
Journal of Advanced Research 16 (2019) 145–156
Contents lists available at ScienceDirect

Journal of Advanced Research

journal homepage: www.elsevier .com/locate / jare
Original Article
A selective inhibitor of the Polo-box domain of Polo-like kinase 1
identified by virtual screening
https://doi.org/10.1016/j.jare.2018.10.002
2090-1232/� 2018 The Authors. Published by Elsevier B.V. on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: CAMKK2, calcium/calmodulin-dependent protein kinase kinase 2; CDK, cyclin-dependent kinase; IC50, 50% inhibition concentration; PBD,
domain; PC, Polo-box cap; LK, Polo-like kinase.

Peer review under responsibility of Cairo University.
⇑ Corresponding author.

E-mail address: efferth@uni-mainz.de (T. Efferth).
Sara Abdelfatah a, Angela Berg b, Madeleine Böckers a, Thomas Efferth a,⇑
aDepartment of Pharmaceutical Biology, Institute of Pharmacy and Biochemistry, Johannes Gutenberg University, Mainz 55128, Germany
b Leipzig University, Institute of Organic Chemistry Johannisallee 29, 04103 Leipzig, Germany
h i g h l i g h t s

� We were able to identify a novel
anticancer molecule that targets
PLK1.

� The compound shows good activity in
leukaemia-sensitive and -resistant
cells.

� Compound (1) induces mitotic arrest
and interferes with normal spindle
formation.

� We showed the importance of virtual
screening for facilitating drug
discovery.

� Compound (1) is a good scaffold for
further chemical development.
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a b s t r a c t

Polo-like kinase 1 (PLK1), a member of the Polo-like kinase family, plays an important regulatory role in
mitosis and cell cycle progression. PLK1 overexpression is correlated with tumourigenesis and poor prog-
nosis in cancer patients. Therefore, the identification of novel compounds that inhibit PLK1 would pro-
vide attractive therapeutic approaches. Although some PLK1 kinase inhibitors have been developed,
their application has been limited by off-target effects. PLK1 contains a regulatory domain named the
Polo-box domain (PBD), which is characteristic only for the Polo-like kinase family. This domain repre-
sents an alternative therapeutic target with higher selectivity for PLK1. In this study, we applied in silico
virtual drug screening, fluorescence polarization and microscale thermophoresis to identify new scaffolds
targeting the PBD of PLK1. One compound, 3-{[(1R,9S)-3-(naphthalen-2-yl)-6-oxo-7,11-diazatricyclo[7.3.
1.02,7]trideca-2,4-dien-11-yl]methyl}benzonitrile (designated compound (1)), out of a total of 30,793
natural product derivatives, inhibited the PLK1 PBD with high selectivity (IC50: 17.9 ± 0.5 mM). This com-
pound inhibited the growth of cultured leukaemia cells (CCRF-CEM and CEM/ADR5000) and arrested the
Polo-box
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cell cycle in the G2/M phase, which is characteristic for PLK1 inhibitors. Immunofluorescence analyses
showed that treatment with compound (1) disrupted spindle formation due to the aberrant localization
of PLK1 during the mitotic process, leading to G2/M arrest and ultimately cell death. In conclusion, com-
pound (1) is a selective PLK1 inhibitor that inhibits cancer cell growth. It represents a chemical scaffold
for the future synthesis of new selective PLK1 inhibitors for cancer therapy.
� 2018 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction chemical identities for targeted cancer therapies to overcome the
Polo-like kinase 1 (PLK1), a member of the Polo-like kinase
(PLK) family, is an enzyme mainly involved in cell cycle progres-
sion [1,2]. PLKs consist of an N-terminal Ser/Thr kinase domain
and a C-terminal regulatory Polo-box domain (PBD), which is char-
acteristic for this family of kinases [3]. The PBD is crucial for the
ligand binding and subcellular localization of kinases [4]. The
PBD regulates the kinase domain by inhibiting its activity in the
absence of its ligand [5].

The expression of PLK1 is increased duringmitosis [6]. Activation
occurs through the proteinBora,which binds to the PBDand induces
a conformational change in PLK1 after the Aurora A kinase has phos-
phorylated the Thr210 of PLK1. PLK1 promotes spindle formation
and centrosomematuration [7]. Activated PLK1 positively regulates
the cyclin-dependent kinase (CDK1)/cyclin B1 complex [8–10]. PLK1
activates cell division cycle 25 (CDC25) phosphatase, which dephos-
phorylates CDK, thereby activating CDK. Activated CDKs and their
attached cyclins promote mitotic entry.

