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Members of polo-like kinases (collectively, Plks) have been 
identified in various eukaryotic organisms and play pivotal 
roles in cell proliferation. They are characterized by the 
presence of a distinct region of homology in the C-terminal 
noncatalytic domain, called polo-box domain (PBD). Among 
them, Plk1 and its functional homologs in other organisms 
have been best characterized because of its strong asso-
ciation with tumorigenesis. Plk1 is overexpressed in a 
wide spectrum of cancers in humans, and is thought to be 
an attractive anti-cancer drug target. Plk1 offers, within 
one molecule, two functionally different drug targets with 
distinct properties-the N-terminal catalytic domain and the 
C-terminal PBD essential for targeting the catalytic activity 
of Plk1 to specific subcellular locations. In this review, we 
focused on discussing the recent development of small-
molecule and phosphopeptide inhibitors for their potency 
and specificity against Plk1. Our effort in understanding 
the binding mode of various inhibitors to Plk1 PBD are 
also presented. 
 
 
INTRODUCTION 
 
Polo-like kinase 1 (Plk1) is a conserved Ser/Thr protein kinase 
required for proper M-phase progression. A growing body of 
evidence suggests that it regulates various mitotic events, such 
as mitotic entry, spindle formation, chromosome segregation, 
and cytokinesis (Archambault and Glover, 2009; Barr et al., 
2004; Petronczki et al., 2008; van de Weerdt et al., 2006; Takaki 
et al., 2008). In mammalian cells, three closely related mem-
bers (Plk1-3) and one distantly-related member (Plk4) exist and 
they appear to exhibit differential functions and tissue distribu-
tions. Comparative analyses of the primary sequences of these 
proteins reveal conserved kinase domains (KDs) (29% identity 
among all four Plks and 48% identity among Plk1-3 at the 
amino acid level) that closely resemble those from Aurora 
kinases and calcium/calmodulin-dependent kinases. Alignment 
of the C-terminal noncatalytic polo-box domain (PBD) sequen-
ces from these four Plks (for simplicity, we will call them PBD1 
to PBD4, respectively, hereafter) show that PBD1-3 exhibit a 

high level of homology in two distinct polo-box motifs-39-43% in 
PB1 (aa 411-aa 489 in Plk1) and 36-39% in PB2 (aa 511-aa 
592 in Plk1). PBD4 has a highly divergent sequence and the 
structure of PBD4 is distinct from that of PBD1-3 (Elia et al., 
2003a; Leung et al., 2002).  

As with the importance of Plk1 in cell proliferation, Plk1 is 
overexpressed in various human cancers. Furthermore, its over- 
expression appears to be sufficient to override cellular check-
points and induce genetic instability, thus promoting tumori-
genesis (Eckerdt et al., 2005; Strebhardt et al., 2006; Takai et 
al., 2005). Consistent with these observations, the level of Plk1 
transcript positively correlates with aggressiveness of tumor 
progression, and that patients with high Plk1 expression in their 
tumors exhibit a significantly poorer rate of survival than those 
with low Plk1 expression (Knecht et al., 1999; 2000; Kneisel et 
al., 2002; Strebhardt et al., 2000). Interference with Plk1 func-
tion effectively induces apoptotic cell death in most tumor cells 
but not in normal cells (Liu et al., 2006; Luo et al., 2009; Sur et 
al., 2009), and prompts tumor regression in mouse xenograft 
models (Elez et al., 2003; Steegmaier et al., 2007). Notably, 
genome-wide RNAi screens have distinguished Plk1 from the 
rest of the members of the kinase family as the only kinase 
selectively required for the viability of activated Ras or inacti-
vated p53 mutation-bearing cancer cells, but less for the re-
spective normal cells (Luo et al., 2009; Sur et al., 2009). Based 
on these and other related studies, Plk1 is thought to be one of 
the most attractive anti-cancer drug targets.  

Plk1 offers two functionally crucial target sites within one 
molecule-the N-terminal KD and the C-terminal PBD. Recently, 
several articles reviewed the role of Plk1 during the cell cycle 
and cancer development and the recent advances in the 
development of small-molecule Plk1 inhibitors (Archambault et 
al., 2009; Petronczki et al., 2008; Strebhardt et al., 2010). In this 
communication, we will therefore focus on discussing the mo-
lecular and structural basis of various small-molecule and pep-
tide-derived inhibitors that target either the kinase domain or the 
PBD.  
 
Targeting the kinase domain of Plk1 
For more than a decade, numerous inhibitors against the KD of 
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various protein kinases have been developed and their poten-
tial as therapeutic agents in anti-cancer therapy has been as-
sessed. Despite a substantial progress in protein kinase drug 
discovery, design of potent inhibitors with high degrees of se-
lectivity during lead optimization remains a major challenge. 
Many kinase inhibitors have failed in preclinical or clinical de-
velopment, due to the lack of selectivity that induces intolerable 
side effects. This is largely because the catalytic cleft of various 
kinases is highly conserved not only in sequence but also in 
conformation (Liao, 2007).  

