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摘  要 : 保罗样激酶 1（Polo-like kinase 1, Plk1）与恶性肿瘤的发生与发展密切相关，被认为是肿瘤分子靶向治

疗中最具潜力的重要靶标之一。目前，针对 Plk1 激酶结构域（Kinase domain, KD）设计 Plk1 抑制剂已成为研究

热点，其中部分小分子抑制剂已进入 /Ⅰ Ⅱ期临床研究并展现出良好的抗癌前景。尽管 Plk1 KD 结构域抑制剂具

有一定的靶标选择性，但鉴于作为 ATP 结合口袋的 KD 结构域在众多激酶结构中的高度保守性和易导致交叉耐

药等问题，这使开发高选择性的 Plk1 KD 结构域抑制剂面临极大的挑战。保罗盒结构域（Polo-Box domain, PBD）

作为 Plk1 特有的底物结合域，在调控 Plk1 的亚细胞定位中具有重要功能，被认为是未来高选择性 Plk1 抑制剂开

发的理想靶标。文中对 Plk1 PBD 的分子结构、生物学功能和相关抑制剂的研究进展进行了综述和展望，以期为

靶向 Plk1 PBD 结构域抑制剂的分子设计提供有益的借鉴和参考。 

关键词 : 保罗样激酶 1 抑制剂，保罗盒结构域，蛋白质-蛋白质相互作用，变构调节剂，分子靶向治疗 
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Abstract:  Polo-like kinase 1 (Plk1) is widely regarded as one of the most promising targets for cancer therapy due to its 
essential role in cell division and tumor cell survival. At present, most Plk1 inhibitors have been developed based on kinase 
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domain, some of which are in clinical trial. However, inhibitors targeting kinase domain face off-target effect and drug 
resistance owing to the conserved nature and the frequent mutations in the ATP-binding pocket. In addition to a highly 
conserved kinase domain, Plk1 also contains a unique Polo-Box domain (PBD), which is essential for Plk1’s subcellular 
localization and mitotic functions. Inhibitors targeting Plk1 PBD show stronger selectivity and less drug resistance for cancer 
therapy. Therefore, Plk1 PBD is an attractive target for the development of anti-cancer agents. In this review, we will 
summarize the up-to date drug discovery for targeting Plk1 PBD, including the molecular structure and cellular functions of 
Plk1 PBD. Small-molecule inhibitors targeting Plk1 PBD not only provide an opportunity to specifically inhibit Plk1 activity 
for cancer treatment, but also unveil novel biological basis regarding the molecular recognition of Plk1 and its substrates. 

Keywords:  Polo-like kinase 1 inhibitor, Polo-Box domain, protein-protein interactions, allosteric agent, molecular targeted therapy 

Polo-like kinases (Plks) are a conserved family 
of serine/threonine kinases regulating multiple 
essential steps in mitosis[1]. Five mammalian Plk 
family members, Plk1-5, have been identified so far. 
Among them, Plk1-4 are closely related, which are 
characterized by a unique C-terminal noncatalytic 
region containing one (Plk4) or two (Plk1-3) 
tandem Polo boxes and a highly conserved 
N-terminal catalytic kinase domain (KD, also 
named by ATP-binding pocket)[2-3]. The Polo-Box 
domain (PBD) of Plk1 (PBD1) interacts with 
phosphorylated substrates containing a consensus 
S-pS/pT-P/X motif[4-5], which has been shown to be 
crucial for its subcellular localization and mitotic 
functions. In contrast to Plk1–4 family members, 
Plk5 is a PBD-containing protein that lacks the 
kinase domain (Fig. 1). 

Plk1 regulates several critical mitotic events, 
such as mitotic entry, centrosome maturation, 
spindle assembly, chromosome segregation and 
cytokinesis [1, 6-7]. Overexpression of Plk1 has been 
reported in many human cancers, which provides a 
possible basis for selective elimination of cancer 
cells. Therefore, Plk1 is generally regarded as an 
anti-cancer drug target as well as a potential 
prognostic biomarker for cancer patients[8-10]. 
Inhibition of Plk1 activity causes mitotic arrest and 
apoptotic cell death in most cancer cell lines. Plk1 
inhibitors reduce tumor proliferation, and have 
been shown little effect on normal cells using 
mouse xenograft models[11]. Therefore, Plk1 is a 
very attractive therapeutic target for the discovery 
and development of small-molecule anti-cancer 
drugs.  

