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Abstract: PLK1 is a protein kinase that regulates mitosis and is both an important oncology drug
target and a potential antitarget of drugs for the DNA damage response pathway or anti-infective
host kinases. To expand the range of live cell NanoBRET target engagement assays to include PLK1,
we developed an energy transfer probe based on the anilino-tetrahydropteridine chemotype found in
several selective PLK inhibitors. Probe 11 was used to configure NanoBRET target engagement assays
for PLK1, PLK2, and PLK3 and measure the potency of several known PLK inhibitors. In-cell target
engagement for PLK1 was in good agreement with the reported cellular potency for the inhibition of
cell proliferation. Probe 11 enabled the investigation of the promiscuity of adavosertib, which had
been described as a dual PLK1/WEE1 inhibitor in biochemical assays. Live cell target engagement
analysis of adavosertib via NanoBRET demonstrated PLK activity at micromolar concentrations but
only selective engagement of WEE1 at clinically relevant doses.

Keywords: kinase; assay; drug; in cell; target engagement

1. Introduction

The polo-like kinases are Ser/Thr protein kinases that play key roles in the cell cycle
and mitosis and are often dysregulated in cancer [1,2]. Five paralogs are found in humans,
PLK1–5, of which PLK1 is the most highly studied member. The inhibition of PLK1 results
in aberrant chromosome segregation, mitotic block, and cell death [2]. Notably, PLK2, PLK3,
and PLK4 have also been implicated in various aspects of cell cycle control [3,4]. PLK5
lacks a functional kinase domain and is included in the family only because of homology
in its other domains. Many ATP-competitive PLK inhibitors have been characterized in
biochemical enzyme inhibition assays, with inhibitors of PLK1 often showing activity on
PLK2 and PLK3 but little or no activity on PLK4. Conversely, PLK4 inhibitors generally do
not show activity on PLK1–3. Although PLK1 inhibitors show robust anticancer activity
in animal models, they have been plagued by dose-limiting toxicity in clinical trials and
none have been approved as cancer drugs to date [1]. BI2536 was the first PLK1 inhibitor
to enter clinical trials. Both BI2536 and its follow-on analog volasertib (Figure 1) were
reported to be nanomolar inhibitors of PLK1–3 [5,6]. Later generation compounds such
as GSK461364 [7] and onvansertib [8] were reported as being nanomolar inhibitors with
selectivity for PLK1 over PLK2 and PLK3. It remains unclear, however, whether pan-PLK
or selective PLK1 inhibition will be clinically superior for treating solid tumors, since there
is often a disconnect between the potency of enzyme inhibition and the high micromolar
doses required to see therapeutic effects [2].
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Figure 1. Structures of PLK inhibitors BI 2536 and volasertib, and design of intermediate 1. The
common anilino-tetrahydropteridine core is shown in red.

Beyond their established role as cancer targets, protein kinases have emerged as
promising host cell targets for many infectious diseases. For example, viruses often co-opt
host kinases to affect cell entry and replication [9,10]. Protein kinases also play important
roles in the host immune response to viral and bacterial infection, such that kinase inhibitors
are being identified for use in combination with conventional anti-infective drugs [11,12].
In addition, the suppression of the inflammatory pathways with JAK/STAT inhibitors
can aid the recovery of patients in the post-infection phase of the disease [9]. PLK1 has
also been reported as a collateral target of inhibitors of WEE1 kinase, a synthetic lethality
target of the DNA damage response [13]. In all of these cases, PLK1 can be considered
as an antitarget since its inhibition results in potential pathway antagonism or can con-
found the optimization of host cell kinase inhibitors for infectious disease therapy due to
cell toxicity [14].

We have shown that live cell NanoBRET target engagement assays can be used to
measure the cellular potency of protein kinase inhibitors [15,16]. These NanoBRET assays
use promiscuous kinase inhibitors conjugated to BODIPY 576/589 as cell penetrant probes
(also known as tracers) to generate bioluminescence resonance energy transfer (BRET)
when combined with ultrabright NanoLuc (NLuc)-kinase fusion proteins [17]. Competition
of the fluorescent tracer by ATP-competitive kinase inhibitors gives a measure of the in-
cell target engagement that often correlates with the cellular potency of the inhibitors
determined by more time-consuming phospho-substrate assays [15]. Unfortunately, none
of the promiscuous tracers that had been previously developed were shown to work
with PLK1 [15]. Therefore, to address this critical gap in the NanoBRET probe set, we
developed a specific tracer for this important signaling kinase starting from a known PLK
inhibitor chemotype.

2. Results
2.1. Synthesis of Fluorescence Energy Transfer Probes 10 and 11

Bifunctional PLK1 energy transfer probes were developed from the anilino-
tetrahydropteridine core present in the ATP-competitive PLK inhibitors BI 2536 and
volasertib [5,6] (Figure 1). Analysis of the PLK1 crystal structure (PDB: 2RKU) suggested
that the installation of a linker on the piperidine ring of intermediate 1 would be optimal
for the placement of the BODIPY 576/589 fluorophore. The synthesis of intermediate 1
started by HATU-mediated coupling between tert-butyl 4-aminopiperidine-1-carboxylate
(2) and 3-methoxy-4-nitrobenzoic acid (3) followed by the reduction of product 4 using
hydrazine hydrate solution catalyzed by Raney-Nickel to yield the known aniline 5 [18]
(Scheme I). The coupling of aniline 5 with the commercially available tetrahydropteridine 6
using a Buchwald–Hartwig amination gave compound 7, which was N-Boc deprotected
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under acidic conditions to yield the key intermediate 1. Two potential energy transfer
probes were synthesized from intermediate 1, first via the coupling of intermediate 1 to
BODIPY 576/589 NHS ester (9) in the presence of DIPEA to yield probe 10. Alternatively, a
tetraethylene glycol (PEG)4 linker was attached to intermediate 1 followed by coupling to
BODIPY 576/589 to yield energy transfer probe 11 (Scheme 1).
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Scheme 1. Reagents and conditions: (i) HATU, DIPEA, DMF, RT, 69%; (ii) hydrazine hydrate
solution (50−60%), Raney-Nickel, EtOH, 50 ◦C, 97%; (iii) K2CO3, Pd2(dba)3, XPhos, t-BuOH, 120 ◦C,
microwave irradiation; (iv) TFA, DCM, RT, 59% for two steps; (v) t-Boc-N-amido-(PEG)4-acetic acid,
TBTU, DIPEA, DMF, RT, 58%; then, TFA, DCM, RT, 86%; (vi) BODIPY 576/589 NHS ester (9) DIPEA,
DMF, RT, 68% for energy transfer probe 10, 70% for energy transfer probe 11.