As of today, several crystal structures of Plk1 KD have been 
determined by multiple groups. These include the structure of 
Plk1 KD in complex with a designed ankyrin-repeat protein 
(DARPin) (Bandeiras et al., 2008), an ATP pocket-binding 
ligand such as a nonhydrolysable ATP analogue adenylylimi-
dodiphosphate (Kothe et al., 2007a), a pyrrolo-pyrazole inhibitor 
(PHA-680626) (Kothe et al., 2007a), a purine mimetic inhibitor 
(Elling et al., 2008b), a quinazoline mimetic inhibitor (Beria et al., 
2010), a pyrazolopyridine inhibitor (Hanan et al., 2008), wort-
mannin (Elling et al., 2008a), BI 2536 (Kothe et al., 2007b), or 
BI 6727 (Rudolph et al., 2009). All of these structures display 
the typical kinase fold in which the ATP binding site is located in 
a cleft formed between the N-terminal lobe composed pre-
dominantly of anti-parallel β sheet and the primarily α-helical C-
terminal lobe. The two lobes are connected by a hinge region 
that allows specific interactions between the backbone and 
each of the bound ligands. Targeting a Phe183 residue at the 
bottom of the ATP pocket together with a Cys67 in the roof of 
the Leu132-generated binding pocket is thought to be important 
to achieve selectivity against various Plks. Based on the above 
reported crystal structures, the interactions between the Plk1 
KD and the small molecule inhibitors are summarized in Figs. 1 
and 2. All the Plk1 kinase domain inhibitors that are in clinical 
trials and preclinical development are summarized in Tables 1 
and 2, respectively. 
 
Scytonemin 

The natural product scytonemin was one of the first Plk1 inhibi-
tors to be characterized. Scytonemin has been shown to inhibit 
the ability of Plk1 to phosphorylate Cdc25C in a concentration-
dependent manner with an in vitro IC50 of 2 ± 0.1 μM (McInnes 
et al., 2006; Stevenson et al., 2002). However, it was later 
turned out to be a nonselective molecule that also inhibits mye-
lin transcription factor 1 (MYT1), cyclin-dependent kinase 1 
(CDK1), checkpoint kinase 1 (CHK1), and protein kinase C 
(PKC) with similar potencies (McInnes et al., 2005).  
 

ON01910 

This compound is a water-soluble benzyl styryl sulfone ana-
logue that was initially reported to inhibit Plk1 in a substrate-
dependent and an ATP-independent manner (Gumireddy et al., 
2005). ON01910 has been shown to inhibit the cell proliferation 
in >100 cancer cell lines including several drug-resistant cell 
lines with IC50 values ranging from 50 to 250 nM. However, 
later studies have shown that ON01910 exhibits little activity 
against Plk1 in vitro. Cell-based phenotypes do not correlate 
with Plk1 inhibition but are consistent with affecting microtubule 
dynamics (Peters et al., 2006). Synergism was observed when 
it was combined with paclitaxel, oxaliplatin, doxorubicin, iri-
notecan, or vincristine in tumor cell lines in culture, or in xeno-
graft models. Clinical trials in cancer patients are currently un-
derway to test the effects of ON01910 both as a monotherapy 
and in combination with conventional chemotherapy. 
 
 

Wortmannin 

This was originally characterized as a phosphatidylinositol 3-
kinase (PI3K) inhibitor, was later found to inhibit Plk1 as well 
with an IC50 value of 24 nM (Liu et al., 2005). The mode of the 
interaction between wortmannin and Plk1 KD was recently 
evaluated by the crystallographic study, which is in good 
agreement with the already reported homology model (Elling et 
al., 2008a).  

Crystal structure of the zebrafish Plk1 (zPlk1) KD Thr196Asp 
mutant in complex with wortmannin shows that both the activa-
tion segment and the alpha C helix became ordered, even 
though wortmannin is positioned >20 Å away from the Cα atom 
of Asp196. It also confirms that the compound is indeed cova-
lently linked to the catalytic Lys68 and reveals a single direct 
hydrogen-bonding interaction between the O atom (five-
membered keto group) of wortmannin and the amide N atom of 
Cys119. Water mediated hydrogen bonds between the car-
bonyl O atoms on the exocyclic ester group of wortmannin and 
the surrounding residues are not immediately obvious owing to 
the limited resolution of the structure (Fig. 1). Unlike BI 2536 or 
PHA-680626 bound to Plk1, which will be discussed below, 
wortmannin also appears to hydrogen bond to Lys68 in addition 
to forming a covalent bond with the same residue (Elling et al., 
2008a). Furthermore, Plk1 was found to be the only family 
member that is covalently modified by time-dependent inhibition 
of wortmannin. Though both Plk2 and Plk3 were inhibited with 
Ki values comparable to that for Plk1, time-dependent inhibition 
was not observed (Johnson et al., 2007). 
 
BI 2536 
A dihydropteridinone developed by Boehringer Ingelheim, Vi-
enna, Austria, exhibits a potent inhibitory activity against Plk1 in 

vitro with an IC50~1 nM. It also inhibits Plk2 and Plk3 at 4 nM 
and 9 nM, respectively, but shows little activity against a panel 
of 63 other kinases tested (Lenart et al., 2007). Cell-based 
phenotypes observed with BI 2536 treatment is consistent with 
those with Plk1 inhibition, suggesting that it may serve as a 
good tool for probing Plk1 function (Lenart et al., 2007). It has 
been demonstrated that the intravenous (i.v.) administration of 
BI 2536 at well-tolerated dose inhibits tumor growth and in-
duces tumor regression in several human carcinoma xenograft 
mouse models (Steegmaier et al., 2007).  

In a Phase I dose-escalation study, BI 2536 has been well 
tolerated when administered to patients with relapsed or refrac-
tory non-Hodgkin lymphoma (NHL) or advanced solid tumors 
(Mross et al., 2008; Vose et al., 2008). Three phase II studies in 
patients with small or non-small cell lung cancer, hormone-
refractory prostate cancer (HRPC), and advanced pancreatic 
cancer have also been completed with BI 2536 (Gandhi et al., 
2009; Pandha et al., 2008; Von Pawel et al., 2008). Recently, 
BI 2536 was found to inhibit proliferation of imatinib-sensitive 
and imatinib-resistant chronic myeloid leukemia (CML) cells 
(Gleixner et al., 2010).  