 

 
 

Fig. 1  Polo-like kinases in human cells. Schematic representation of the five identified Polo-like kinases (Plks) in 
human cells (Plk1–5). The protein structure of each Plk is aligned using kinase domain (green) and Polo-Box domain 
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(yellow). The key residues of kinase domain and Polo-Box domain for substrates recognition are shown in figure. 
 
 
 
 
 
 
 
 

In contrast to Plk1, Plk2 and Plk3 have been 
identified as tumor suppressors to prevent mitotic 
catastrophe and preserve genomic integrity[7-12]. 
Moreover, significantly lower expression of Plk2 
has been observed in a wide range of B-cell 
neoplasms due to CpG methylation-dependent 
transcriptional silencing of Plk2, supporting the role 
of Plk2 as a tumor suppressor in hematopoietic 
diseases[13]. The function of Plk4 is not fully 
understood yet, but evidence suggests that it may 
ensure genome stability through the regulation of 
centriole duplication[14-15]. Plk5 is highly expressed 
in the central nervous system and has been reported 
as a glioblastoma suppresser[16]. Therefore, the 
highly selective inhibition of Plk1 activity, but not 
other Plks, is a perfect strategy for cancer therapy.  

Many small-molecule Plk1 inhibitors targeting 
the kinase domain have been identified and some 
are being tested in clinical trials for cancer 
treatment, such as BI6727 (Volasertib)[17-20], 
ON01910 (Rigosertib)[21-23], BI2536[24-26], 
GSK461364[27] and HMN-214[28] (Table 1). 
Recently, volasertib was approved by FDA due to 
its significant benefit to the treatment of acute 
myeloid leukemia in combination with cytarabine. 
Moreover, a phase Ⅱ trial for volasertib in advanced 
non-small cell lung cancer (NCT00824408) is 
underway[29-30]. Rigosertib is now in phase Ⅲ 
trials for second-line treatment of high-risk 
myelodysplastic syndrome (NCT01928537 and 
NCT00906334) and phase Ⅱ  trials for first-     
line treatment of low-risk myelodysplastic syndrome 

 
Table 1  Ongoing Plk1 small-molecule inhibitors in clinical trials 

Compound Mode of action Phase Clinical indications References

Volasertib (BI6727) ATP-competitive inhibitor Phase Ⅲ Acute myeloid leukemia [17–20] 

Rigosertib (ON01910) Affects microtubule  
dynamics 

Phase Ⅲ Advanced solid tumors,  
myelodysplastic syndrome 

[21–23] 

BI2536 ATP-competitive inhibitor PhaseⅡ Non-small cell lung cancer, acute 
myeloid leukaemia 

[24–26] 

GSK461364 

N

N

H3C

N

N
S

O

NH2

O

H3C

ATP-competitive inhibitor PhaseⅠ Advanced solid tumors [27] 

HMN-214 A prodrug that alters 
spatial distribution of Plk1 
(no direct catalytic 
inhibition) 

PhaseⅠ Advanced solid tumors [28] 
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(NCT01584531 and NCT01904682). A phase Ⅲ 
study of rigosertib in combination with gemcitabine 
is also underway in patients with metastatic 
pancreatic cancer (NCT01360853)[30]. The 
ATP-binding pocket of protein kinases is a classical 
target for kinase inhibitors development and has 
been validated by several successful drug discovery 
programs. However, these inhibitors usually face 
drug resistance due to the frequent mutations in the 
ATP-binding pocket[29,31]. Another disadvantage of 
these inhibitors is the serious off-target effect due to 
the conserved nature of ATP-binding pocket of all 
kinases. Therefore, the development of effective 
and Plk1-selective inhibitors remains challenging. 

In addition to a highly conserved kinase domain, 
Plk1 also contains a unique Polo-Box domain, which 
provides a possible drug discovery target for selectively 
inhibiting Plk1. Currently, there is an increasing interest 
in the development of small-molecule inhibitors 
targeting PBD1 for treating cancer diseases. Herein, we 

will review the up-to date progress in this field. 