2.2. Development of a PLK1 NanoBRET Assay

We conducted the probe titration studies in live HEK293 cells in the adherent (ADH)
format [15] via energy transfer using plasmid DNAs encoding N- and C-terminal fusions
of full-length PLK1 with NLuc. We found that for both probes 10 and 11, NLuc that
was fused to the N-terminus of human PLK1 (NLuc-PLK1) gave a much stronger BRET
signal (BRET ratio ~39 for probe 10 and ~48 for probe 11) compared to NLuc fused to
the C-terminus of PLK1 (PLK1-NLuc) (BRET ratios ~15 for probe 10 and 11) (Figure 2a).
Although both probes gave good BRET ratios using NLuc-PLK1, the signal using probe
11 with the (PEG)4 linker was consistently larger than with probe 10. Thus, we selected
probe 11 for further characterization and optimization of the PLK1 NanoBRET assay. The
apparent affinity of intracellular energy transfer probe 11 was measured by treating the
cells with increasing concentrations in the presence or absence of an excess (20 µM) of
unlabeled intermediate 1 as a competitive PLK1 inhibitor (Figure 2b). The BRET ratio was
plotted versus NanoBRET energy transfer probe 11 concentration to determine an apparent
intracellular potency, EC50 = 0.30 µM. To optimize concentrations for the PLK1 NanoBRET
assay, the apparent cellular affinity of the unlabeled intermediate 1 was measured at
multiple fixed concentrations of the energy transfer probe 11 (Figure 2c) with the goal of
selecting a concentration that was at or below the EC50 of the probe for the target protein,
as prior results have demonstrated that lower probe concentrations resulted in the more
accurate estimation of intracellular compound affinity.
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Figure 2. (a) BRET ratios observed with 1 µM of probes 10 and 11 on the PLK1, PLK2, and PLK3 NLuc
fusion proteins. (b) Apparent affinity of intracellular NanoBRET energy transfer probe 11 for NLuc-
PLK1 fusion protein in the adherent (ADH) format. (c) Optimization of NanoBRET transfer probe
11 concentration for the NLuc-PLK1 fusion protein in the ADH format. (d) Quantitative analysis of
BRET using the Cheng–Prusoff relationship for PLK1 in live HEK293 cells with NanoBRET energy
transfer probe 11. The apparent KD value for compound 1 was determined from the y-intercept via
linear regression. All data are an average of two technical replicates ±15%.

A concentration of 0.2 µM of energy transfer probe 11 was selected as the optimal
concentration for the PLK1 NanoBRET assay as it yielded a high assay window (>3 fold)
and was below the EC50 for the probe. Replotting the apparent IC50 values for unlabeled
intermediate 1 against the concentration of NanoBRET energy transfer probe 11, a linearized
Cheng–Prusoff analysis yielded an apparent KD of 0.12 µM for unlabeled compound 1 for
the intracellular target engagement of PLK1 (Figure 2d). To test whether energy transfer
probes 10 or 11 could also be used to develop NanoBRET assays for PLK2 and PLK3, the
BRET signal was measured using NLuc fused to the N-terminal of human PLK2 (NLuc-
PLK2) or human PLK3 (NLuc-PLK3). As shown in Figure 2a, robust signals with BRET
ratios of 24–38 were obtained using both probes. Since the PLK1 NanoBRET assay had
been optimized using probe 11, we selected the same probe for the development of PLK2
and PLK3 NanoBRET assays using the identical procedures. The optimized concentration
of energy transfer probe 11 for the NanoBRET assays was 1 µM with both NLuc-PLK2 and
NLuc-PLK3 (Figure S1), which gave assay windows of 2.4- and 2.1-fold, respectively.

2.3. In-Cell Target Engagement of PLK Inhibitors

Having developed NanoBRET assays for PLK1–3 using energy transfer probe 11, we
selected a series of known PLK inhibitors to compare their enzyme inhibition potency
with intracellular target engagement. Several factors can affect the cellular potency of
ATP-competitive kinase inhibitors, including their ability to cross cell membranes and
the Km(ATP) of the individual kinase, which determines the effect of intracellular ATP
as a competitor. The IC50s for seven PLK inhibitors were determined in the PLK1, PLK2,
and PLK3 NanoBRET assays in HEK293 cells. As shown in Table 1, all seven inhibitors
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demonstrated potent intracellular target engagement on PLK1 and some showed activity
on PLK2 and PLK3. The NanoBRET/Enzyme IC50 values showed that many of the PLK1
inhibitors were less potent in cells, although the ratio differed for each inhibitor (Table 1).
Notably, the potency of the PLK1 in-cell target engagement was in good agreement with
the lowest concentration for the inhibition of cell proliferation, as reported in the literature
for each inhibitor using a range of cell lines.

Table 1. Intracellular target engagement potency of known PLK inhibitors.

Compound Ref.
Reported Enzyme Inhibition

IC50 (nM) a NanoBRET Target Engagement IC50 (nM) c Reported Cell
Proliferation IC50 (nM)a

PLK1 PLK2 PLK3 PLK1 PLK2 PLK3

BI2536 [6] 0.83 3.5 9.0 3.9 9.0 42 2–25
Volasertib [5] 0.87 5.0 56 18 23 59 11–37
TPKI-26 [14,19] 2.0 n.d. n.d. 18 64 1700 5
Ro3280 [20] 3.0 n.d. n.d. 3.5 45 180 6–45

GSK461364 [7] 0.5 b 860 b 1000 b 4.2 >10,000 >10,000 10–100
MLN0905 [21] 2.0 n.d. n.d. 14 6600 3000 9

Onvansertib [8] 2.0 >10,000 >10,000 21 >10,000 >10,000 42
a Reported IC50 values for PLK enzyme inhibition and cell proliferation were taken from the cited references.
b Time-dependent enzyme inhibition Ki(app) from Ref [7]. c All NanoBRET data are an average of two technical
replicates ±15%.

2.4. In-Cell Target Selectivity of Adavosertib

To further demonstrate the utility of the PLK1 NanoBRET assay, we profiled adavosertib
(MK-1775/AZD1775), a WEE1 kinase inhibitor in clinical development for the treatment
of pancreatic cancer, whose kinase selectivity has been the subject of debate in the
literature [13,22,23].

In the WEE1 NanoBRET assay using the K10 tracer [24], adavosertib demonstrated an
IC50 = 17 nM, which is in agreement with the results of the inhibition of substrate phospho-
rylation in cells [23]. In contrast, using the energy transfer probe 11 in the PLK1 NanoBRET
assay, adavosertib showed >50% target occupancy only at micromolar concentrations above
its reported circulating plasma levels in patients using a 225mg dose [25,26] (Figure 3a). To
further annotate the in-cell selectivity of adavosertib, we utilized our broad-spectrum profiling
protocol employing the energy transfer probe K10, which enables the assay of 192 kinases
but not PLK1 using a single tracer [24]. At a concentration of 1 µM, adavosertib showed
>50% target engagement of only seven kinases (Figure 3b). Notably, at this concentration,
adavosertib showed 95% and 53% target engagement of PLK2 and PLK3, respectively.
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3. Discussion

We have developed an energy transfer probe 11 that can be used to configure NanoBRET
assays for PLK1, PLK2, and PLK3, addressing a critical gap in PLK family target engagement
profiling. The optimized PLK1 NanoBRET assay allows, for the first time, researchers to
determine the intracellular target engagement of PLK1 inhibitors, which further expands
the utility of this assay technology to support the lead optimization and counter screening
of this important drug target.