Crystallization studies of this inhibitor with Plk1 KD has re-
vealed several features that might be important for its high se-
lectivity (Kothe et al., 2007b). Binding of aminopyrimidine por-
tion of BI 2536 with the hinge region of Cys133 places the 
pteridinone moiety and the cyclopentyl group in the adenine 
and ribose portion of the ATP pocket, respectively, with the N-
methyl-piperidine group pointing into the solvent. The phenyl 
ring of BI 2536 is sandwiched between the hydrophobic pock-
ets (I & II shown in Fig. 2) created by the side chain of Leu59 
from the top N-lobe and the side chain of Arg136 from the bot-
tom C-lobe. The methoxy group is accommodated in a pocket 
created by the Leu132 residue from the hinge region. Presence 
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Fig. 1. Crystal structure of the ATP binding site of zPlk1 KD in complex with adenosine diphosphate (PDB ID: 3D5W) was depicted in ribbon 

structure with key residues. Ribbon structure depicts various binding pockets such as adenine (blue), ribose (pink), phosphate (red), hydro-

phobic (green and gold), adaptive pocket (black) and hinge region (violet) along with the corresponding interacting residues with stick models. 

Outer box shows all the reported Plk1 kinase inhibitors and the engaged atoms with the hydrogen bonding, π-π stacking etc are highlighted 

with corresponding color in the pockets. 
 
 
of bulky tyrosine or phenylalanine in place of Leu132 in other 
kinases is predicted to clash with methoxy group of BI 2536, 
thus providing the specificity for Plk1. The amide linker of the 
inhibitor mediates the NH and carbonyl forming hydrogen 
bonds with the main chain carbonyl of Leu59 of the glycine-rich 
loop and the side chain of Arg57, respectively. The side chain 
of Arg136, stabilized by water-mediated hydrogen bonds with 
the side chain of Glu140 and the main chain carbonyl of Leu59, 
interacts with the amide linker as well as the piperidine through 
van der Waals contacts, thereby providing additional binding 
affinity. 

At the roof of the binding site, ethyl group is accommodated 
in a small pocket formed by Cys67, Lys82, Ala80 and Leu130 
residues, and the cyclopentyl is positioned near Leu59, Gly60, 
and Cys67 residues. Binding affinity was further enhanced by 
the π-π stacking interaction between the pteridinone moiety and 
the Phe183 at the bottom of the binding site. Two water-
mediated hydrogen bondings were also observed from the 
carbonyl group of pteridinone to the side chain of Lys82 and the 
backbone NH of Asp194. Finally, the methyl group is buried in a 

pocket created near the Val114, Phe183, and the gatekeeper 
residue Leu130 (Kothe et al., 2007b). 
 
BI 6727 
This is a potent and selective inhibitor of Plk1 developed by 
Boehringer Ingelheim as a second-in class dihydropteridinone 
derivative. It binds to the ATP-binding pocket of the kinase and 
induces the formation of monopolar spindles. BI 6727 induces a 
distinct prometaphase “polo-arrest” phenotype and subse-
quently apoptosis. BI 6727 is active against a broad range of 
tumor cells in vitro. BI 6727 strongly inhibits Plk1, Plk2, and 
Plk3 at IC50 values of 0.87, 5, and 56 nM, respectively (Rudolph 
et al., 2008). BI 6727 is highly efficacious not only in standard 
nude mouse xenograft models of human cancers such as colon, 
pancreas, bread cancer, and NSCLC tumor models but also in 
the taxane-resistant CXB1 (human colon carcinoma tumor) 
xenograft model of colorectal cancer. It was well tolerated in the 
phase I dose escalation study with advanced or metastatic solid 
tumors (Schoffski et al., 2008). 

Crystallization studies with the human Plk1 Thr210Val mutant 
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Fig. 2. Crystal structure of ATP binding site of hPlk1 KD complexed with BI 2536 inhibitor (PDB ID: 2RKU) was depicted in ribbon structure 

with key residues. Ribbon structure depicts various binding pockets like adenine (blue), ribose (pink), phosphate (red), hydrophobic (green and 

gold), adaptive pocket (black) and hinge region (violet) along with the corresponding interacting residues with stick models. Outer box shows 

all the reported Plk1 kinase inhibitors and the engaged atoms with the hydrogen bonding, π-π stacking etc are highlighted with corresponding 

color in the pockets. 
 
 
kinase domain reveal the binding mode of BI 6727 in the ATP-
binding pocket. The inhibitor binds to the hinge region via two 
hydrogen bonds from aminopyrimidine portion of the core to the 
backbone NH and carbonyl of Cys133. This placed the pteridi-
none moiety in the adenine pocket, along with the piperidine 
group pointing into the solvent (Rudolph et al., 2009). 
 

GSK461364A 

GSK461364A, developed by Glaxo Smith Kline, is a selective 
i.v. thiophene amide inhibitor that displays at least 1000-fold 
greater potency for Plk1 than for Plk2 and Plk3 (Gilmartin et al., 
2009). GSK461364A is in Phase I clinical trials; this molecule 
has been derived via chemical optimization from a benzimida-
zolyl-thiophene precursor molecule called compound 1 (Lans-
ing et al., 2007). In an external kinase panel screened against 
260 protein kinases, GSK461364A demonstrated an IC50 value 
of < 1 µM against only 10 other kinases. Interestingly, the dock-
ing studies with an analogue of GSK461364A reveal that the 

basic nitrogens pointing to cavity may interact with Glu140. 
Although it is not understood whether this interaction is critical 
for delivering kinase selectivity, both Plk2 and Plk3 possess a 
His residue at the position analogous to that of Glu140 in Plk1, 

and therefore fail to generate favorable salt-bridge interaction 
(Emmitte et al., 2009). 