1  Plk1 PBD and drug discovery 

The crystal structure of human PBD1 shows 
that it contains two β6α motifs that comprise two 
Polo-Box regions (PB1 and PB2). In spite of the 
fact that the amino acid sequences of the two Polo 
boxes exhibit only 20%–25% similarity, the 
structures of the two motifs are quite similar. The 
PBD1 also contained a Polo cap region consisting 
of α-helix connected via a linker (L1) to the first 
β-strand of PB1 and a second linker (L2) connecting 
the two Polo-box repeats, helping to hold both 
Polo-boxes in the correct orientation. The crystal 
structures of the PBD1 also reveal that the 
phosphopeptide (Poloboxtide, see 3.1 section) 
binding site is located at one end of a shallow cleft 
between the two β-sheets only within the highly 
conserved region on the PBD1 surface (Fig. 2A).  

 

 
 

Fig. 2  Molecular structure and cellular functions of Plk1 PBD (PBD1). (A) The crystal structure of the PBD1 is shown 
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in a ribbons representation in complex with Poloboxtide (shown in yellow). Two Polo boxes (PB1 and PB2) are colored 
in red and purple, respectively, and the Polo-cap region that accommodates Poloboxtide is colored in grey. (B) 
Schematic representation of pincer-like hydrogen bonds (dotted lines) between the phosphate and His538/Lys540 of 
PBD1. Hydrogen bond lengths are given in angstroms. (C) A model for Plk1 regulation by the PBD1. PB1 and PB2 are 
colored by orange, kinase domain and a representative phosphopeptide are colored by blue and purple with phosphate in 
red, respectively. Inhibitory interactions between the PBD1 and the kinase domain in the basal state (left) are relieved by 
phosphopeptide binding (right). Reproduced with permission[5].  
 

The residues that contact the phosphate group 
directly are His538 and Lys540 from PB2, whose 
side chains form pincer-like hydrogen bonds that 
chelate the phosphate oxygens (Fig. 2B)[5]. 
Additionally, the kinase domain and PBD1 are 
mutually inhibited in vivo and binding of the PBD1 
to substrates with primed phosphorylation sites 
simultaneously activates the kinase domain to 
enhance the biological activities of Plk1 (Fig. 2C). 
The conformational change of L2 serves as the key 
switch between the on and off states of Plk1[32]. 

Moreover, Plk1 is auto-inhibited through 
KD/PBD binding in order to regulate Plk1 functions 
during mitosis. When the conserved threonine 
residue (Thr210) in T-loop of the Plk1 kinase 
domain is phosphorylated by Aurora A, the PBD1 
will be released from auto-inhibition along with 
recruitment of phospho-substrate, allowing the 
initiation of Plk1 activation (Fig. 2C)[5]. Therefore, 
the PBD1 is crucial for substrate interaction and 
through its PBD1, Plk1 associates with a large 
number of subcellular proteins, such as the 
centrosomes, kinetochores, spindle apparatus and 
Golgi, which in turn regulates the kinase activity of 
Plk1[33]. Unlike the highly conserved KD in Plk1, 
PBD1 is a unique domain, which provides a much 
more compelling site to selectively inhibit the 
localization and biological functions of Plk1. The 
significant role of PBD1 in Plk1 subcellular 
localization and functional regulation renders the 
drug development superiority by targeting this 
domain. Indeed, several small-molecule inhibitors 
and peptide mimics targeting PBD1 have been 
reported, and Table 2 briefly summarizes all 
emerging small-molecule PBD1 inhibitors so far. 

More interestingly, the overall structure of the 
Plk2 PBD (PBD2) is highly similar to that of the 
PBD1, which is composed by two Polo boxes each 
contain β6α structures that form a 12-stranded β 
sandwich domain. The edge of the interface 
between the two Polo boxes forms the 

phosphorylated Ser-pSer/pThr motifs binding cleft. 
On the other hand, only the peripheral regions 
around the core binding cleft of the PBD2 is distinct 
from that of the PBD1, which might confer the 
substrate specificity of the PBDs in Polo-like kinase 
family (Fig. 3). Importantly, two residues including 
Lys607 and Tyr626 involved in peripheral regions 
are highlighting for this substrate recognition of 
PBD2[34-35]. To date, the crystal structure of Plk3 
PBD (PBD3) has not been reported yet.  