The level of PLK1 in different tumours inversely correlates with
patient survival [11]. Screening with small interfering RNA identi-
fied PLK1 as a potential target for cancer treatment [12,13]. In con-
trast to PLK1, the kinases PLK2 and PLK3 act as tumour suppressors
[14,15]. The role of PLK1 as a tumour promoter inspired the search
for specific PLK1 inhibitors. Two target sites of PLK1 may be feasi-
ble for small-molecule inhibitors: the ATP-binding site in the
kinase domain and the substrate-binding site in the PBD. The clas-
sical target for kinase inhibition is the ATP-binding site. Several
inhibitors of the ATP site of PLK1 have been identified, such as BI
2536, volasertib, GSK461364A, NMS-P937, HMN-214, and TKM-
080301 [16]. Although these inhibitors have been efficient in treat-
ing cancer, the complete knowledge regarding their modes of
action remains elusive. BI 2536 inhibits not only PLK1 but also
death-associated kinase 2 (DAPK-2) and calcium/calmodulin-
dependent protein kinase kinase 2 (CAMKK2) [17], illustrating
the general problem with inhibitors against the ATP-binding site
of kinases. Due to the high degree of structural conservation
among the ATP-binding pockets, the development of specific
PLK1 inhibitors remains difficult. Because of the unique existence
of Polo-box motifs in PLKs, the development of inhibitors against
the PBD represents an alternative approach to solve problems of
selectivity for other kinases [18].

The PBD of PLK1 is the regulatory domain for the function of the
kinase and provides a potential target for drug discovery in cancer
treatment. The PBD contains a Polo-box cap (PC) followed by char-
acteristic Polo-box (PB) motifs [5]. Crystal structure analysis of the
PBD revealed that it is composed of three a sheets and a 12 b-
sandwich domain. Therefore, the PC is wrapped around the second
Polo-box (PB2) and linked to the first Polo-box (PB1) (Fig. 1A).
Binding of the ligand occurs at the cleft between both PBs
[19,20]. As shown in Fig. 1B, the amino acids involved in the inter-
action of ligands with the binding pocket are composed of a
hydrophobic half, which includes Val411, Trp414, Leu490, and
Leu491, and a positively charged half, which includes His538,
Lys540, and Arg557 [21]. As there is a continuous need for new
problem of drug resistance due to point mutations, we aimed to
identify new compounds selectively targeting PLK1. Here, we
report 3-{[(1R,9S)-3-(naphthalen-2-yl)-6-oxo-7,11-diazatricyclo[7
.3.1.02,7]trideca-2,4-dien-11-yl]methyl}benzonitrile (designated
compound (1)) as a novel PLK1 PBD inhibitor. This compound
was identified by the in silico screening of a library of 30,793 nat-
ural product derivatives. The results were validated by fluores-
cence polarization assay and microscale thermophoresis. This
novel PLK1 inhibitor may be used for the future pharmaceutical
development of anticancer candidates.
Material and methods

Cell lines

Drug-sensitive CCRF-CEM and multidrug-resistant P-
glycoprotein-overexpressing CEM/ADR5000 leukaemia cells were
kindly provided by Dr Axel Sauerbrey (University of Jena, Depart-
ment of Paediatrics, Jena, Germany). The cells were cultured in
RPMI 1640 medium (Life Technologies, Schwerte, Germany) sup-
plemented with 10% foetal bovine serum (FBS), penicillin (100 U/
mL) and streptomycin (100 mg/mL) (Invitrogen, Darmstadt, Ger-
many) in a 5% CO2 atmosphere at 37 �C. For maintenance of the
multidrug-resistance phenotype, the CEM/ADR5000 cells were
treated every other week with 5 mg/ml doxorubicin (provided by
the University Medical Center, Mainz, Germany). The multidrug-
resistance phenotype of the CEM/ADR5000 cells has been previ-
ously reported [22–26].

Virtual screening

The ZINC natural derivative (Znd109) library contains 30,793
chemically modified natural products, the information of which
was downloaded from the ZINC database (http://zinc.docking.
org/). The crystal structure of the PLK1 PBD was obtained from
the Protein Data Bank (http://www.rcsb.org/) with PDB entry
4X9R [27]. A structurally based virtual screening was then per-
formed using PyRx software (http://pyrx.scripps.edu). The test
compounds were energetically minimized, and seven amino acids
of PLK1 (Trp414, Asp416, His489, Leu491, Arg516, His538, and
Lys540) were used to create the grid box for defined docking
[28,29].

If screening results with a binding affinity less than or equal
to � 10.0 kcal/mol were achieved, the corresponding compounds
were used for subsequent molecular docking with AutoDock 4.2.
Based on the virtual screening results, 25 identified candidate com-
pounds were purchased from AnalytiCon Discovery GmbH (Pots-
dam, Germany) for in vitro verification of the in silico results.