Since the cellular concentration of ATP (usually 1–10 mM) is often much higher than
the biochemical Km(ATP) of kinase enzymes, ATP-competitive kinase inhibitors are often
less potent in intact cells than predicted from the cell-free assays, and it is important to deter-
mine intracellular target engagement to be able to interpret their phenotypic effects [27]. For
PLK1, the biochemical Km(ATP) is 2–5 µM [28]. By screening a series of PLK inhibitors in
preclinical and clinical development, we demonstrated that their in-cell target engagement
was often lower than predicted by their biochemical enzyme inhibition potency (Table 1).
While Ro3280 showed no drop in cellular potency, volasertib was >20-fold less potent
in cells than its enzyme potency. The other PLK inhibitors showed a loss in cell potency
ranging from 5- to 11-fold. Each of the seven PLK1 inhibitors have been reported to show cy-
totoxic activity in a range of cancer cell lines. It is notable that the lowest IC50 values for the
inhibition of cell proliferation closely matched the IC50 for intracellular target engagement
of PLK1 via NanoBRET for all seven inhibitors (Table 1). BI2536 and volasertib, first and
second generation PLK inhibitors in the anilino-tetrahydropteridine chemotype, were also
active in the PLK2 and PLK3 NanoBRET assays matching their pan-PLK enzyme inhibition
profile. TPKI-26, another derivative of the anilino-tetrahydropteridine chemotype [19], was
a dual PLK1/PLK2 inhibitor in the NanoBRET assay but showed only weak activity on
PLK3. Ro3280, which was published as a selective PLK1 inhibitor [20], was profiled as a
pan-PLK inhibitor in cells, but with a preference for PLK1 > PLK2 > PLK3. GSK461324, a
time-dependent PLK inhibitor with a complex selectivity profile assessed using FRET-based
biochemical assays [7], was shown to be highly PLK1-selective when profiled in the live
cell NanoBRET target engagement assay. The third generation inhibitor MLN0905 was
also selective for PLK1 in the NanoBRET target engagement assays, although it showed
weak activity on both PLK2 and PLK3, which is consistent with its binding to both of these
kinases at 1 µM in an Ambit KINOMEscan assay [21]. Finally, the third generation PLK1
inhibitor onvansertib was highly PLK1-selective in the NanoBRET assay with an IC50 on
PLK1 that matched its potency for the inhibition of cell proliferation [8].

The PLK NanoBRET assays use a promoterless plasmid to maintain low expression
levels of the kinase-NLuc fusions, which has been demonstrated not to impact the observed
target occupancy in related assays [15,16]. In addition, while it has been reported that PLK1
is not catalytically active at all stages of the cell cycle [29], the activation state of the enzyme
did not appear to impact the measurement of inhibitor target engagement via NanoBRET
assay. Although it is possible that PLK1 inhibitors could impact the viability of HEK293
cells within the 2h incubation period of the assay, an extracellular NLuc inhibitor [30]
was used to block the BRET donor signal from cells that had compromised membranes,
ensuring that only intracellular target engagement was measured in the assay. Our results
demonstrate that these NanoBRET assays allow, for the first time, direct comparison of
the intracellular potency and isozyme selectivity of PLK inhibitors under development as
cancer drugs. Ideally, these assays would be conducted in a cancer cell lineage that reflects
the target tissue of the drug. However, there is often difficulty in transfecting these cells and
controlling the expression level of the kinase-NLuc fusion. Instead, we chose to develop
an optimized NanoBRET assay in HEK293 cells as a bridge between cell-free biochemical
assays and assays performed in patient tumor cells.

The utility of the PLK1 NanoBRET assay to support the profiling of a kinase in-
hibitor of clinical importance was applied to the drug adavosertib, which was originally
reported as being a selective WEE1 inhibitor [22] but was subsequently described as a
dual WEE1/PLK1 inhibitor on the basis of chemical proteomic and biochemical enzyme
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inhibition assays [13]. A more recent report suggested that adavosertib was a selective
WEE1 inhibitor in cells at clinically relevant doses by profiling the phosphorylation of
downstream substrates using immunoblots [23]. These conflicting results opened the possi-
bility that either the biochemical analysis of PLK1 inhibition may not translate in vivo, or
that protein phosphorylation analysis may not accurately capture specific PLK1 activity in
cells. Using the PLK1 and WEE1 NanoBRET assays combined with broad profiling across
192 kinases, we demonstrated that adavosertib was indeed a selective WEE1 inhibitor in
cells at the low micromolar concentrations achieved using a 225 mg clinical dose, but did
also exhibit off-target PLK activity with the rank order of PLK2 > PLK3 ~ PLK1 at higher
micromolar concentrations that are reached with increased drug dosage or in the presence
of a CYP3A4 inhibitor [31].

In summary, we have developed energy transfer probes to enable PLK NanoBRET
assays that further expand the utility of this technology to profile the in-cell target engage-
ment of kinase inhibitors. These NanoBRET assays provide a robust and rapid method to
determine the cellular potency and isozyme selectivity of PLK inhibitors, which can aid
lead optimization and counter screening for undesirable off-target activity.

4. Materials and Methods
4.1. Chemistry
4.1.1. General Methods

The kinase inhibitors BI2536, volasertib, Ro3280, GSK461364, MLN0905, and adavosertib
were purchased from MedChemExpress. TPKI-26 was donated by Takeda Pharmaceuticals as
part of the Kinase Chemogenomic Set (KCGS) [14]. All chemical reagents were commercially
available except those whose synthesis is described below. All reaction mixtures and column
eluents were monitored via analytical thin-layer chromatography (TLC) performed on pre-
coated Sorbtech fluorescent silica gel plates, 200 µm with an F254 indicator; visualization was
accomplished by UV light (254/365 nm). Column chromatography was undertaken with
a Biotage Isolera One instrument. Nuclear magnetic resonance (NMR) spectrometry was
run using a Varian Inova 400 MHz or Bruker Avance III HD 850 MHz spectrometer. The
NMR data were processed using MNova 14.3.1 (Mestrelab, Escondido CA, USA). Chemical
shifts are reported in ppm with residual solvent peaks referenced as the internal standard.
Analytical LC/MS data were obtained using a Waters Acquity ultrahigh-performance liquid
chromatography (UPLC) system equipped with a photodiode array (PDA) detector running
an acetonitrile/water gradient. Samples for high-resolution mass spectrometry (HRMS) were
analyzed using a Q Exactive HF-X (ThermoFisher, Bremen, Germany) mass spectrometer.
Samples were introduced by a heated electrospray source (HESI) at a flow rate of 10 µL/min.
One hundred time domain transients were averaged in the mass spectrum. HESI source
conditions were set as follows: nebulizer temperature 100 ◦C, sheath gas (N2) 15 arb, auxiliary
gas (N2) 5 arb, sweep gas (N2) 0 arb, capillary temperature 250 ◦C, RF 100 V. The mass range
was set to 200–2000 m/z. All measurements were recorded at a resolution setting of 120,000.

4.1.2. Synthesis of Florescence Energy Transfer Probes 10 and 11
Tert-butyl 4-(3-methoxy-4-nitrobenzamido)piperidine-1-carboxylate (4)

To a solution of 3-methoxy-4-nitrobenzoic acid (3) (1.05 g, 1 eq, 5.32 mmol) in DMF
(12 mL), HATU (2.56 g, 1.5 eq, 7.98 mmol) and DIPEA (1.38 g, 1.9 mL, 2 eq, 10.64 mmol)
were added. The reaction mixture was stirred for 10 min at room temperature before
adding tert-butyl 4-aminopiperidine-1-carboxylate (2) (1.06 g, 1 eq, 5.32 mmol). After
12 h, the reaction mixture was concentrated, and the resulting material was purified via
chromatography on silica gel (eluent of ethyl acetate/hexane = 0−40%) to give the impure
product. The desired product was recrystallized in the test tubes (40% ethyl acetate in
hexanes). The white crystals were filtered and dried under vacuum to afford the desired
product (4) (1.40 g, 69%). TLC condition: hexanes/ethyl acetate = 1/1. 1H NMR (400 MHz,
CD3OD) δ 7.86 (d, J = 8.2 Hz, 1H), 7.69 (s, 1H), 7.50 (d, J = 8.9 Hz, 1H), 4.18–4.04 (m, 3H),
4.03 (s, 3H), 3.02–2.85 (m, 2H), 2.01–1.93 (m, 2H), 1.59–1.49 (m, 2H), 1.49–1.46 (m, 9H). 13C



Molecules 2023, 28, 2950 8 of 13

NMR (101 MHz, CD3OD) δ 167.5, 156.5, 153.6, 143.0, 140.9, 126.1, 120.3, 114.0, 81.2, 57.3,
49.1, 32.5, 28.7.