2  Plk1 PBD small-molecule inhibitors  

2.1  Thymoquinone (TQ) and its derivative, 
Poloxin 

Reindl et al. have developed a fluorescence 
polarization (FP) assay based on the binding of 
fluorophore-labeled peptide comprising of an 
optimal recognition motif to PBD1[36]. Screening of 
diverse chemical libraries for compounds, which 
could interfere with the PBD1 binding, led to the 
discovery of TQ and its derivative Poloxin. These 
are the first reported small-molecule inhibitors that 
block Plk1 PBD-mediated protein-protein interactions. 
Poloxin inhibits the PBD1 in vitro using FP assay 
(IC50 of 4.8 μmol/L), as well as that of Plk2 and Plk3 
to a slightly less extent (IC50 of 18.7 and 53.9 μmol/L, 
respectively), but Poloxin does not appear to 
significantly inhibit other types of phosphopeptide- 
binding domains such as Chk2 FHA, Pin1 WW, and 
STAT3 SH2 domains. Both compounds cause Plk1 
mislocalization, chromosome congression defects, 
mitotic arrest, and apoptosis in HeLa cells[36]. 
Moreover, Poloxin induces centrosome 
fragmentation and abnormal spindle and 
chromosome misalignment, which induces mitotic 
arrest, followed by apoptosis, and significantly 
suppresses tumor growth in xenograft mouse 
models[37]. 

Recently, Yin et al. reported TQ/PBD1 crystal 
structure and revealed the molecular basis of 
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TQ/PBD1 recognition[38]. The crystallographic studies 
show that the phosphoserine/phosphothreonine 
recognition site of the Polo-Box domain is the 
binding pocket for TQ, which consists of a 
hydrophobic half (Val411, Trp414, Leu490, and 
Leu491) and a positively charged half (His538, 
Lys540, and Arg557) where the Lys540-His538 

pincer clinches phosphopeptides by the phosphate. 
TQ displaces phosphopeptides bound with the 
Polo-Box domain in a slow but noncovalent 
binding mode. A conserved water bridge and a 
cation-π interaction have been found as the competition 
 
 

Table 2  Emerging small-molecule Plk1 inhibitors targeting Polo-Box domain  
Compound IC50 values against PBDs Key binding residues References 

Poloxin 4.8±1.3 μmol/L (PBD1) 
18.7±1.8 μmol/L (PBD2) 
53.9±8.5 μmol/L (PBD3) 

Val411, Asn533 and Lys540 [36–38] 

Thymoquinone (TQ) 

 

1.14±0.04 μmol/L (PBD1) 
1.90±0.1 μmol/L (PBD2) 
22.4±0.8 μmol/L (PBD3) 

Val411, Asn533 and Lys540 [36, 38] 

Poloxipan 3.2±0.3 μmol/L (PBD1) 
Pan-inhibitor for PBD2 and PBD3 

Not determined (N.D.) [39] 

Purpurogallin (PPG) 

 

0.3 μmol/L (PBD1) 
Most efficiently exhibits activity  
against PBD2, but weak activity  
against PBD3 

Trp411, His538 and Lys540 [40, 44] 

(-)-epigallocatechin (EGC)  10 μmol/L (PBD1) 
Most efficiently blocks PBD2 with  
less inhibition for PBD3 

Leu491, His538 and Lys540 [45] 

(-)-epigallocatechin gallate (EGCG) N.D. Leu491, His538 and Lys540 [45] 

(+)-gallocatechin (GA) N.D. Leu491, His538 and Lys540 [45] 

(+)-catechin (CAT) N.D. Leu491, His538 and Lys540 [45] 
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T521 (1.22±0.13) μmol/L (PBD1) 
>500 μmol/L (PBD2 and PBD3) 

Covalent binding (Lys209,  
Lys388, and Lys574) 

[46] 

 
 
 
 
 

 
 

Fig. 3  Comparison of the peripheral regions of the core 
phosphopeptide binding cleft in PBD1 (green) and PBD2 
(yellow). The core region is labeled by red solid line 
ellipse, and the peripheral region is labeled by red dash 
line ellipse. Lys607 and Tyr626 in the peripheral region of 
PBD2 are highlighted. Reproduction with permission[34].  
 
strategy against the phosphate group (Fig. 4). The 
binding of TQ is in effect a displacement of several 
crystallographic waters. Together, the complex 
crystal structure offers an insight into the binding 

mode of TQ competing with phosphopeptide 
interacting with PBD1. The phospho-mimetic 
mechanism may be applicable to the general 
inhibitor design for drugs targeting PBD1 and other 
phospho-binding domains. 