Molecular docking with AutoDock

The test compounds obtained from the virtual screening results
were further tested for their binding affinity for PLK1 (PBD:4X9R)

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://zinc.docking.org/
http://zinc.docking.org/
http://www.rcsb.org/
http://4X9R
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Fig. 1. Structural features of PLK1. (A) Schematic representation of the PLK1 domains. Shown are the kinase domain and the PBD, which consists of polo-box 1 (PB1, blue),
polo-box 2 (PB2, yellow) and the polo-box cap (PC, green). (B) Crystal structure of the PLK1 PBD (PDB:4X9R) showing the amino acids involved in the ligand interaction
between the two polo boxes of the PBD.
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and their selectivity with respect to the PLK2 PBD (PDB:4XB0)
using molecular docking in AutoDock 4.2. All sdf files were con-
verted to PDBQT (Protein Data Bank Partial Charge and Atom Type)
files. The grid boxes were created around the amino acids of PLK1
(as described above in the virtual screening section) and PLK2
(Trp507, Asp509, Tyr578, Lys607, Tyr626, His629, Lys631, and
Arg650) involved in ligand binding according to the literature [30].

Docking was performed using the Lamarckian Algorithm, and
the parameters were set to 250 runs and 25,000,000 energy evalu-
ations for each cycle, as previously described [31,32]. The lowest
binding, the mean binding affinity, and the predicted inhibition
constant (pKi) were obtained from the docking log (dlg) file. The
amino acids of the kinase involved in hydrogen bonding and
hydrophobic interactions with the compound were analysed using
AutoDockTools 1.5.7 (ADT). AutoDock 4.2 was used for docking
visualization.
Molecular docking with FlexX

For molecular docking, we also used the FlexX module provided
by LeadIT v.2.3.2 from BiosolveIT (BioSolveIT GmbH, Sankt Augus-
tin, Germany). The PLK1 PBD 3D structure was retrieved from the
Protein Data Bank (PBD:4X9R). The compounds were uploaded as
mol2 files from the ZINC database. The programme uses the FlexX
algorithm to dock the compound to the protein, and the binding
site is determined according to a reference ligand by superimposi-
tion of the tested compounds. The top 10 poses of ligand binding to
the protein binding site were used to estimate the binding energy.

Protein expression and purification

Human PLK1, PLK2 and PLK3 PBDs were expressed as previ-
ously described [33]. Gene sequences were amplified and cloned
into a modified pET28a vector (PLK1) or into a modified pQE70
vector carrying a C-terminal 6� His tag and an N-terminal MBP
tag (PLK2 and PLK3). Plasmids were transfected into Novagen
Rosetta BL21DE3 cells (Merck, Darmstadt, Germany) for protein
expression. Then, His�Bind�

Resin (Merck) was used for protein
purification and dialysis into buffer containing 50 mM Tris (pH
8.0) 200 mM NaCl (Plk1: 400 mM NaCl), 1 mM EDTA, 1 mM dithio-
threitol, 10% glycerol, and 0.1% Nonidet P-40.

Fluorescence polarization assay

The fluorescence polarization assay conditions used have been
previously described [34,35]. Briefly, the peptide binding of the
PLK PBDs was analysed using the following fluorescence-labelled
peptides at a final concentration of 10 nM: PLK1, 5-carboxyfluores
cein-GPMQSpTPLNG-OH; PLK2, 5-carboxyfluorescein-GPMQTSpTP
KNG-OH; and PLK3, 5-carboxyfluorescein-GPLATSpTPKNG-NH2.
Fluorescence polarization assays were performed in buffer con-
taining 10 mM Tris/HCl, 50 mM NaCl, 1 mM EDTA, 0.1% NP-40 sub-
stitute, 2% DMSO and 1 mM DTT at pH 8. The final concentration of
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each PBD was as follows: PLK1, 20 nM; PLK2, 80 nM; and PLK3,
250 nM. Pipetting was carried out using a Biomek FXp robot
(Beckman-Coulter, USA). Proteins were incubated with the com-
pound for 1 h at room temperature before and after peptide addi-
tion. Fluorescence polarization was measured using an Infinite
F500 plate reader (Tecan, Crailsheim, Germany). Fluorescence
polarization measurements were converted into % inhibition by
comparison with binding curve fits and controls in the absence
of the compound using OriginPro software (OriginLab, USA).
Table 1
PyRx and molecular docking results.