While the observed selectivity is yet to be further validated, 
this GSK461364A is broadly active against several hundred 
tumor cell lines with proliferation IC50 values of < 100 nM in 91% 
of all cell lines examined. The predominant phenotype for cells 
treated with GSK461364A is a pro-metaphase arrest with char-
acteristically collapsed polar polo spindle (Gilmartin et al., 2009). 
GSK461364A is an ATP-competitive inhibitor that rapidly forms 
a reversible complex with Plk1. GSK461364A also showed dose-
dependent in vivo activity (ranging from complete tumor growth 
inhibition to growth delay) on various established human tumor 
xenografts (Erskine et al., 2007; Laquerre et al., 2007). In the 
phase I studies in patients with advanced solid tumors, 
GSK461364A has been found to be well tolerated (Beria et al., 
2010; Olmos et al., 2009). In a recent study, GSK461364A has 
shown both in vitro and in vivo efficacy in preventing brain me-
tastases of breast cancer, suggesting that Plk1 is a potential 
target for the prevention of metastases (Palmieri et al., 2009).  
 
HMN-214 
HMN-214 is a prodrug of a novel stilbazole compound, HMN-
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176, developed by Nippon Shinyaku Co. Ltd. (Japan). HMN-
176 has potent cytotoxicity with an IC50 value of 118 nM. In vitro 
studies suggest that HMN-176 downregulates Plk1 function by 
interfering with its subcellular localization at centrosomes and 
along the cytoskeletal structures (Yuan et al., 1997). In vivo, 
HMN-176 exhibits an antitumor activity against a broad spec-
trum of human tumors in a dosage-dependent manner. HMN-
176 potently inhibits the proliferation activity of gastric, breast, 
lung, pancreas, prostate, and colorectal human tumor xeno-
grafts, and this effect appears to be equal to or better than 
some of the previously characterized clinically available drugs 
such as cisplatin, doxorubicin, vincristine, and tegafur-uracil 
(Takagi et al., 2003; Tanaka et al., 2003). Further preclinical 
and clinical studies are needed to evaluate the efficacy and 
safety on patients with solid tumors, lymphomas, or hemato-
logical malignancies.  
 
Targeting the PBD of Plk1 
A growing body of evidence suggests that PBD represents an 
attractive alternative target for the development of anti-Plk1 
inhibitors (Park et al., 2010). Because PBD is essential for the 
subcellular localization and mitotic functions of Plk1, it is ideally 
suited for the development of anti-Plk1 inhibitors that interfere 
with PBD-dependent protein-protein interactions, rather than 
with ATP binding. Given a high level of specificity of protein-
protein interactions, the PBD may prove to be a target that al-
lows one to achieve Plk-isoform selectivity (McInnes et al., 
2005; Strebhardt et al., 2006). To date, at least seven X-ray 
crystal structures of the human Plk1 PBD have been solved 
and reported in the Protein Data Bank. The crystal structures of 
the PBD of human Plk1 revealed that each of the individual 
Polo-box repeats (PB1 and PB2) in Plk1 consisted of a six-
stranded anti-parallel β-sheet and an α-helix. Moreover, a short 
α-helix called Polo-cap is found upstream of the PB1 that is 
thought to hold both Polo-boxes in the correct orientation. Close 
examination of co-crystal structures of the PBD in complex with 
phosphopeptides reveals that ligand-binding results from a 
zipper-like contribution of residues alternatively arising from 
each PB, and highlights the importance of Trp414, His538, and 
Lys540 residues in the interaction (Elia et al., 2003a; 2003b). 
As of today, several small molecule inhibitors and peptide mi-
metics that bind to the Plk1 PBD have been isolated. Figure 3 
provides an overview of the polo-box domain binding interaction 
with the small molecule or peptide-derived inhibitors based on 
crystal structures and homology models. Table 3 summarized 
all the Plk1 PBD inhibitors that have been reported so far. 
 
SMALL MOLECULE PBD INHIBITORS 

 

Thymoquinone and its derivative, Poloxin 
A fluorescence polarization-based screening led to the identifi-
cation of an anti-neoplastic thymoquinone and its derivative 
named Poloxin. Subsequent studies showed that Poloxin inhib-
its Plk1 PBD-dependent interaction with an apparent IC50 of 
~1.4 and 4.8 μM. Although thymoquinone displays less desir-
able specificity profile, Poloxin exhibits a low level of Plk1 PBD 
specificity with 4-10 times higher IC50 values for Plk2 and Plk3. 
Poloxin does not appear to significantly inhibit other types of 
phosphopeptide-binding domains such as FHA, WW, and SH2 
domains. Remarkably, inhibition of PBD with these natural in-
hibitors induces similar phenotypic changes (i.e., chromosome 
congression defects, mitotic arrest, and apoptosis) as observed 
by the treatment of ATP-competitive Plk1 inhibitors (Reindl et 
al., 2008). 

It should be noted that Thymoquinone and Poloxin do not 

bear a negatively charged group functionally equivalent to the 
phosphate anchor of PBD-binding phosphopeptides, and Polo-
xin fails to significantly disrupt the interaction between Plk1 
PBD and one of its interacting phosphopeptides derived from a 
kinetochore component, PBIP1 (Liao et al., 2010). This finding 
suggests that the mode of Poloxin binding to Plk1 PBD could 
be rather atypical.   
 
Purpurogallin (PPG) 
This compound is a benzotropolone-containing natural com-
pound derived from nutgalls. It is isolated as a PBD inhibitor 
through the high throughput screening of 2,500 compounds 
stored in RIKEN Natural Product Depository, Saitama, Japan. 
PPG inhibits the PBD-dependent binding at IC50 of 0.3 μM and 
exhibits a similar in vitro specificity profile as Poloxin. PPG has 
also been shown to inhibit several other targets, such as tyro-
sin-specific protein kinases, human immunodeficiency virus 1 
integrase, DNA synthesis of tumor cells, prolyl endopeptidases, 
and the Bcl-XL-BH3 peptide interaction. PPG not only delayed 
the onset of mitosis but also prolonged the progression of mito-
sis in HeLa cells. Interestingly, however, PPG-like compounds 
lacking the 4-hydroxyl group failed to exhibit the inhibitory activ-
ity, indicating that the 4-hydroxyl group of PPG is essential for 
the observed activity (Watanabe et al., 2009). 