Tert-butyl 4-(4-amino-3-methoxybenzamido)piperidine-1-carboxylate (5)

To a suspension of tert-butyl 4-(3-methoxy-4-nitrobenzamido)piperidine-1-carboxylate
(4) (900 mg, 1 eq, 2.37 mmol) in ethanol (20 mL), hydrazine hydrate solution (50−60%)
(1.7 mL) was added and the reaction mixture was stirred at 50 ◦C for 15 min until the starting
material was dissolved completely. Excess of Raney-Nickel (1.39 g, 10 Eq, 23.7 mmol) was
added to the reaction mixture, and the reaction was maintained at 50 ◦C. After 1 h, when
gas evolution ceased, Raney-Nickel was removed via filtration under vacuum. The filtrate
was concentrated in vacuo to give the desired product (5) (806 mg, 97%). TLC condition:
hexanes/ethyl acetate = 2/1. 1H NMR (400 MHz, CD3OD) δ 7.36–7.26 (m, 2H), 6.73–6.67
(m, 1H), 4.11 (d, J = 13.8 Hz, 2H), 4.06–3.99 (m, 1H), 3.89 (s, 3H), 3.01–2.79 (m, 2H), 1.91
(dd, J = 12.6, 3.4 Hz, 2H), 1.57–1.43 (m, 11H). 13C NMR (101 MHz, CD3OD) δ 169.8, 156.5,
147.8, 142.5, 123.8, 122.3, 114.2, 110.5, 81.1, 56.1, 48.6, 32.8, 28.7. LC-MS (ESI) m/z calc. for
C17H28N3O4 [M + H]+: 350.2, found 350.1.

(R)-4-((7-ethyl-8-isopropyl-5-methyl-6-oxo-5,6,7,8-tetrahydropteridin-2-yl)amino)-3-
methoxy-N-(piperidin-4-yl)benzamide (1)

Tert-butyl 4-(4-amino-3-methoxybenzamido)piperidine-1-carboxylate (5) (600 mg, 1 eq,
1.72 mmol), (R)-2-chloro-7-ethyl-8-isopropyl-7,8-dihydropteridin-6(5H)-one (6) (437 mg, 1 eq,
1.72 mmol), 2-(dicyclohexylphosphanyl)-2’,4’,6’-tris(isopropyl)biphenyl (XPhos) (164 mg,
0.2 eq, 343 µmol), K2CO3 (949 mg, 4 eq, 6.87 mmol), and Pd2(dba)3 (157 mg, 0.1 eq, 172 µmol)
were added into t-BuOH (15 mL) under Ar atmosphere. The reaction mixture was degassed
and purged with Ar and then heated in a microwave at 120 ◦C for 30 min. The mixture
was filtered through Celite, washed with DCM, and concentrated. The resulting material
was purified via chromatography on silica gel (methanol/DCM = 0–10%) to give the crude
product (7), 0.91 g, as a light yellow solid, which was used directly in the next step. TLC
condition: DCM/MeOH = 10/1. LC-MS (ESI) m/z calc. for C30H44N7O5 [M + H]+: 582.3,
found 582.2.

To a solution of crude compound 7 (300 mg) in DCM (3 mL), TFA (3 mL) was added
at room temperature. The reaction mixture was stirred for 1 h at room temperature. The
reaction solution was concentrated to give a crude product which was purified via reverse
phase chromatography on a C18 column (0–20% ACN in water + 0.1% TFA) to afford the
desired product (1) as trifluoroacetate salt (193 mg, 332 µmol, 59% for two steps). Product 1
was converted to an HCl salt by adding 1M HCl in diethyl ether, and it was concentrated.
TLC condition: DCM/MeOH = 10/1+ 5% NH4OH. 1H NMR (850 MHz, CD3OD) δ 8.02 (d,
J = 7.6 Hz, 1H), 7.66 (s, 1H), 7.65 (s, 1H), 7.61 (d, J = 7.5 Hz, 1H), 4.63–4.54 (m, 2H), 4.24–4.19
(m, 1H), 4.03 (s, 3H), 3.52 (d, J = 12.5 Hz, 2H), 3.32 (s, 3H), 3.21–3.15 (m, 2H), 2.24–2.20 (m,
2H), 2.14–2.08 (m, 1H), 2.01–1.94 (m, 3H), 1.48 (dd, J = 16.1, 6.2 Hz, 6H), 0.88 (t, J = 7.2 Hz,
3H). 13C NMR (214 MHz, CD3OD) δ 168.8, 164.5, 154.4, 152.4, 150.4, 133.0, 129.8, 124.1,
123.8, 121.2, 117.8, 111.6, 61.2, 56.9, 53.3, 49.5, 49.4, 46.5, 44.5, 29.5, 28.9, 28.9, 20.6, 19.5, 8.4.
LC-HRMS (ESI) m/z calc. for C25H36N7O3 [M + H]+: 482.28741, found 482.28751.

(R)-N-(1-(3-(5,5-difluoro-7-(1H-pyrrol-2-yl)-5H-5λ,6λ-dipyrrolo[1,2-c:2’,1’-f ][1-3]
diazaborinin-3-yl)propanoyl)piperidin-4-yl)-4-((7-ethyl-8-isopropyl-5-methyl-6-oxo-
5,6,7,8-tetrahydropteridin-2-yl)amino)-3-methoxybenzamide (10)

(R)-4-(4-((7-ethyl-8-isopropyl-5-methyl-6-oxo-5,6,7,8-tetrahydropteridin-2-yl)amino)-3-
methoxybenzamido)piperidin-1-ium, trifluoracetate (1) (11 mg, 1 eq, 18 µmol) was charged
into a flask and was taken up in anhydrous DMF (0.5 mL). To the stirred solution, DIPEA
(12 mg, 16 µL, 5 eq, 92 µmol) was added, followed by BODIPY 576/589 NHS ester (9)
(7.9 mg, 1 eq, 18 µmol). The mixture was stirred for 1 h and then subjected to preparative
HPLC (column: Phenomenex, Luna 5 µM Phenyl-Hexyl, 100 Å, 75 × 30 mm, 5 micron;
mobile phase A: water (0.05% TFA), B: methanol; method: 20–100% B, 6 min + 100% B,
4 min). The desired product (10) was obtained as a dark purple solid (10 mg, 13 µmol, 68%).
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TLC condition: DCM/MeOH=10/1. 1H NMR (400 MHz, CD3OD) δ 7.98 (d, J = 8.4 Hz, 1H),
7.59 (s, 1H), 7.58 (d, J = 1.9 Hz, 1H), 7.53 (dd, J = 8.4, 1.9 Hz, 1H), 7.23 (s, 1H), 7.22–7.15
(m, 3H), 7.00 (d, J = 4.6 Hz, 1H), 6.92 (d, J = 3.9 Hz, 1H), 6.37–6.30 (m, 2H), 4.64–4.47 (m,
3H), 4.21–4.05 (m, 2H), 3.98 (s, 3H), 3.29–3.14 (m, 6H), 2.88–2.78 (m, 3H), 2.12–1.83 (m, 4H),
1.63–1.47 (m, 2H), 1.42 (dd, J = 9.2, 6.8 Hz, 6H), 0.84 (t, J = 7.4 Hz, 3H). 13C NMR (214 MHz,
CD3OD) δ 172.7, 168.6, 164.5, 156.2, 154.4, 152.3, 152.2, 150.5, 139.0, 135.0, 133.3, 133.2, 129.8,
127.4, 126.8, 124.9, 124.7, 124.2, 123.5, 121.1, 121.0, 119.0, 117.7, 117.6, 112.4, 111.5, 61.1, 56.7,
53.2, 49.9 (2C), 46.0, 43.8, 42.3, 33.8, 28.8, 28.7, 25.8, 20.5, 19.4, 8.3. LC-HRMS (ESI) m/z calc.
for C41H48BF2N10O4 [M + H]+: 793.39156, found 793.39227.