Compound PyRx Binding Affinity
(kcal/mol)

PLK Binding Affinity
(kcal/mol)

Mean Bind
(kcal/mol)

ZINC08300249 �10.5 PLK1 �9.31 �9.20
PLK2 �8.17 �8.08

ZINC08856957 �10.5 PLK1 �9.74 �9.73

PLK2 �9.36 �9.36
ZINC67899025 �10.4 PLK1 �10.56 �10.20

PLK2 �10.70 �10.44
ZINC05415074 �10.3 PLK1 �10.24 �10.11

PLK2 �7.81 �7.72
ZINC04237409 �10.3 PLK1 �10.23 �10.22

PLK2 �7.73 �7.70
ZINC03840464 �10.3 PLK1 �10.81 �10.80

PLK2 �8.31 �7.90
ZINC03841379 �10.3 PLK1 �11.57 �11.01

PLK2 �9.26 �8.69
ZINC04259479 �10.3 PLK1 �12.66 �11.48

PLK2 �9.17 �8.66
ZINC20503376 �10.3 PLK1 �9.65 �9.44

PLK2 �9.61 �9.38
ZINC00990238 �10.2 PLK1 �8.55 �8.54

PLK2 �7.72 �7.72
ZINC03841471 �10.2 PLK1 �11.15 �10.86

PLK2 �8.98 �8.17
ZINC20503171 �10.2 PLK1 �9.12 �8.61

PLK2 �8.27 �8.18
ZINC20503194 �10.2 PLK1 �9.30 �8.97

PLK2 �8.24 �8.20
ZINC59676801 �10.2 PLK1 �11.98 �11.80

PLK2 �8.12 �7.96
ZINC04235865 �10.1 PLK1 �8.44 �8.37

PLK2 �8.00 �7.92
ZINC03839453 �10.1 PLK1 �9.49 �9.25

PLK2 �7.41 �7.31
ZINC05415069 �10.1 PLK1 �9.56 �9.44

PLK2 �9.72 �9.64
ZINC05439871 �10.1 PLK1 �9.56 �9.45

PLK2 �9.72 �9.64
ZINC03841381 �10.1 PLK1 �11.27 �10.71

PLK2 �9.10 �8.36
ZINC59676822 �10.1 PLK1 �12.14 �11.90

PLK2 �8.33 �8.27
ZINC04235861 �10.0 PLK1 �8.71 �8.70

PLK2 �7.13 �7.12
ZINC04235874 �10.0 PLK1 �8.43 �8.30

PLK2 �7.75 �7.67

ZINC04235919 �10.0 PLK1 �9.29 �9.25
PLK2 �8.25 �8.21

ZINC04236081 �10.0 PLK1 �8.79 �8.78
PLK2 �7.31 �7.30

ZINC05433649 �10.0 PLK1 �11.27 �9.95
PLK2 �10.26 �9.72

ZINC08296353 �10.0 PLK1 �11.26 �10.99
PLK2 �9.72 �9.36

ZINC08444225 �10.0 PLK1 �10.72 �10.57
PLK2 �8.60 �8.59

ZINC59676778 �10.0 PLK1 �12.38 �12.10
PLK2 �8.27 �8.24

ZINC59676860 �10.0 PLK1 �11.30 �10.70
PLK2 �9.66 �8.75
Microscale thermophoresis (MST) analysis

MST experiments were performed using a Monolith NT1.115
instrument (NanoTemper Technologies, Munich, Germany) [36].
The procedure was performed as previously reported [37]. PLK1
PBD (500 nM) was labelled using a Monolith Protein Labelling Kit
BLUE-NHS and was then mixed 1:1 with different concentrations
of compound (1). All reactions were performed in buffer containing
50 mM Tris buffer pH 7.0, 150 mM NaCl, 10 mM MgCl2 and 0.05%
ing Affinity predKi
(nM)

H Bonds Number of Hydrophobic
Interactions

150.27 Lys540 Arg557 8
1020 Trp507 10
72.95 Ser412 Trp414 Leu491

Asn533
6

138.03 Met584 8
18.26 Ala495 Lys540 12
14.31 Trp507 Asn624 7
31.09 – 10
1870 – 9
31.67 Lys540 10
2160 Asp509 6
11.97 – 12
811.94 Tyr578 Lys631 8
3.28 Asn533 Arg557 11
163.93 Asp509 8
0.52848 Trp414 Lys492 11
189.5 Trp507 Lys631 5
84.54 – 11
89.6 – 10
541.35 Asn533 Lys540 8
2180 Met584 Tyr626 5
6.71 Asn533 Arg557 11
260.89 Met584 Arg650 8
207.6 – 13
870.02 – 11
151.61 – 14
919.64 – 11
1.67 Asp416 Arg557 10
1.12 Asn582 Lys631 7
649.98 Trp414 11
1360 Asp509 8
110.32 Gly494 11
3670 – 11
98.57 – 14
74.82 – 11
97.49 – 14
75.44 – 11
5.53 Asn533 Arg557 9
213.97 Met584 Arg650 8
1.26 Arg557 11
783.73 Met584 Lys607 5
415.67 – 11
5990 Trp507 6
659.1 Ser412 His538 Lys540

