shown in (B) are in orange. Dashed red circle highlights ionic interactions 

mediated by phosphothreonine, and black circles exhibited intermolecular hydrophobic 

interactions.
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Table I

Data Collection and Structure Refinement Statistics

Data collection Plk2-PBD

 Space group /23

 Unit cell dimensions

  a, b, c (Å) 152.29, 152.29, 152.29

  α, β, γ (°) 90, 90, 90

 Wavelength (Å) 0.9795

 Resolution (Å)
50.0–2.7 (2.75–2.70)

b

 Rsym
a 7.2 (35.7)

 I/σ (I) 48.1 (5.1)

 Completeness (%) 99.6 (99.4)

 Redundancy 22.1 (7.9)

Refinement

 Resolution (Å) 50.0–2.7

 No. of reflections 16,221

 Rwork
c
/Rfree

22.5/26.3

 No. atoms

  Protein 3467

  Water and ions 29

 RMS deviations

  Bond lengths (Å) 0.004

  Bond angles (°) 1.048

 Ramachandran plot (%)

  Most favored region 96.0

  Additionally allowed region 4.0

  Generously allowed region

 Average B-values (Å2)

  Protein 49.1

  Water and ions 48.3

aRsym = ∑ Iobs − Iavg /Iobs, where Iobs is the observed intensity of individual reflection and Iavg is average over symmetry equivalents.

b
The numbers in parentheses are statistics from the highest resolution shell.

cRwork = ∑ Fo | − |Fc | | /∑ Fo , where |Fo| and |Fc| are the observed and calculated structure factor amplitudes, respectively. Rfree was 

calculated with 10% of the data.
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