2.2  Poloxipan  
Poloxipan, a pan-specific inhibitor of the PBDs 

of Plk1-3, was recently screened from diverse 
chemical libraries against the PBD1[39]. Poloxipan 
inhibits the functions of PBDs with the IC50 values 
of 3.2 μmol/L for PBD1, 1.7 μmol/L for PBD2, and 
3.0 μmol/L for PBD3 in FP assay, and exhibits a 
significant less extent for other peptide motifs (i.e. 
Chk2 FHA, Pin1 WW, and STAT1, 3, 5 SH2). 
Unfortunately, the use of higher concentrations of 
Poloxipan was not feasible due to its limited 
solubility in aqueous buffers. The cellular effects of 
Poloxipan are very similar to that of TQ and 
Poloxin, especially the mitotic arrest, chromosome 
alignment defect, Plk1 subcellular localization and 
centrosome fragmentation. This observation further 
supports that functional inhibition of PBD1 by 
small molecules is an effective strategy for future 
cancer treatment.  

2.3  Purpurogallin (PPG) 
Watanabe et al. have developed an enzyme 

linked immunosorbent assay (ELISA) based on the  
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Fig. 4  The crystal structure of TQ/PBD1 complex. (A) Schematic representation of hydrogen bonds between TQ 
(yellow) and a conserved structural water (W1). Atoms are colored by model except noncarbon atoms of the PBD1/TQ 
side chains (N, blue; O, red). Hydrogen bonds are given as red dashed lines. Arrows show the shift of Leu491. (B) 
Shortest intermolecular distances between Lys540+ and TQ are represented as dashed lines. Reproduced with 
permission[38].  
 
 

binding of the Venus-PBD1 to the phosphopeptide 
containing PBD1 consensus motif[40]. The Wee1A 
phosphopeptide could covalently bind to 
maleimide-activated 96-well plates prior to 
screening. The bacterial lysates expressing 
Venus-PBD1 were mixed with the test compounds 
and then loaded into each well; unbound PBD1 was 
washed away, and bound PBD1 was quantitated by 
spectrofluorometry (excitation, 485 nm; emission, 
530 nm). When small molecules that compete with 
the phosphopeptide for PBD1 binding are present in 
the assay, Venus-PBD1 will exhibit less fluorescent 
signal. Purpurogallin (PPG) was identified as a 
potent PBD1 inhibitor through this screening assay 
from 2 500 natural products. PPG most efficiently 
exhibits activity against PBD1 and PBD2 
(IC50=0.3 µmol/L), but weak activity against PBD3 
using this developed ELISA-like assay. PPG not 
only delays the onset of mitosis but also prolongs 
the progression of mitosis in HeLa cells. Although 
apparently normal bipolar spindles were formed 
even in the presence of PPG, the perturbation of 
chromosome alignment at metaphase plates 
activated the spindle assembly checkpoint pathway. 
These results demonstrate the predominant role of 
PBD1-dependent binding on timely chromosome 
congression at metaphase and PPG may serve as a 
novel potent anti-cancer agent. Interestingly, 

PPG-like compounds lacking the 2-hydroxyl group 
failed to exhibit the inhibitory activity, indicating 
that the 2-hydroxyl group of PPG is essential for the 
observed activity. However, whether PPG could 
efficiently suppress the tumor growth in an in vivo 
mouse model by targeting PBD1 has not been 
explored, PPG may become an attractive lead 
compound of Plk1 inhibition. Notably, current 
studies showed that PPG could strongly suppress 
esophageal squamous cell carcinoma (ESCC) 
growth by directly targeting the mitogen-activated 
protein kinase 1/2 (MEK1/2) signaling pathway in 
vitro and in vivo, supporting a general idea of 
multi-targets in human diseases therapeutic for PPG, 
a natural compound extracted from nutgalls and oak 
bark[41-43].  

Docking was used to explore the binding 
modes of PPG[44]. 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 carbonyl 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 
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ring of Trp414, respectively (Fig. 5). The analogue 
of PPG lacking the 2-hydroxyl group was unable to 
form reasonable docking poses, underlying the 
importance of the 2-hydroxyl group for PBD1 
inhibition. In order to get a deeper insight into the 
PPG-PBD1 interaction, the crystal structure is 
urgently required. 

2.4  Green tea catechins 
By PBD1 structure-based in silico virtual 

screening, (-)-epigallocatechin (EGC), one of the 
main components of green tea polyphenols, was 
identified as a potent PBD1 inhibitor with IC50 
value of 10 μmol/L in FP assay[45].  