Arg557
7

2080 Trp507 Asn624
Phe625 His629

6

154.01 Trp414 11
901.28 Lys607 Lys631 6
358.03 Gly494 10
4400 Lys607 His629 7
5.44 Lys540 Arg557 10
30.04 – 11
5.61 Leu491 Lys540 11
74.71 Trp507 11
13.82 Leu491 11
496.82 Trp507 8
0.8435 Asp416 Arg557 11
863.96 Lys607 6
5.19 Lys540 11
82.5 Lys631 11
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Tween 20. Measurements were performed with 80% instrument
MST power. Analysis was performed using NT Analysis 1.5.41 soft-
ware, Monolith.

Cytotoxicity assay

Cytotoxicity testing was performed using a resazurin reduc-
tion assay, as previously described [38,39]. Exponentially grow-
ing CCRF-CEM and CEM/ADR5000 cells were seeded into 96-
well plates (104 cells/well). The cells were then treated with dif-
ferent compound concentrations in a total volume of 200 mL and
incubated for 72 h. Then, resazurin 0.01% w/v (Sigma Aldrich,
Taufkirchen, Germany) was added in a total volume of 20 ml
per well. The fluorescence intensity was measured using an Infi-
nite M200 Pro plate reader (Tecan). Dose-response curves were
formed by plotting the percent of viable cells against the applied
concentrations of compound (1), and the 50% inhibition concen-
tration (IC50) was calculated from three independent experi-
ments, each with six parallel measurements, by linear
regression analysis using Prism 7 GraphPad Software (La Jolla,
CA, USA).

Cell cycle analysis

CCRF-CEM cells were seeded in 6-well plates (106 cells/well)
and treated with 0.1% DMSO (v/v) as a negative control or various
concentrations of compound (1) (10, 30 or 40 mM). The cells were
Fig. 2. Clustering of the candidate molecules. Virtual screening with PyRx resulted in
Comparison of the structures of these 29 candidate molecules revealed a group of 12 mole
molecules partly share a similar framework.
incubated at 37 �C in a 5% CO2 atmosphere for 24 h. Then, the cells
were washed twice with PBS (Life Technologies, Darmstadt,
Germany), fixed with cold 70% ethanol and stored at 20 �C for
2 h. After the cells were washed with cold PBS and re-suspended
in 500 mL of PBS, propidium iodide (PI) (Thermo Fisher Scientific,
Dreieich, Germany) was added to a final concentration of 50 mg/ml
and incubated with the cells for 15 min at 4 �C. PI fluorescence
was measured using an LSR-Fortessa FACS analyser (Becton-
Dickinson, Heidelberg, Germany). Experiments were indepen-
dently performed three times, and standard deviations were calcu-
lated with Prism 7 GraphPad Software.
Immunofluorescence microscopy

CCRF-CEM cells were treated with 30 mM of compound (1) for
24 h. Then, the cells were washed with PBS and fixed with 3.7%
paraformaldehyde for 30 min at room temperature. The cells were
blocked for 1 h at room temperature using a blocking buffer (5%
FBS and 0.3% Triton X-100 in PBS). Primary antibodies [rabbit
a-tubulin antibody (Abcam, Cambridge, UK) and mouse PLK1
monoclonal antibody (Thermo Fisher Scientific)] were added and
allowed to stand for 2 h at room temperature (dilution 1:1000).
Then, the cells were washed with PBS three times. Secondary anti-
bodies [goat anti-rabbit IgG H&L (Alexa Fluor

�
488) (Abcam) or

goat anti-mouse IgG H&L (Cy3
�
) preadsorbed (Abcam)] were sub-

sequently added (dilution 1:1000). Then, the cells were washed
with PBS, stained using 1 mg/mL 40,6-diamidino-2-phenylindole
29 compounds with a predicted binding affinity of ��10 kcal/mol for PLK1. (A)
cules. (B) A group of 8 molecules each with the same basic structure. (C) The other 9
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(DAPI) (Sigma Aldrich), and mounted using Fluoromount-G
�

(Southern Biotech, Birmingham, AL, USA). Fluorescence imaging
was performed using an EVOS SL digital inverted microscope (Life
Technologies).
Annexin V/PI staining