(R)-N-(1-(1-amino-3,6,9,12-tetraoxapentadecan-15-oyl)piperidin-4-yl)-4-((7-ethyl-8-
isopropyl-5-methyl-6-oxo-5,6,7,8-tetrahydropteridin-2-yl)amino)-3-methoxybenzamide (8)

To a solution of 2,2-dimethyl-4-oxo-3,8,11,14,17-pentaoxa-5-azaicosan-20-oic acid (t-Boc-
N-amido-PEG4-acid) (38 mg, 1 eq, 0.10 mmol) in DMF (2 mL), TBTU (50 mg, 1.5 eq, 0.16
mmol) and N-ethyl-N-isopropylpropan-2-amine (54 mg, 4 eq, 0.42 mmol) were added and
the mixture was stirred for 15 min. (R)-4-(4-((7-ethyl-8-isopropyl-5-methyl-6-oxo-5,6,7,8-
tetrahydropteridin-2-yl)amino)-3-me-thoxybenzamido)piperidin-1-ium, trifluoracetate (1)
(62 mg, 1 Eq, 0.10 mmol) was added to the reaction mixture and stirred for 18 h. Wa-
ter was added to the reaction mixture and it was extracted with ethyl acetate. The crude
product was purified via column chromatography on silica gel (0–10% MeOH in DCM) to af-
ford tert-butyl (R)-(15-(4-(4-((7-ethyl-8-isopropyl-5-methyl-6-oxo-5,6,7,8-tetrahydropteridin-2-
yl)amino)-3-methoxybenzamido)piperidin-1-yl)-15-oxo-3,6,9,12-tetraoxapentadecyl)carbamate
(50 mg, 60 µmol, 58%). TLC condition: 10% MeOH in DCM. 1H NMR (850 MHz, CD3OD) δ
8.52 (d, 1H), 7.75 (s, 1H), 7.50–7.47 (m, 2H), 4.69 (hept, J = 6.9 Hz, 1H), 4.60–4.55 (m, 1H), 4.32
(dd, J = 7.7, 3.5 Hz, 1H), 4.17–4.11 (m, 1H), 4.11–4.06 (m, 1H), 4.00 (s, 3H), 3.80–3.71 (m, 2H),
3.64–3.57 (m, 12H), 3.48 (t, J = 5.6 Hz, 2H), 3.31 (s, 3H), 3.26–3.18 (m, 3H), 2.81–2.77 (m, 1H),
2.76–2.70 (m, 1H), 2.68–2.62 (m, 1H), 2.07–2.03 (m, 1H), 2.00–1.95 (m, 1H), 1.94–1.87 (m, 1H),
1.80–1.72 (m, 1H), 1.64–1.56 (m, 1H), 1.56–1.50 (m, 1H), 1.47–1.39 (m, 15H), 0.84 (t, J = 7.5 Hz,
3H). 13C NMR (101 MHz, CD3OD) δ 171.9, 169.1, 165.2, 156.3, 153.3, 148.5, 139.8, 134.8, 127.5,
121.4, 117.4, 117.0, 110.1, 80.0, 71.6, 71.5 (3C), 71.4 (3C), 71.2, 71.0, 68.6, 67.6, 59.4, 56.6, 49.7, 48.7,
46.3, 42.2, 41.3, 34.5, 33.4, 32.4, 28.8, 28.6, 21.5, 20.0, 9.1. LC-MS (ESI) m/z calc. for C41H65N8O10
[M + H]+: 829.5, found 829.4.

Tert-butyl (R)-(15-(4-(4-((7-ethyl-8-isopropyl-5-methyl-6-oxo-5,6,7,8-tetrahydropteridin-2-
yl)-amino)-3-methoxybenzamido)piperidin-1-yl)-15-oxo-3,6,9,12-tetraoxapentadecyl)carbamate
(24 mg, 1 eq, 29 µmol) was dissolved to the DCM (1.5 mL) before adding TFA (0.56 mL). The
reaction mixture was stirred at room temperature for 3 h and then concentrated to give the
desired product (8) (21 mg, 25 µmol, 86%). 1H NMR (400 MHz, CD3OD) δ 7.90 (d, J = 8.3 Hz,
1H), 7.56 (s, 1H), 7.51 (d, J = 1.9 Hz, 1H), 7.46 (dd, J = 8.3, 1.9 Hz, 1H), 4.54–4.41 (m, 3H),
4.14–3.94 (m, 2H), 3.90 (s, 3H), 3.74–3.64 (m, 4H), 3.63–3.52 (m, 12H), 3.22 (s, 3H), 3.21–3.11
(m, 1H), 3.06 (t, J = 5.1 Hz, 2H), 2.79–2.57 (m, 3H), 2.09–1.78 (m, 4H), 1.60–1.42 (m, 2H), 1.36 (t,
J = 7.0 Hz, 6H), 0.78 (t, J = 7.4 Hz, 3H). LC-MS (ESI) m/z calc. for C36H57N8O8 [M + H]+: 729.4,
found 729.3.

(R)-N-(1-(1-(5,5-difluoro-7-(1H-pyrrol-2-yl)-5H-5λ,6λ-dipyrrolo[1,2-c:2’,1’-f ][1–3]
diazaborinin-3-yl)-3-oxo-7,10,13,16-tetraoxa-4-azanonadecan-19-oyl)piperidin-4-yl)-4-((7-
ethyl-8-isopropyl-5-methyl-6-oxo-5,6,7,8-tetrahydropteridin-2-yl)amino)-3-methoxybenz
amide (11)

(R)-15-(4-(4-((7-ethyl-8-isopropyl-5-methyl-6-oxo-5,6,7,8-tetrahydropteridin-2-yl)amino)-
3-methoxybenzamido)piperidin-1-yl)-15-oxo-3,6,9,12-tetraoxapentadecan-1-aminium, triflu-
oracetate (8) (12 mg, 1 eq, 13 µmol) was dissolved in anhydrous DMF (0.4 mL). To the stirred
solution, DIPEA was added (8.1 mg, 11 µL, 5 Eq, 63 µmol), followed by BODIPY 576/589 NHS
ester (9) (5.4 mg, 1 eq, 13 µmol). The reaction mixture was stirred at room temperature for 1 h
and then purified via preparative HPLC (column: Phenomenex, Luna 5 µM Phenyl-Hexyl, 100
Å, 75 × 30 mm, 5 micron; mobile phase A: water (0.05% TFA), B: methanol; method: 20–100%
B, 6 min + 100% B, 4 min). The desired product (11) was obtained as a dark purple solid (9 mg,
9 µmol, 70%). 1H NMR (850 MHz, CD3OD) δ 7.99 (dd, J = 8.4, 2.3 Hz, 1H), 7.60–7.56 (m, 2H),
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7.52 (ddd, J = 8.4, 4.1, 1.9 Hz, 1H), 7.22–7.19 (m, 2H), 7.19–7.16 (m, 2H), 7.00 (dd, J = 4.5, 2.9 Hz,
1H), 6.90 (dd, J = 3.9, 1.8 Hz, 1H), 6.36–6.33 (m, 1H), 6.31 (dd, J = 4.0, 1.9 Hz, 1H), 4.59–4.52 (m,
2H), 4.52–4.48 (m, 1H), 4.14 (tt, J = 11.3, 4.2 Hz, 1H), 4.08–4.04 (m, 1H), 4.00 (s, 3H), 3.77–3.69
(m, 2H), 3.64–3.57 (m, 12H), 3.54 (t, J = 5.5 Hz, 2H), 3.39–3.37 (m, 2H), 3.36 (s, 3H), 3.28–3.25
(m, 4H), 3.23–3.17 (m, 1H), 2.81–2.76 (m, 1H), 2.74–2.69 (m, 1H), 2.65–2.60 (m, 2H), 2.11–2.05
(m, 1H), 2.05–2.01 (m, 1H), 2.00–1.95 (m, 1H), 1.94–1.87 (m, 1H), 1.62–1.55 (m, 1H), 1.55–1.48
(m, 1H), 1.45–1.39 (m, 6H), 0.84 (t, J = 7.5 Hz, 3H). 13C NMR (214 MHz, CD3OD) δ 174.8, 172.0,
168.6, 164.4, 156.3, 154.3, 152.1, 150.3, 138.9, 134.9, 133.2, 133.0, 129.8, 127.4, 127.0, 124.9, 124.6,
124.1, 123.2 (2C), 121.0 (2C), 119.1, 117.6, 117.2, 112.3, 111.4, 71.6, 71.5, 71.4, 71.3, 70.6, 68.6, 61.0,
56.8, 53.1, 49.9, 49.5, 49.4, 46.3, 42.2, 40.5, 36.1, 34.5, 33.3, 32.3, 28.9, 28.7, 25.7, 20.6, 19.3, 8.3.
LC-MS (ESI) m/z calcd. for C52H69BF2N11O9 [M + H]+: 1040.5, found 1040.4. LC-HRMS (ESI)
m/z calc. for C52H70BF2N11O9 [M + 2H]2+: 520.77041, found 520.77136.