To understand the interaction between EGC 
and the PBD1, Shan et al. also tested the effects of 
the other major green tea catechins including 
(-)-epigallocatechin gallate (EGCG), (+)-gallocatechin 

 

 
 

Fig. 5  The binding mode of PPG to the PBD1 generated 
by Schrodinger’s induced fitting docking protocol. 
Hydrogen bonds are shown as red dashed lines. 
Reproduced with permission[44].  
(GA), and (+)-catechin (CAT)[45]. Compared with 
EGC, EGCG has higher inhibitory activity, 
suggesting that the additional gallate group 
contributes to the binding with the PBD1. The lower 
inhibitory activity for GA indicates that the 
configuration of 3-hydroxyl group plays a role in 
the binding of catechins with the PBD. More 
strikingly, CAT has much lower inhibitory activity 
compared with GA, which indicates that the 
hydroxyl groups on B ring are essential for the 

inhibition of PBD-dependent recognition. 

2.5  T521 
By FP screening assay, T521 was identified as 

a specific small-molecule inhibitor of PBD1 from 
the diverse chemical libraries of 20 000 compounds 
in Prof. Si’s laboratory[46]. Using an in vivo PBD 
substrate Map205, T521 could efficiently block the 
interaction between PBD1 and GST-Map205PBM in 
vitro. HeLa cells treated with T521 exhibited 
dramatic mitotic defects, including Plk1 
mislocalization, centrosome fragmentation, 
chromosome misalignment, and mitotic arrest, 
which are the consequences of inhibition of Plk1 by 
targeting PBD1. Importantly, T521 suppresses the 
growth of A549 cells in xenograft nude mice. 
Unlike other known PBD1 inhibitors, T521 
specially inhibits the PBD1, shows much less effect 
on the PBD2 and PBD3, indicating its specificity 
toward Plk1.  

Interestingly, the T521 inhibition of PBD1 was 
time and temperature dependent, which implies the 
possibility of covalent binding mode. HPLC-Q-TOF 
mass spectrometry analysis was performed and the 
intact mass of Plk1 protein increased by 907.05 Da, 
suggesting covalent addition of three T521 
fragments (301 Da) to Plk1, and covalent binding 
sites of Plk1 are Lys209, Lys388 and Lys574. 
However, Lys209 and Lys388 binding sites do not 
locate within the core phosphopeptide binding 
pocket. In contrast, no addition of T521 to Plk2 or 
Plk3 was detected after their incubation with T521. 
The circular dichroism (CD) spectra of PBD1 show 
the significant secondary structure changes after 
T521 binding, especially the composition of α-helix. 
Because the native conformational structure of 
PBD1 is necessary for phosphopeptide binding, 
these secondary structure changes caused by T521 
covalent binding may contribute to its strong 
inhibition of PBD1 functions. However, the 
specificity addition mechanism of covalent binding 
in T521 remains unclear. Maybe the allosteric 
regulation strategy in classic or nonclassic binding 
pocket is a new avenue for the development of next 
generation PBD1 inhibitors.  
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3  Plk1 PBD peptide derived inhibitors 

3.1  Poloboxtide: MQSpTPL 
Plks PBD from various species including yeast, 

xenopus, and human exhibit strong affinity to the 
core sequence S-pS/pT-P/X (X, any amino acid 
residue)[4-5]. Crystal structure of the PBD1 with 
bound Poloboxtide, MQSpTPL, shows that the 
phosphopeptide sits in a pocket formed by PB1 and 
PB2. Lys540 and His538 residues are the only 
residues that directly 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 PBD1. The pThr or 
pSer containing phosphopeptide interacts in an 
extended conformation with one end of a planar gap 
that is constituted between 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 observation that a 
Trp414Phe mutation disrupts Plk1 localization to 
spindle poles and abrogates its functions, further 
supporting the key role of Trp414 in its ligand 
binding[47].  

3.2  PLHSpT 
Although the fact that S-pS/pT-P/X 

phosphopeptides optimized for PBD1 binding 
reveals the key binding residues, the molecular 
basis for PBD1 binding specificity remains elusive. 
Among various PBD1-binding proteins, PBD1 
binds to the Thr78 region of PBIP1 in a 
phosphorylation-dependent manner. Systematic 
analyses of the PBD1-PBIP1 p-T78 motif 
interaction led to the identification of a minimal 
PBD1-binding sequence, PLHSpT[48]. Structural 
analyses of the PBD1 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 carbonyl oxygen and the guanidinium 
moiety of Arg516 of the PBD1.  