Schrodinger’s Induced Fitting Docking Protocol was used to 
explore the binding modes of PPG. The results suggest that the 
negatively charged enolized hydroxyl group of the bound PPG 
forms an electrostatic interaction with the positively charged 
His538. The other three phenolic hydroxyl groups and the car-
bonyl group form four hydrogen bonds with the positively 
charged Lys540, the backbone NH of Trp414, the indole ring of 
Trp414, and the backbone carbonyl of Leu491. Moreover, the 
phenyl ring and one double bond in the tropolone ring of PPG 
form π-π stacking interactions with the pyrrole ring and the 
phenyl ring (both embedded in the indole ring) of Trp414, re-
spectively. The analogue of PPG lacking the 4-hydroxyl group 
was unable to form reasonable docking poses (Liao et al., 
2010), underlying the importance of the 4-hydroxyl group for 
PBD inhibition. 
 

Poloxipan 
Poloxipan, a pan-specific inhibitor of the PBDs of Plk1-3, was 
recently isolated through the screening of chemical libraries 
against the PBD of Plk1. Poloxipan inhibited the function of all 
three PBDs with the IC50 value of 3.2 μM for Plk1 PBD, 1.7 μM 
for Plk2 PBD, and 3.0 μM for Plk3 PBD. The use of higher con-
centrations of poloxipan was not feasible due to its limited solu-
bility in aqueous buffers. Inhibition of the Plk1 PBD by poloxipan 
did not significantly increase over time. Despite the presence of 
a Michael acceptor system in its core structure (Reindl et al., 
2009), this observation argues against the formation of a cova-
lent bond between the proteins and the inhibitor. 
  
PEPTIDE-DERIVED PBD INHIBITORS 

 
MQSpTPL 
The design of the inhibitor peptides for the PBD of Plk1 was 
based on an elegant peptide library screening approach carried 
out by Yaffe and his co-workers (Elia et al., 2003a; 2003b). The 
results demonstrate that PBDs from yeast, Xenopus, and hu-
man Plks recognize similar phosphoserine/threonine (pSer/ 
pThr)-containing motifs. With PMQSpTPL and MQSpTPL as 
the preferred binding motifs of the Plk1 PBD originating from 
the MAXXXXSpTXXXXAKK framework (X, any amino acid 
residue), PoloBoxtide designed as MAGPMQSpTPLNGAKK 
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Fig. 3. Crystal structure of the phosphopeptide binding site of hPlk1 PBD in complex with PLHSpT peptide (PDB ID: 3VFH) was depic-ted with 

key regions indicated by different color. Outer box shows all the reported Plk1 PBD binding ligands based on their crystal structure or homol-

ogy model. 
 
 
(see below) was successfully used in various biochemical as-
says (Elia et al., 2003a; 2003b).  

Crystal structure of the PBD of human Plk1 with bound phos-
phopeptide, MQSpTPL, shows that the phosphopeptide sits in 
a pocket that is formed by PB1 and PB2. Lys540 and His538 
residues are the only residues that make direct contact with the 
phosphate group in a form of ‘pincer grip’, which is stabilized by 
a network of van der Waals interactions and hydrogen bonds 
between water molecules and other conserved residues within 
the PBD (Cheng et al., 2003; Elia et al., 2003a). The pThr- or 
pSer-containing phosphopeptide interacts in an extended con-
formation with one end of a planar gap that is constituted be-
tween the two PBs. The explanation for the Ser preference at 
the -1 position seems to be that the side-chain of Ser forms a 
hydrogen bond with Trp414-a highly conserved residue in all 
PBDs. Significantly, this finding is consistent with an earlier 
functional study that had implicated Trp414 in strategic ligand 
binding by showing that a Trp414Phe mutation disrupts Plk1 
localization to spindle poles and abrogates its function (Lee et 
al., 1998).  
 
MAGPMQSpTPLNGAKK 
The phosphopeptides named PoloBoxtides were experimen-
tally determined to be the optimal sequence for PBD-depen-
dent binding (Elia et al., 2003a). PoloBoxtide effectively inter-
feres with Plk1 PBD-dependent binding in vitro in a concentra-

tion-dependent manner with an in vitro IC50 of 5 µM and Kd of 
280 nM (Elia et al., 2003a; 2003b; Watanabe et al., 2009). 
Minimal PoloBoxtides, PMQSpTPL and MQSpTPL, described 
above have been used for many experiments. 
  

LLCSpTPNG 
The crystal structures of the PBD in complex with Cdc25C 
phospho-target peptide, LLCSpTPNG, revealed that the Trp414 
of PB1 is fundamental in their recognition regardless of its 
phosphorylation status. Binding measurements demonstrated 
that a Trp414Phe mutation abolishes molecular recognition and 
diminishes centrosomal localization. Therefore, in addition to 
the His538 and Lys540 residues involved in phosphorylated 
target binding (Elia et al., 2003a), Plk1 centrosomal localization 
may also be promoted by the Trp414-dependent interaction 
(Garcia-Alvarez et al., 2007). 
 

PLHSpT 

Although the above phosphopeptides optimized for Plk1 PBD 
revealed the key interacting residues, the molecular basis of 
achieving the Plk1 PBD-binding specificity remains elusive. 
Among various Plk1 PBD-binding proteins, PBIP1 appears to 
exhibit a high level of binding affinity and specificity via its p-T78 
motif (Kang et al., 2006). 