4.2. Biology
4.2.1. Cell Culture

HEK293 cells (ATCC) were cultured in DMEM (Gibco) + 10% FBS (Seradigm) with
incubation in a humidified 37 ◦C/5% CO2 incubator. N- or C-terminal NLuc/PLK fusions
were encoded in pFN31K expression vectors (Promega), including flexible Gly-Ser-Ser-Gly
linkers between NLuc and ORFs corresponding to UniProt isoform 1 (PLK1: P53350-
1, PLK2: Q9NYY3-1, and PLK3: Q9H4B4-1). Carrier DNA was encoded in pGEM-3Z
vectors (Promega). For cellular BRET target engagement experiments, HEK293 cells were
transfected with NLuc/PLK fusion constructs using FuGENE HD (Promega) according
to the manufacturer’s protocol. Briefly, NLuc/PLK fusion constructs were diluted into
Transfection Carrier DNA (Promega) at a mass ratio of 1:9 (mass/mass), after which
FuGENE HD was added at a ratio of 1:3 (µg DNA: µL FuGENE HD). One part (vol) of
FuGENE HD complexes thus formed was combined with 20 parts (vol) of HEK293 cells
suspended at a density of 2 × 105 per mL, followed by incubation in a humidified 37 ◦C/5%
CO2 incubator for 20 hr.

4.2.2. NanoBRET assays
In-Cell BRET Assays

All BRET assays were performed in white, tissue-culture-treated 96-well plates (Corn-
ing #3917) using adherent HEK293 cells at a density of 2 × 104 cells per well. All chemical
inhibitors were prepared as concentrated stock solutions in DMSO (Sigma-Aldrich) and
diluted in Opti-MEM to prepare working stocks. Cells were equilibrated for 2 h at 37 ◦C
with the appropriate energy transfer probe and test compound prior to BRET measure-
ments, as previously described [15]. Energy transfer probes were prepared at a working
concentration of 20× in Tracer dilution buffer (12.5 mM HEPES, 31.25% PEG-400, pH 7.5).
Individual kinase NanoBRET assays used the following energy transfer probes and con-
centrations: PLK1, probe 11 (0.2 µM); PLK2, probe 11 (1.0 µM); PLK3, probe 11 (1.0 µM);
WEE1, tracer K10 (Promega, 0.13 µM). To measure BRET, NanoBRET NanoGlo Substrate
and Extracellular NLuc Inhibitor (Promega) were added according to the manufacturer’s
recommended protocol, and filtered luminescence was measured on a GloMax Discover
luminometer equipped with 450 nm BP filter (donor) and 600 nm LP filter (acceptor), using
0.5 s integration time. BRET ratios were calculated by dividing the acceptor luminescence
by the donor luminescence. Milli-BRET (mBRET) units (mBU) were calculated by multiply-
ing the raw BRET ratios by 1,000. Broad spectrum profiling on 192 kinases was performed
using the K192 NanoBRET Target Engagement assay (Promega) with tracer K10, using the
published protocol [24].

Initial evaluation of BRET probes 10 and 11:
To test BRET probes 10 and 11 against PLK1, HEK293 adherent cells were incubated

with either NLuc fused to the N-terminus of PLK1 (NLuc-PLK1) or the C-terminus of
PLK1 (PLK1-NLuc) using 1 µM of the BRET probe, and mBRET units were measured. The
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combination with the highest mBRET units was selected for further processing. NLuc-PLK2
and NLuc-PLK3 were tested with both probes 10 and 11 using the same protocol.

Apparent intracellular potency of BRET probe 11 for NLuc-PLK1:
To estimate the half-maximal effective concentration (EC50) of probe 11 to PLK1 in

cells, adherent HEK293 cells in a 96-well plate expressing the NLuc-PLK1 fusion protein
were mixed with an increasing concentration of BRET probe 11. The resulting BRET ratio
was fitted to the sigmoidal 4-parameter dose–response curve using Prism 9.0 (GraphPad,
Boston MA, USA). As a control, the same experiment was repeated in the presence of an
excess of unlabeled compound 1 (20 µM) as a competitive inhibitor for 2 h before adding
3× Complete Substrate plus Inhibitor Solution.

Apparent intracellular potency of compound 1 to PLK1, PLK2, and PLK3 using
BRET assay:

Adherent HEK293 cells in a 96-well plate expressing NLuc-PLK1, NLuc-PLK2, or
NLuc-PLK3 fusion proteins were mixed with increasing concentrations of the BRET probe
11 and various concentrations of unlabeled compound 1 for 2 h before adding 3× Complete
Substrate plus Inhibitor Solution. For each probe concentration used, the BRET ratios
obtained were used to estimate compound 1 half-maximal inhibitory concentrations (IC50)
by fitting the data to the four-parameter sigmoidal dose–response curve in Prism 9.0
(GraphPad, Boston MA, USA). To obtain the apparent in-cell binding potency (KD apparent)
of 1 towards the PLK1, the linear regression of the estimated IC50 versus the concentration
of the BRET probe was determined.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules28072950/s1: Figure S1: Tracer titration of probe 11 on NLuc-PLK2
and NLuc-PLK3. 1H and 13C NMR Spectra of intermediate 1, probe 10, and probe 11.

Author Contributions: Conceptualization, X.Y., M.B.R. and T.M.W.; investigation, X.Y., J.L.S., M.T.B.,
J.M.W., A.M., J.D.V. and M.B.R.; methodology, X.Y.; writing—original draft, X.Y. and T.M.W.;
writing—review and editing, J.L.S., J.D.V. and M.B.R. All authors have read and agreed to the
published version of the manuscript.