An annexin V/PI detection apoptosis kit (Life Technologies, Carls-
bad, CA, USA) was used for the detection of early apoptosis and
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necrosis. CCRF-CEM cells (106 cells/well) were seeded in 6-well
plates and then treatedwith 10 mMcompound (1) for 24 h. The cells
were washed with PBS and stained with annexin V/FITC for 15 min
at room temperature. After the cells were washed and stained with
PI for 15 min in the dark, analysis was carried out using a
BD AccuriTM C6 system (Becton-Dickinson, Heidelberg, Germany).
Fig. 3. Compound (1) binds selectively to the PLK1 PBD. (A) Chemical structure of
compound (1). Dose-response curves of competitive fluorescence polarization
assays. The curves show the effect of compound (1) on the binding of fluorescein-
labelled phosphopeptides to the PLK1, PLK2, and PLK3 PBDs. (B) Binding affinity of
compound (1) for the PLK1 PBD measured by MST. The curve shows the difference
in the bound and unbound state of the PLK1 PBD in presence of compound (1).
Results

Virtual drug screening and molecular docking

As computer-based approaches have been evolving in the field
of drug discovery, we performed virtual screening of the ZINC nat-
ural derivatives (Znd 109) library, which consists of 30793 com-
pounds obtained from the ZINC main database, for binding to the
PBD of PLK1. The results of screening the Znd 109 library with PyRx
software revealed 29 compounds with predicted binding affinities
of ��10 kcal/mol (Table 1). These compounds were further inves-
tigated using AutoDockTools for their predicted selectivity with
respect to the PBD of PLK2. The results are also shown in Table 1.
These 29 compounds showed predicted selective PLK1 PBD inhibi-
tion of variable potency, with the exception of three ligands, which
were predicted to have unfavourable selectivity with respect to the
PLK2 PBD: ZINC67899025, ZINC05415069, and ZINC05439871.
These three ligands were excluded from further investigations.

If the chemical structures of the candidate molecules were
examined, two larger groups of compounds with the same basic
structure could be formed. Twelve compounds shared a similar
scaffold, suggesting a useful approach for the selective inhibition
of the PLK1 PBD (Fig. 2A). Additionally, a second sub-group of eight
compounds shared the same scaffold. This eight-member group
may also lead to the discovery of a new compound (Fig. 2B) based
on their structural consensus. Finally, the remaining compounds
partly shared a similar basic structure (Fig. 2C). Due to the high
similarity of the scaffolds, it was very likely for a new potential
inhibitor to originate from the first or second group.

Fluorescence polarization assays

In vitro experiments were performed to verify the predicted
PLK1 PBD inhibition. Therefore, we performed competitive fluores-
cence polarization assays using the 25 selected compounds
obtained via in silico screening. Among the tested candidates,
(3-{[(1R,9S)-3-(naphthalen-2-yl)-6-oxo-7,11-diazatricyclo[7.3.1.02,7]
trideca-2,4-dien-11-yl]methyl}benzonitrile) (ZINC20503376), desig-
nated as compound (1), inhibited the binding of the fluorescent
peptide to the PLK1 PBD with an IC50 value of 17.9 ± 0.4 mM
(Fig. 3A). Furthermore, compound (1) showed over 5-fold selectivity
for the PLK1 PBD compared with the PLK2 PBD (IC50 value:
95.5 ± 16.4 mM) and the PLK3 PBD (IC50 value >100 mM), which
suggests compound (1) as a novel PLK1 inhibitor.

MST

To confirm the in silico binding between compound (1) and the
PLK1 PBD, we used MST. As shown in Fig. 3B, different concentra-
tions of compound (1) were titrated against a labelled protein.
Compound (1) bound with an equilibrium binding constant of
283 ± 27 nM, indicating that compound (1) also binds to the
PLK1 PBD in vitro.

Binding of compound (1) to the PLK1 PBD binding pocket

Compound (1)was docked to the binding site of PLK1 PBD using
AutoDock software. The lowest binding energy of the interaction
was �9.7 kcal/mol, which reflected a good predicted affinity of
compound (1) for the binding site. The predicted value of the inhi-
bitory constant was obtained from the binding interaction calcula-
tion (Ki = 77.33 nM, pKi = 7.11). As shown in Fig. 4A, multiple amino
acids of the PLK1 PBD binding sites were predicted to be involved in
hydrophobic interactions with compound (1). These amino acids
included Ser412, Lys413, Trp414, Val415, Asp416, Leu490,
Leu491, Lys492, Ala493, Asn533, Lys540, and Arg557.

The interaction of compound (1) with the PBD binding pocket
was also analysed by docking with LeadIT software. A high affinity
was estimated, with a FlexX score of �24.1 kJ/mol. An interaction
of compound (1) with the same amino acids of the PBD binding
pocket was also observed in the second model, plus a hydrogen
bond interaction with His538, as shown in Fig. 4B. Hence, a high
affinity of compound (1) for PLK1 PBD was suggested.