Systematic analyses of the Plk1 PBD-PBIP1 p-T78 motif in-
teraction led to the identification of a minimal PBD-binding se-



 Ravichandran N. Murugan et al. 215 

 

 

 

 

Table 1. Plk1 kinase Inhibitors in clinical phase I/II/III development 

Compound Chemical class IC50 value Selectivity Interacting residues
a
 

 

A dihydropteridinone 

developed by  

Boehringer Ingelheim 

(Lenart et al., 2007) 

In vitro 

IC50 = 0.8 nM (Plk1),

IC50 = 3.5 nM (Plk2),

IC50 = 39.0 nM (Plk3)

ATP-competitive inhibitor. It 

also inhibits Plk2, Plk3, ERBB4, 

HGFR, PI3Kα, and TIE2 

Cys133, Leu132, Leu59, 

Arg136, Arg57, Glu140, 

Cys67, Lys82, Ala80, 

Leu130, Gly60, Phe183, 

Asp194, Val114  

PDB ID:2rku (hPlk1 KD 

13-345, T210V) 

 

A dihydropteridinone 

developed by  

Boehringer Ingelheim 

(Rudolph et al., 2008) 

In vitro 

IC50 = 0.87 nM 

ATP-competitive inhibitor. 

Marked antitumor activity in 

multiple cancer models. 

Cys133 (hPlk1 Kinase 

domain 13-345, T210V) 

PDB ID:3fc2 

 

Thiophene benzimida-

zole developed by 

Glaxo SmithKline 

(Laquerre et al., 2007) 

In vitro 

IC50~2 nM 

ATP-competitive inhibitor; also 

inhibits Cdk2 and Aurora A. 

Induced arrest in G2-M phase, 

mitotic spindle defects and 

apoptosis in tumor cells and 

shows dose-dependent in vivo 

activity.  

Glu140 (Homology 

Model) 

 

Stilbazole compound 

by Nippon Shinyaku 

Co. Ltd  

(Garland et al., 2006) 

In vitro 

IC50 = 118 nM (Plk1)

ATP-competitive inhibitor; 

Shows potent antitumor activity 

in gastric, breast, lung human 

tumor xenografts etc. 

Better activity compare to drugs 

such as cisplatin, doxorubicin, 

vincristine, and tegafur-uracil 

 ND 

 

Undefined by 

OnconovaTherapeutics 

(Gumireddy et al., 

2005) 

IC50 = 9-10 nM 

A non-ATP-competitive Plk1 

inhibitor; also inhibits 

PDGFR,ABL,FLT1, CDK2, 

Plk2, Src and Fyn. 

Efficacious both as a single 

agent and in combination with 

cytotoxic drugs in xenograft 

models 

ND 

a Interacting residues by hydrogen bonding etc. are evaluated based on crystal structure or homology models. 

 
 
quence, PLHSpT. Structural analyses of the PBD in complex 
with the minimal p-T78 peptide revealed that the N-terminal Pro 
residue plays an important role in conferring the specificity by 
docking its side chain into a hydrophobic core surrounded by 
the Trp414, Phe535, and Arg516 residues, while concomitantly 
participating in a hydrogen bonding interaction between its car-
bonyl oxygen and the guanidinium moiety of Arg516 of the PBD. 
The PBDs of Plk2 and Plk3 possess Lys and Tyr residues at 
positions corresponding to the Arg516 and Phe535 residues in 
Plk1 PBD, respectively, thus failing to interact with the N-
terminal Pro residue (Fig. 3). 

PLHSpT exhibits a dose-dependent Plk1 PBD inhibition with 
a Kd of 0.445 µM (Yun et al., 2009). However, the hydrolytic 
lability of phosphoryl esters to phosphatases limits the use of 
phosphopeptides in cellular contexts. Development of hydrolyti-
cally-stable mimetics, in which the labile phosphoryl ester oxy-

gen is replaced with non-hydrolysable methylene or difluoro-
methylene groups, offers one approach to circumvent this limi-
tation (Yun et al., 2009). The phosphatase-resistant pThr mi-
metic (2S, 3R)-2-amino-3-methyl-4-phosphonobutyric acid (Pmab)- 
containing peptide, PLHS-Pmab, binds to Plk1 PBD with an 
undiminished affinity and specificity, and efficiently induces 
mitotic arrest, when microinjected into HeLa cells (Yun et al., 
2009). This finding provide the proof of principle that specific 
inhibition of Plk1 PBD can be achievable by small PBD-binding 
mimetic peptides. 
 

CONCLUSION 

 
As expected from the importance of protein kinases in cell 
growth and signaling pathway, protein kinases represent the 
largest class of drug targets for pharmaceutical industry and 
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Table 2. Plk1 kinase Inhibitors in preclinical development 

Compound Chemical class IC50 value Selectivity Interacting residues
a
 

 

Isoxazolopyridines 

(Hanan et al., 2008) 

In vitro 

IC50 = 0.051 µM (Plk1)

IC50 = 0.172 µM (Plk2),

IC50 = 1.382 µM (Plk3)

Monopolar spindles and mitotic 

arrest was observed in HCT 116 

colorectal carcinoma cell line. 

Phe169 (hPlk1Phe183),

Cys53 (hPlk1 Cys67), 

Cys119, Lys68 Asp180 

PDB ID:3db8 zPlk1 KD 

T196D 

  

Imidazopyridine  

(Sato et al., 2009) 

In vitro 

IC50 = 9.8 nM 

(Plk1) EC50 = 19 nM

IC50 = 21 nM (Plk2),

IC50 = 178 nM (Plk3)

Shows high selectivity over 212 

kinases. 34-74% growth inhibi-

tions on i.v. infusion over Hela-

luc xenograft bearing rats were 

observed. Although mild and re-

versible WBC reduction but no 

severe toxicity was observed  

Cyc133, Lys82, Asp194

(Homology Model) 

 

Pyrazolopyridines
  

(Fucini et al., 2008) 

In vitro 

IC50 = 0.050 µM (Plk1)

EC50 = 3.64 µM 

50-fold selective over Plk2 and 

Plk3. >150-fold selective on 

Aurora A Shows mitotic arrest  

by doubling of DNA content. 