Funding: The Structural Genomics Consortium (SGC) is a registered charity (no: 1097737) that
receives funds from Bayer AG, Boehringer Ingelheim, Bristol Myers Squibb, Genentech, Genome
Canada, through Ontario Genomics Institute [OGI-196], EU/EFPIA/OICR/McGill/KTH/Diamond
Innovative Medicines Initiative 2 Joint Undertaking [EUbOPEN grant 875510], Janssen, Merck KGaA
(also known as EMD in Canada and the US), Pfizer, and Takeda. The research reported in this
publication was supported in part by the NC Biotech Center Institutional Support Grant 2018-IDG-
1030 and by the NIH Illuminating the Druggable Genome 1U24DK116204-01.

Acknowledgments: We thank Rafael Couñago (SGC-UNC) for editing the biology methods.

Conflicts of Interest: Michael T. Beck, Jennifer M. Wilkinson, Ani Michaud, James D. Vasta, and
Matthew B. Robers are employees of Promega, which provided the NLuc-PLK clones and has a
commercial interest in kinase NanoBRET assays.

Sample Availability: The NanoBRET probe 11 and vectors for NLuc-PLK1 are available from the authors.

References
1. Chiappa, M.; Petrella, S.; Damia, G.; Broggini, M.; Guffanti, F.; Ricci, F. Present and Future Perspective on PLK1 Inhibition in

Cancer Treatment. Front. Oncol. 2022, 12, 903016. [CrossRef] [PubMed]
2. Iliaki, S.; Beyaert, R.; Afonina, I.S. Polo-like kinase 1 (PLK1) signaling in cancer and beyond. Biochem. Pharmacol. 2021, 193, 114747.

[CrossRef] [PubMed]
3. Helmke, C.; Becker, S.; Strebhardt, K. The Role of Plk3 in Oncogenesis. Oncogene 2016, 35, 135–147. [CrossRef] [PubMed]
4. Zhang, C.; Ni, C.; Lu, H. Polo-Like Kinase 2: From Principle to Practice. Front. Oncol 2022, 12, 956225. [CrossRef] [PubMed]
5. Rudolph, D.; Steegmaier, M.; Hoffmann, M.; Grauert, M.; Baum, A.; Quant, J.; Haslinger, C.; Garin-Chesa, P.; Adolf, G.R. BI 6727,

a Polo-like Kinase Inhibitor with Improved Pharmacokinetic Profile and Broad Antitumor Activity. Clin Cancer Res 2009, 15,
3094–3102. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules28072950/s1
https://www.mdpi.com/article/10.3390/molecules28072950/s1
http://doi.org/10.3389/fonc.2022.903016
http://www.ncbi.nlm.nih.gov/pubmed/35719948
http://doi.org/10.1016/j.bcp.2021.114747
http://www.ncbi.nlm.nih.gov/pubmed/34454931
http://doi.org/10.1038/onc.2015.105
http://www.ncbi.nlm.nih.gov/pubmed/25915845
http://doi.org/10.3389/fonc.2022.956225
http://www.ncbi.nlm.nih.gov/pubmed/35898867
http://doi.org/10.1158/1078-0432.CCR-08-2445


Molecules 2023, 28, 2950 12 of 13

6. Steegmaier, M.; Hoffmann, M.; Baum, A.; Lenart, P.; Petronczki, M.; Krssak, M.; Gurtler, U.; Garin-Chesa, P.; Lieb, S.; Quant, J.;
et al. BI 2536, a Potent and Selective Inhibitor of Polo-like Kinase 1, Inhibits Tumor Growth in Vivo. Curr Biol 2007, 17, 316–322.
[CrossRef]

7. Gilmartin, A.G.; Bleam, M.R.; Richter, M.C.; Erskine, S.G.; Kruger, R.G.; Madden, L.; Hassler, D.F.; Smith, G.K.; Gontarek, R.R.;
Courtney, M.P.; et al. Distinct Concentration-dependent Effects of the Polo-like Kinase 1-specific Inhibitor GSK461364A, Including
Differential Effect on Apoptosis. Cancer Res. 2009, 69, 6969–6977. [CrossRef]

8. Beria, I.; Bossi, R.T.; Brasca, M.G.; Caruso, M.; Ceccarelli, W.; Fachin, G.; Fasolini, M.; Forte, B.; Fiorentini, F.; Pesenti, E.; et al.
NMS-P937, a 4,5-Dihydro-1H-pyrazolo[4,3-h]quinazoline Derivative as Potent and Pelective Polo-like Kinase 1 Inhibitor. Bioorg.
Med. Chem. Lett. 2011, 21, 2969–2974. [CrossRef] [PubMed]

9. Garcia-Carceles, J.; Caballero, E.; Gil, C.; Martinez, A. Kinase Inhibitors as Underexplored Antiviral Agents. J. Med. Chem. 2022,
65, 935–954. [CrossRef] [PubMed]

10. Raghuvanshi, R.; Bharate, S.B. Recent Developments in the Use of Kinase Inhibitors for Management of Viral Infections. J. Med.
Chem. 2022, 65, 893–921. [CrossRef]

11. Meineke, R.; Rimmelzwaan, G.F.; Elbahesh, H. Influenza Virus Infections and Cellular Kinases. Viruses 2019, 11, 171. [CrossRef]
12. Wei, L.; Adderley, J.; Leroy, D.; Drewry, D.H.; Wilson, D.W.; Kaushansky, A.; Doerig, C. Host-directed Therapy, an Untapped

Opportunity for Antimalarial Intervention. Cell Rep. Med. 2021, 2, 100423. [CrossRef] [PubMed]
13. Wright, G.; Golubeva, V.; Remsing Rix, L.L.; Berndt, N.; Luo, Y.; Ward, G.A.; Gray, J.E.; Schonbrunn, E.; Lawrence, H.R.; Monteiro,

A.N.A.; et al. Dual Targeting of WEE1 and PLK1 by AZD1775 Elicits Single Agent Cellular Anticancer Activity. ACS Chem. Biol.
2017, 12, 1883–1892. [CrossRef]

14. Wells, C.I.; Al-Ali, H.; Andrews, D.M.; Asquith, C.R.M.; Axtman, A.D.; Dikic, I.; Ebner, D.; Ettmayer, P.; Fischer, C.; Frederiksen,
M.; et al. The Kinase Chemogenomic Set (KCGS): An Open Science Resource for Kinase Vulnerability Identification. Int. J. Mol.
Sci. 2021, 22, 566. [CrossRef] [PubMed]

15. Vasta, J.D.; Corona, C.R.; Wilkinson, J.; Zimprich, C.A.; Hartnett, J.R.; Ingold, M.R.; Zimmerman, K.; Machleidt, T.; Kirkland, T.A.;
Huwiler, K.G.; et al. Quantitative, Wide-Spectrum Kinase Profiling in Live Cells for Assessing the Effect of Cellular ATP on Target
Engagement. Cell Chem. Biol. 2018, 25, 206–214 e211. [CrossRef]

16. Wells, C.I.; Vasta, J.D.; Corona, C.R.; Wilkinson, J.; Zimprich, C.A.; Ingold, M.R.; Pickett, J.E.; Drewry, D.H.; Pugh, K.M.; Schwinn,
M.K.; et al. Quantifying CDK Inhibitor Selectivity in Live Cells. Nat. Commun. 2020, 11, 2743. [CrossRef]

17. Machleidt, T.; Woodroofe, C.C.; Schwinn, M.K.; Mendez, J.; Robers, M.B.; Zimmerman, K.; Otto, P.; Daniels, D.L.; Kirkland,
T.A.; Wood, K.V. NanoBRET–A Novel BRET Platform for the Analysis of Protein-Protein Interactions. ACS Chem. Biol. 2015, 10,
1797–1804. [CrossRef] [PubMed]