The PBD2 and PBD3 possess Lys and Tyr 
residues at positions corresponding to the Arg516 
and Phe535 residues in PBD1, respectively, failing 
to interact with the N-terminal Pro residue. PLHSpT 
exhibits a dose-dependent PBD1 inhibition with a 
dissociation constant (Kd) of 0.44 µmol/L[48]. 
However, the hydrolytic lability of phosphoryl 
esters to phosphatases limits the use of 
phosphopeptides in cellular contexts. Development 
of hydrolytically- stable mimetic peptides, in which 
the labile phosphoryl ester oxygen is replaced with 
non- hydrolysable methylene ordifluoromethylene 
groups, offers a way to circumvent this limitation. 
The phosphatase-resistant pThr mimetic (2S, 3R)-2- 
amino-3-methyl-4-phosphonobutyric acid (Pmab)- 
containing peptide, PLHS-Pmab, binds to PBD1 
with an undiminished affinity and specificity, and 
efficiently induces mitotic arrest, when 
microinjected into HeLa cells. 

This finding provides the proof of principle 
that highly selective inhibition of PBD1 can be 
achievable by small PBD1-binding mimetic 
peptides and a new avenue for the development of 
anti-PBD1 therapeutic agents.  

3.3  Peptoid 
Based on the core significance of Pro 

residence for PLHSpT affinity and specificity, Liu 
et al. replaced the amino terminal Pro residue of 
the Plk1 polobox-domain-binding pentapeptide 
(PLHSpT) with a library of N-alkyl-Gly “peptoids”, 
and identified long-chain tethered phenyl moieties 
that give greater than two-orders-of-magnitude 
affinity enhancement[49]. Further simplification by 
replacing the peptoid residue with appropriate 
amides gave low-nanomolar affinity N-acylated 
tetrapeptides.   

In an effort to develop improved binding 
antagonists of the PBD1, Liu et al. further 
optimized binding affinity of 5-mer peptide 
PLHSpT using oxime-based post solid-phase 
peptide diversification of the N-terminal Pro 
residue[50]. These results show that trans-(4R) 
phenylbutyloxy substituent on the P1 pyrrolidine 
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ring increases the binding affinity and replacing the 
oxime functionality is deleterious for high binding 
affinity.  

To improve the pharmacological properties of 
PLHSpT, Liu et al. replaced, the hydrolytically labile 
pT residue with the phosphatase-stable pT mimetic, 
(2S, 3R)-2-amino-3-methyl-4-phosphonobutanoic acid 
(Pmab) without loss of PBD1 binding affinity[51]. 
The affinities of n-alkylphenyl byproducts with 
PBD1 increases roughly with lengthening of the 
alkyl chain (with the exception of n=6 and n=7) and 
reached a maximum for n=8. Chain extension 
beyond this length resulted in a reduction in binding 
affinity. Further, they solved the cocrystal structure 
of PBD1 in complex with the modified peptide 4j 
(Fig. 6A), and showed that the most substantial 
movement occurred in the orientation of the Tyr417 
and Tyr481 aryl ring, and this movement had 
profound effects on the topology of the protein 

surface, resulting in the revelation of a new binding 
channel that had previously been occluded (Fig. 6B). 
The availability of this hydrophobic channel was 
not anticipated from previously reported crystal 
structure. Most importantly, these results highly 
consist with a previously identified binding pocket 
using a crystal packing by Śledź P[52]. This flexible 
binding site consists of seven residues: Val415, 
Leu478, and Phe482 form the bottom of the pocket 
whilst Tyr417, Tyr421, Tyr481, and Tyr485 form the 
sides of the pocket (Fig. 6C). The conformational 
changes in the side-chain of Tyr417 and Try481 
confers a much shallow and plastic cavity to anchor 
substrates. Maybe the role of this binding site has a 
synergistic action when the core binding pocket 
works. This newly indentified binding pocket may 
provide a new paradigm for the discovery of novel 
PBD1 inhibitors in the future. 