Phe169, Cys53, 

Cys119, Lys68 

(hPlk1Lys82), Asp180 

(hPlk1Asp 194),  

PDB ID:3dbc 

(zPlk1KD, T196D) 

 

Pyrazoloquinazoline 

inhibitor
  

(Beria et al., 2010) 

In vitro 

IC50 = 0.007 µM (Plk1);

IC50 = 0.238 µM (Plk2),

IC50 = 0.450 µM (Plk3)

16-fold to >1400-fold high level 

of selectivity against more than 

40 kinases on solid and hemato-

logical tumor cell lines. Shows 

acceptable oral bioavailability. 

Good tumor growth inhibition in 

HCT-116 tumor xenograft. 

Glu131, Cys133, Leu59,

Cys67, Arg136, Asp194,

Lys82, Glu101, Phe195,

His105, Leu132, 

Ser137, Glu140,  

PDB ID: 3kb7 (hPlk1KD)

 

Purine mimetic
  

(Elling et al., 2008b) 
IC50 = 0.7 µM 

Due to V-shaped conformation  

of compound 902, trifluoromethyl 

furan group extends deep into 

the adaptive region of the active 

site. 

Cys119, Glu117,  

Lys68, Glu87  

PDB ID: 3db6 

(zPlk1 KD, T196D) 

 

 Benzthiazole-3-oxide 

derivative  

(McInnes et al., 2006) 

IC50 = 20 nM. 

Little inhibition over 

20 other kinases. 

Shows spindle collapse in Hela 

and Drosophila S2 cells. 

Cell cycle may also be affected 

in G1/S 

ND 

 

Diaminopyrimidine 

derivative
 

(Peters et al., 2006) 

IC50 = 0.9 nM 
Destabilized kinetochore  

microtubules. 
ND 

 
Pyrazolequinazoline  

by Nerviano  

Medical Science
  

(Beria et al., 2008) 

IC50 = 20 nM on 

hematological  

tumor cells 

Shows prolonged M phase and 

induce apoptosis. 

Active in Xenograft tumor model. 

IC50 < 100 nm on Solid tumor  

ND 

 

Pyrrolo-pyrazole  

inhibitor 

(Kothe et al., 2007a) 

Inhibitor of Aurora A

(IC50 = 0.07 µM) 

Also inhibits Plk1 

(IC50 = 0.53 µM) 

Plk2 (IC50 = 0.07 µM) 

Plk3 (IC50 = 1.61 µM) 

Weaker inhibition was detected 

on few kinases. 

Glu131, Cys133, 

Lys82, His105  

PDB ID: 2owb  

(hPlk1 KD, T210V) 

(continued) 
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Compound Chemical class IC50 value Selectivity Interacting residues
a
 

 

Vanillin derivative
 

(Keppner et al., 2009) 
EC50 = 12-39 µM 

Shows 1000-fold selectivity 

within the Plk family. 

Antiproliferative effect was  

observed in various cancer cell 

lines of different origins. 

Arg93, Asp194, Cys133, 

Phe195, Phe183  

(By homology model) 

 

Subunit derived from 

tryptophan and 

Phenylpropanoid 

(McInnes et al., 2006) 

2.0 ± 1 µM 

ATP-competitive inhibitor of Plk1 

but also inhibits several kinases 

in vitro. 

ND 

 

Steroidal furanoids, 

originally isolated from 

Penicillium wortmannii 

(Liu et al., 2005) 

24 nM 

ATP-time dependent inhibitor of 

Plk1; also inhibits PI3K, Plk2, 

Plk3 and other kinases 

Lys68
  
Cys119

 

PDB ID:3d5x 

(zebrafish Plk1 Kinase 

domain, 1-312 Wild type 

and 13-312 T196D) 

 

Developed by Bayer 

Schering Pharma  

(Santamaria et al., 

2007) 

In vitro 

IC50~19 nM (Plk1), 

IC50 < 100 nM  

(Plk2, 3 & 4) 

ATP-competitive inhibitor and 

little on a panel of 93 other 

kinases. Induced arrest in  

prometaphase-like arrest and 

finally cytokinesis failure and 

multinucleation. IC50 = 0.2-1.3 

µM on human and mouse tumor 

cell lines.  

 ND 

a Interacting residues by hydrogen bonding etc. are evaluated based on crystal structure or homology models. 

 

 
academia alike. As of today, more than 10 kinase inhibitors 
have already reached the market and more than 200 kinase 
inhibitors are either in phase I or in phase II studies. 

First-generation inhibitors that are designed based on the ac-
tive conformation of kinase domain as shown in Tables 1 and 2 
except SBE13, have been shown to be effective at reducing 
tumor cell growth both in vitro and in vivo. Although substantial 
progress has been made, this approach has confronted with 
limited specificity largely because of the conserved structures of 
various kinases. For the past decade, efforts have been made 
to improve the potency and specificity of kinase inhibitors and to 
overcome the off-target effects by using less-conserved inactive 
conformation of kinase domain (Liu and Gray, 2006). In an 
inactive conformation, an additional hydrophobic pocket with 
less conserved surrounding residues is frequently created. As 
an example of this second approach, virtual screening using a 
homology model of inactive human Plk1 led to the identification 
of 13 candidate compounds that exhibit anti-proliferative effects 
in HeLa cells. Among them, SBE13 shows EC50 values of 12-
39 µM in various cancer cells of different origin (Keppner et al., 
2009), brightening the future of the development of second 
generation inhibitors.  