Prediction of physicochemical properties of compound (1)

In the process of drug discovery, the determination of physio-
chemical properties plays an important role. We used DataWarrior
software to calculate drug likeness-related parameters. The results
are described in Table 2. Compound (1) showed a logP value less
than 5, indicating high hydrophilicity and therefore predicting
good absorption and permeation. These findings agree with the
good solubility predicted by the logS value. The compound also
showed a favourable drug likeness based on topological descrip-
tors. Furthermore, compound (1) was not predicted to be carcino-
genic by DataWarrior.



Fig. 4. Molecular docking of compound (1). (A) Docking of compound (1) (green) to the PLK1 PBD binding site (PDB code 4X9R). Compound (1) interacted with the amino
acids in the PBD binding pocket. AutoDock 4.2 software was used for visualization. (B) Pose-view visualization of the docking of compound (1) to the PLK1 PBD using LeadIt
software. Hydrophobic interactions are shown in green, and hydrogen bonds are shown in red.

Table 2
Physiochemical properties predicted by DataWarrior software.

Properties Values

clog P 4,34
cLogS �5.6
Total surface area 334.4
Relative polar surface area 0.102
Topological polar surface area 47.34
Drug likeness �1.2
Mutagenic None
Tumourigenicity None

Fig. 5. Growth inhibition of drug-sensitive CCRF-CEM and multidrug-resistant
CEM/ADR5000 cells by compound (1). The dose-response curves represent the
mean ± SD of three independent experiments with six parallel measurements each.
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Cytotoxicity of compound (1) towards leukaemia cell lines

It is expected that PLK1 inhibition through the PBD induces can-
cer cell death. Therefore, we performed cytotoxicity assays with
compound (1). Treatment of the sensitive CCRF-CEM leukaemia
cell line and its multidrug-resistant P-glycoprotein-expressing
CEM/ADR5000 subline with different concentrations of compound
(1) induced growth inhibition, with an IC50 value of 11.4 ± 1.05 mM
and 13.58 ± 1.13 mM for CCRF-CEM and CEM/ADR5000, respec-
tively (Fig. 5). Hence, compound (1) revealed considerable cyto-
toxic effects. Moreover, the multidrug-resistant cells were not
cross-resistant to compound (1).
Cell cycle analysis

To test the anti-proliferative effect of compound (1) and its role in
cell cycle progression, we used flow cytometry. The analysis of the
percentage of cells in the G0/G1, S and G2/M phases was performed
for CCRF-CEM cells treated with various concentrations of



Fig. 6. Induction of G2/M arrest by compound (1). (A) CCRF-CEM cells treated with DMSO or different concentrations of compound (1) stained with PI and analysed for DNA
content by flow cytometry. (B) Quantitative analysis of the cell cycle distribution. The results represent the mean ± SD of three independent experiments.
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compound (1) and DMSO as a control. As shown in Fig. 6A and B,
there was a considerable increase in cells in the G2/M phase after
treatment with 30 mM or 40 mM of compound (1). The increased
accumulation of mitotic cells is a characteristic phenotype for
PLK1 inhibitors.

Immunofluorescence microscopy

The mitotic arrest described above might be due to the failure of
PLK1 localization or of spindle formation. To investigate this
hypothesis, CCRF-CEM cells treated with compound (1) were
stained with antibodies specific for a-tubulin in mitotic spindles
or PLK1. An increasing number of cells were arrested in prometa-
phase, as determined by chromosome morphology. The treated
cells failed to form bipolar spindles; rather, mitotic cells with
monopolar ‘Polo’ spindles accumulated (Fig. 7A). Additionally, pos-
itive staining for PLK1 was observed among the treated cells, con-
firming that the cells were arrested during early M phase. The
staining of PLK1 revealed the mislocalization of PLK1 around the
cell compartment rather than attached to mitotic spindles, as in
the untreated control cells.

To exclude artificial results due to dying and apoptotic cells, we
treated cells with 10 mM compound (1) or left the cells untreated
and performed staining with DAPI and annexin V FITC/PI
(Fig. 7C). The DAPI staining did not show increased numbers of
condensed or fragmented cell nuclei among the treated cells com-
pared to the untreated cells (Fig. 7B). Similarly, the fraction of
apoptotic cells shown by annexin V/PI staining was low (2.3% in
untreated and 2.7% in treated cells, respectively) (Fig. 7C). These
results provide evidence that the observed phenomenon of a high
percentage of monopolar cells occurred in living cells and mostly
occurred due to the failure of bipolar spindle formation as a result
of PLK1 inhibition with compound (1).