 
 
 
 
 
 
 
 

 
 

Fig. 6  A new binding site identified by a co-crystal structure of PBD1/peptide 4j complex. (A) The chemical structure 
modified peptide 4j. (B) The key residues involved in the structure of PBD1/peptide 4j complex and the displacement of 
Tyr417 and Tyr481 phenyl groups are rendered. Reproduction with permission[51]. (C) Seven key residues forming a new 
binding site in different conformations observed in the crystal structures and the mobile residues are shown in yellow. 
Reproduction with permission[52].  
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Moreover, N-terminal PEGylated version of 
this peptide containing a hydrolytically stable 
phosphothreonyl residue (pT) bound the PBD1 with 
affinity equal to that of the non-PEGylated parent, 
but showed markedly less interaction with the 
PBD2 and PBD3. Compared to non-PEGylated 
version, N-terminal PEGlated peptide indeed 
enhanced its pharmaceutical properties. However, 
all these reported peptides strongly inhibited the 
functions of Plk1 by targeting PBD1 in vitro, 
massive efforts will be needed to further improve its 
druggability in vivo, especially the experiments in 
animal models for the coming preclinical 
development.  

4  Summary and future outlook 

Cancer cells display characteristics of 
sustaining proliferative signaling pathway, evading 
growth suppressors, and resisting cell death[53], and 
Plk1 is involved in all these processes during cancer  
cell survivals. Accumulating evidence suggests that 
Plk1 is an appealing therapeutic target for cancers, 
and a number of small-molecule inhibitors that 
target the kinase domain of Plk1 are currently under 
preclinical or clinical trials[7]. However, 
ATP-competitive Plk1 inhibitors show poor 
selectivity, owing to the well conserved kinase 
domain of Plks and other kinases. In addition, drug 
resistance is commonly associated with these Plk1 
inhibitors targeting the kinase domain[11]. The PBD 
is unique to Plks family and it has been shown to 
regulate Plk1’s subcellular localization for its 
mitotic functions. Therefore, the PBD1 represents 
an attractive target for the development of 
Plk1-specific inhibitors.  

So far, most emerging PBD1 inhibitors are 
natural products with limited chemical structure 
diversities. Systematic analysis of structure-activity 
relationship is urgently needed to develop more 
selective and effective PBD1 inhibitors. The 
binding mode represented by TQ/Poloxin is likely a 
general binding mechanism of PBD1 inhibitors. 
Therefore, the phosphoserine/threonine recognition 
site of PBD1 is a powerful binding pocket for 
small-molecule PBD1 inhibitors development. As 
noted previously, protein-protein interactions are 

notoriously difficult to target with small molecules 
as large, discontinuous surfaces are often involved[52,54]. 
Furthermore, the overall structure of the PBD2 is 
highly similar to that of the PBD1 except for the 
peripheral regions, so these reported small molecule 
inhibitors targeting PBD1 exhibited the modest 
selectivity toward PBD2 and PBD3 in vitro. 
Considering the cellular functions of Plks and the 
structure similarities, how to improve the selectivity 
of PBD1 inhibitors remains challenging. In the near 
future, more attentions should focus on the unique 
regions of PBD1, such as the peripheral regions or 
the currently identified new binding site in Fig. 5. 
Seeking more efficient PBD1 inhibitors via 
chemical modifications in lead compounds or high 
throughput screening (HTS) strategy will be still 
urgently encouraged. Moreover, the allosteric 
agents including the specific covalent inhibitors 
could result in a structure disaster to selectively 
impede the functions of PBD1, so the allosteric 
modulators and covalent kinase inhibitors (CKI) 
also could be regard as a promising strategy for 
future anti-Plk1 therapy[46,55-57].  

Currently, protein-protein interactions have 
become promising anti-cancer therapeutic 
targets[54,58-59], the identification of PBD1 inhibitors 
would expand the landscape of new groups of 
inhibitors targeting PBD1 for cancer therapy. Many 
peptide inhibitors of PBD1 have been explored and 
exhibited the promising activities against PBD1 
cellular functions in vitro[5,47-52], but they generally 
have a shorter half-life, unexpected bioavailability, 
poor stability and lower membrane permeability for 
the coming preclinical application[60-61]. Therefore, 
the urgent efforts will be needed to conquer these 
highlighting drawbacks and improve the druglike 
properties of peptide/peptoid inhibitors.  

In summary, PBD1 is a potential and promising 
target for the development of highly selective 
anti-Plk1 inhibitors for cancer therapy. Better 
understanding of the binding mode of PBD1 
inhibitors may reveal new insights into the 
development of potent PBD1 inhibitors. Most likely 
a set of novel PBD1 inhibitors would make a 
significant contribution to future cancer research 
and precision therapeutics. 
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