Notably, however, although development of anti-kinase do-
main inhibitors have been widely sought by a large number of 
pharmaceutical companies, one of the common problems as-
sociated with this class of inhibitors is a high level of cross-
reactivity, as demonstrated by a recent study that closely exam-
ined previously characterized 38 kinase inhibitors (Karaman et 
al., 2008). Mainly due to the highly conserved ATP binding site 
within the catalytic domain of all the protein kinases, most of the 
currently developed kinase domain inhibitors exhibit less than 
acceptable selectivity profile. In addition, many of these inhibi-

tors also display a broad spectrum of inhibition with a high level 
of cross-reactivity, because they have certain combinations of 
active site residues in the ATP binding site prone to developing 
ligand promiscuity.  

Accumulating evidence suggests that targeting an essential 
non-catalytic domain could be an alternative strategy to over-
come the cross-reactivity and drug resistance commonly asso-
ciated with kinase domain inhibitors. One attractive direction 
that has recently gained momentum is to develop small mole-
cule protein-protein interaction inhibitors that target pivotal bio-
logical processes required for cancer cell viability. It has been 
well documented that peptide-derived inhibitors, such as pep-
tide mimetics or peptoids, are extremely potent and highly spe-
cific with few toxicological problems, thus avoiding many of their 
disadvantages that small molecule inhibitors do have. Also, 
they do not accumulate in organs or suffer from drug-drug in-
teractions as many small molecules do. In this regard, targeting 
the polo-box domain of Plk1 may serve as an attractive ap-
proach to overcome many of the problems associated with 
inhibitors targeting the kinase domain of Plk1. Because PBDs 
are unique to the family of Plks, inhibition of Plk1 PBD was 
proposed to obtain potentially more specific inhibitors. In fact, 
two of the small-molecule inhibitors of the Plk1 PBD reported 
subsequently were shown to inhibit mitotic progression of can-
cer cells with promising specificity (Table 3). However, peptide-
based inhibitors have their own drawbacks such as poor stabil-
ity and transcellular permeability. Cyclic peptides are of consid-
erable interest as drug candidates as their conformational rigid-
ity and membrane permeability through the elimination of the 
charged termini may enhance their binding affinity for target 
protein while reducing the entropy loss.  

On the basis of advanced technologies that allow efficient
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Table 3. Plk1 Polo-box domain inhibitors 

Compound Chemical class IC50 value Selectivity Interacting residues
a

 

Isolated from volatile oil of 

black seed (Nigella sativa)

(Reindl et al., 2008) 

In vitro 

IC50 = 1.14 µM (Plk1)

Also inhibits Chk2 FHA  

domain, Pin1 WW domain, 

SH2 domain of STAT3 

Cys544, Arg500, 

Pro545, Leu546 

(Homology Model)

 

Synthetic derivative of  

thymoquinone  

(Reindl et al., 2008) 

In vitro 

IC50 = 4.6 µM (Plk1)

IC50 = 18.7 µM (Plk2)

IC50 = 53.9 µM (Plk3)

Shows similar phenotypic 

changes as observed by ATP-

competitive Plk1  

inhibitors 

Cys544, Arg500, 

Pro545, Leu546, 

Asn527, Arg507 

(Homology Model)

   

Benzotropolone natural 

product derived from nutgalls 

by RIKEN NPDepo.  

(Watanabe et al., 2009) 

In vitro 

IC50 = 0.3 µM (Plk1)

Also inhibits HIV-1 integrase, 

tyrosine protein kinases,  

Bcl-XL, BH3 peptides, prolyl 

endopeptidases and DNA 

synthesis of tumor cells.  

His538, Lys540, 

Trp 414, Leu491 

(Homology Model)

 
Pan-specific inhibitor 

(Reindl et al., 2009) 

In vitro 

IC50 = 3.2 µM (Plk1)

IC50 = 1.7 µM (Plk2)

IC50 = 3 µM (Plk3)

Minor inhibition over FHA do-

main of Chk2, SH2 domain of 

STAT1, STAT5b, Lck etc. 

ND 

MAGPMQSpTPLGAKK 

PoloBoxtide 

Optimal phosphopeptide 

sequence  

(Elia et al., 2003a) 

In vitro 

IC50 = 5 µM 

Kd = 280 nM 

Inhibition occurs in a concen-

tration-dependent manner. 

Employed in biochemical as-

says 

Lys540, His538, 

Trp 414 

PDB ID:1umw 

LLCSpTPNG and 

LLCSTPNG 

Cdc25C-P & Cdc25C 

Optimal phosphopeptide 

derived from Cdc25C protein

(Garcia-Alvarez et al., 2007)

In vitro 

Kd = 1.8 µM 

Plk1 binding occur in a phos-

phor-independent  

binding  

Trp414 

PDB ID:2ojs, 2ogq

 

Minimal phosphopeptide 

derived from PBIP1 protein 

(Yun et al., 2009) 

In vitro 

Kd = 0.445 µM 

(Plk1) 

Phosphatase-resistance mi-

metic shows ~60%  

mitotic arrest of the microin-

jected cells in vivo 

His538, Lys540, 

Trp414, Phe535, 

Arg 516 

PDB ID:3hik 

a Interacting residues by hydrogen bonding etc. are evaluated based on crystal structure or homology models. 

 
 
 
structure-based drug design with powerful screening platforms 
for drug activity and target selectivity, it is expected that novel 
compounds with increased potency, kinase specificity, and 
drug-like properties will soon be available for clinical evaluation. 
Furthermore, ongoing studies would provide new template 
molecules for designing inhibitors for docking sites on ATP and 
PBD-binding region. In summary, Plk1 represents an appealing 
target for anti-cancer therapy. Further evaluation is necessary 
to discern the utility of Plk1 inhibitors in a clinical setting and to 
determine the performance of these inhibitors in comparison to 
other currently available anti-mitotic agents. 
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