Discussion

PLK1 represents an attractive target for cancer treatment, and
continuous efforts focus on the development of targeted PLK1 inhi-
bitors. PBD inhibitors are advantageous compared to other PLK1
inhibitors because of their improved selectivity [40]. In this study,
we performed the virtual drug screening of > 30,000 natural pro-
duct derivatives for their binding to a defined binding pocket in
the PLK1 PBD. The screening yielded 25 molecules predicted to
bind with high affinity (>-10 kcal/mol) to the active site. These
results were further investigated by in silico molecular docking to
the PLK1 PBD and PLK2 PBD to investigate whether the selected
candidates selectively bound to PLK1 over PLK2, which has a
tumour suppressive effect [41–43]. Clustering of the good candi-
dates showed three main subgroups sharing a similar chemical
scaffold. These results demonstrate the sensitivity of virtual
screening, if applied to a defined binding site with recognized
features.

To validate the screening results in vitro, we performed screen-
ing using competitive fluorescence polarization assays. Among the
25 tested candidates, compound (1) bound to the PLK1 PBD with 5-
fold selectivity over the PLK2 and PLK3 PBDs. This result was fur-
ther confirmed by MST binding assays with purified PLK1 PBD.
As expected, the MST signals were different between the bound
and unbound proteins, indicating that compound (1) indeed inter-
acted with PLK1. Compound (1) belongs to a group of chemicals
that are cytisine derivatives. Cytisine is a plant alkaloid that has
long been used for facilitating smoking cessation [44].

Molecular docking suggested an interaction of compound (1)
with vital amino acids in the PBD binding pocket, including
His538, Trp414, Val415 and Leu490. These amino acids play an
important role in the substrate recognition and biological activity
of PLK1 [45,46]. Understanding the binding mode of compound
(1) will guide future drug development strategies for PLK1 inhibi-
tors. The chemical characteristics of compound (1) are (i) the pres-
ence of aromatic rings that aid in hydrophobic interactions and (ii)
the presence of at least two substitutions that are hydrogen bond
acceptors. In the case of compound (1), this is represented by the
cyano group (CAN triple bonds) and oxygen atoms. Additionally
(iii), there is a positive ionizable area due to the presence of amino
groups.

A resazurin reduction assay showed the cytotoxic activity of
compound (1) towards CCRF-CEM leukaemia cells. Moreover, com-
pound (1) inhibited P-glycoprotein-overexpressing CEM/ADR5000
leukaemia cells with similar efficacy as sensitive wild-type CCRF-
CEM cells, indicating that compound (1) is not hampered by the
multidrug-resistance phenotype, which represents a great obstacle
in cancer therapy [47].

PLK1 is involved in cell division by regulating mitotic spindle
formation, spindle maturation and activation of the cyclin B1-
CDK1 complex [48–50]. Here, we report compound (1), which
induced G2/M arrest in CCRF-CEM cells. The timely localization
of PLK1 to the kinetochores is essential for the proper segregation
of chromosomes [51]. This association is highly dynamic through
different phases of mitosis, in which PLK1 is localized to spindles
in metaphase [52]. PLK1 is fundamental for the generation of bipo-
lar spindles, which is required to organize microtubule function.
Loss of PLK activity leads to the formation of monopolar spindles



Fig. 7. Compound (1) induced abnormal spindle formation. (A) Immunofluorescence staining of CCRF-CEM cells treated with 10 mM compound (1) for 24 h. The cells were
stained with antibodies against a-tubulin (green) and PLK1 (red), and nuclei were counterstained with DAPI (blue). Increased numbers of cells with monopolar spindles were
observed. (B) Fluorescence microscopy determination of nuclear integrity of CCRF-CEM cells as a parameter of apoptosis determined by DAPI staining. Cells with condensed or
fragmented nuclei were not observed among either the untreated cells (left) or the cells treated with 10 mM compound (1) for 24 h (right). (C) Detection of CCRF-CEM cell
apoptosis by flow cytometry and annexin V/PI staining.
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in different organisms [8]. Upon treatment with compound (1), the
immunofluorescence staining of mitotic spindles and PLK1 showed
increased numbers of mitotic cells with monopolar spindles, which
result in the failure of mitosis. The phenomenon of monopolar
spindles has been previously reported in the context of PLK1
inhibitors [53,54].

Conclusions

In the present investigation, we demonstrated that compound
(1) represents a potent PLK1 inhibitor. Compound (1) inhibited
the viability of human tumour cells and arrested them in the
G2/M cell cycle phase. It led to an accumulation of cells with
monopolar spindles, which is consistent with its PLK1-targeting
activity. Compound (1) may serve as a starting point for medicinal
chemistry projects aimed at the development of new anticancer
drugs. Compound (1) was identified as a potential PLK1 PBD inhi-
bitor via virtual drug screening. Our results further underscore the
importance of in silico screening approaches for drug discovery.
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