18. Wang, R.; Chen, Y.; Zhao, X.; Yu, S.; Yang, B.; Wu, T.; Guo, J.; Hao, C.; Zhao, D.; Cheng, M. Design, Synthesis and Biological
Evaluation of Novel 7H-Pyrrolo[2,3-d]pyrimidine Derivatives as Potential FAK Inhibitors and Anticancer Agents. Eur. J. Med.
Chem. 2019, 183, 111716. [CrossRef]

19. Nie, Z.; Feher, V.; Natala, S.; McBride, C.; Kiryanov, A.; Jones, B.; Lam, B.; Liu, Y.; Kaldor, S.; Stafford, J.; et al. Discovery of
TAK-960: An Orally Available Small Molecule Inhibitor of Polo-like Kinase 1 (PLK1). Bioorg. Med. Chem. Lett. 2013, 23, 3662–3666.
[CrossRef]

20. Chen, S.; Bartkovitz, D.; Cai, J.; Chen, Y.; Chen, Z.; Chu, X.J.; Le, K.; Le, N.T.; Luk, K.C.; Mischke, S.; et al. Identification of Novel,
Potent and Selective Inhibitors of Polo-like Kinase 1. Bioorg. Med. Chem. Lett. 2012, 22, 1247–1250. [CrossRef]

21. Duffey, M.O.; Vos, T.J.; Adams, R.; Alley, J.; Anthony, J.; Barrett, C.; Bharathan, I.; Bowman, D.; Bump, N.J.; Chau, R.; et al.
Discovery of a Potent and Orally Bioavailable Benzolactam-derived Inhibitor of Polo-like Kinase 1 (MLN0905). J. Med. Chem.
2012, 55, 197–208. [CrossRef]

22. Hirai, H.; Iwasawa, Y.; Okada, M.; Arai, T.; Nishibata, T.; Kobayashi, M.; Kimura, T.; Kaneko, N.; Ohtani, J.; Yamanaka, K.; et al.
Small-molecule Inhibition of Wee1 Kinase by MK-1775 Selectively Sensitizes p53-deficient Tumor Cells to DNA-damaging Agents.
Mol. Cancer Ther. 2009, 8, 2992–3000. [CrossRef]

23. Serpico, A.F.; D’Alterio, G.; Vetrei, C.; Della Monica, R.; Nardella, L.; Visconti, R.; Grieco, D. Wee1 Rather Than Plk1 Is Inhibited
by AZD1775 at Therapeutically Relevant Concentrations. Cancers (Basel) 2019, 11, 819. [CrossRef] [PubMed]

24. Robers, M.B.; Wilkinson, J.M.; Vasta, J.D.; Berger, L.M.; Berger, B.T.; Knapp, S. Single Tracer-based Protocol for Broad-spectrum
Kinase Profiling in Live Cells with NanoBRET. STAR Protoc. 2021, 2, 100822. [CrossRef] [PubMed]

25. Do, K.; Wilsker, D.; Ji, J.; Zlott, J.; Freshwater, T.; Kinders, R.J.; Collins, J.; Chen, A.P.; Doroshow, J.H.; Kummar, S. Phase I Study of
Single-Agent AZD1775 (MK-1775), a Wee1 Kinase Inhibitor, in Patients With Refractory Solid Tumors. J. Clin. Oncol. 2015, 33,
3409–3415. [CrossRef] [PubMed]

26. Leijen, S.; van Geel, R.M.; Sonke, G.S.; de Jong, D.; Rosenberg, E.H.; Marchetti, S.; Pluim, D.; van Werkhoven, E.; Rose, S.;
Lee, M.A.; et al. Phase II Study of WEE1 Inhibitor AZD1775 Plus Carboplatin in Patients With TP53-Mutated Ovarian Cancer
Refractory or Resistant to First-Line Therapy Within 3 Months. J. Clin. Oncol. 2016, 34, 4354–4361. [CrossRef]

27. Becher, I.; Savitski, M.M.; Savitski, M.F.; Hopf, C.; Bantscheff, M.; Drewes, G. Affinity Profiling of the Cellular Kinome for the
Nucleotide Cofactors ATP, ADP, and GTP. ACS Chem. Biol. 2013, 8, 599–607. [CrossRef]

28. Knight, Z.A.; Shokat, K.M. Features of Selective Kinase Inhibitors. Chem. Biol. 2005, 12, 621–637. [CrossRef]
29. Gheghiani, L.; Loew, D.; Lombard, B.; Mansfeld, J.; Gavet, O. PLK1 Activation in Late G2 Sets Up Commitment to Mitosis. Cell

Rep. 2017, 19, 2060–2073. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cub.2006.12.037
http://doi.org/10.1158/0008-5472.CAN-09-0945
http://doi.org/10.1016/j.bmcl.2011.03.054
http://www.ncbi.nlm.nih.gov/pubmed/21470862
http://doi.org/10.1021/acs.jmedchem.1c00302
http://www.ncbi.nlm.nih.gov/pubmed/33970631
http://doi.org/10.1021/acs.jmedchem.0c01467
http://doi.org/10.3390/v11020171
http://doi.org/10.1016/j.xcrm.2021.100423
http://www.ncbi.nlm.nih.gov/pubmed/34693368
http://doi.org/10.1021/acschembio.7b00147
http://doi.org/10.3390/ijms22020566
http://www.ncbi.nlm.nih.gov/pubmed/33429995
http://doi.org/10.1016/j.chembiol.2017.10.010
http://doi.org/10.1038/s41467-020-16559-0
http://doi.org/10.1021/acschembio.5b00143
http://www.ncbi.nlm.nih.gov/pubmed/26006698
http://doi.org/10.1016/j.ejmech.2019.111716
http://doi.org/10.1016/j.bmcl.2013.02.083
http://doi.org/10.1016/j.bmcl.2011.11.052
http://doi.org/10.1021/jm2011172
http://doi.org/10.1158/1535-7163.MCT-09-0463
http://doi.org/10.3390/cancers11060819
http://www.ncbi.nlm.nih.gov/pubmed/31200459
http://doi.org/10.1016/j.xpro.2021.100822
http://www.ncbi.nlm.nih.gov/pubmed/34568844
http://doi.org/10.1200/JCO.2014.60.4009
http://www.ncbi.nlm.nih.gov/pubmed/25964244
http://doi.org/10.1200/JCO.2016.67.5942
http://doi.org/10.1021/cb3005879
http://doi.org/10.1016/j.chembiol.2005.04.011
http://doi.org/10.1016/j.celrep.2017.05.031
http://www.ncbi.nlm.nih.gov/pubmed/28591578


Molecules 2023, 28, 2950 13 of 13

30. Walker, J.R.; Hall, M.P.; Zimprich, C.A.; Robers, M.B.; Duellman, S.J.; Machleidt, T.; Rodriguez, J.; Zhou, W. Highly Potent
Cell-Permeable and Impermeable NanoLuc Luciferase Inhibitors. ACS Chem. Biol. 2017, 12, 1028–1037. [CrossRef]

31. Leijen, S.; van Geel, R.M.; Pavlick, A.C.; Tibes, R.; Rosen, L.; Razak, A.R.; Lam, R.; Demuth, T.; Rose, S.; Lee, M.A.; et al. Phase I
Study Evaluating WEE1 Inhibitor AZD1775 As Monotherapy and in Combination With Gemcitabine, Cisplatin, or Carboplatin in
Patients With Advanced Solid Tumors. J. Clin. Oncol. 2016, 34, 4371–4380. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/acschembio.6b01129
http://doi.org/10.1200/JCO.2016.67.5991
http://www.ncbi.nlm.nih.gov/pubmed/27601554

	Introduction 
	Results 
	Synthesis of Fluorescence Energy Transfer Probes 10 and 11 
	Development of a PLK1 NanoBRET Assay 
	In-Cell Target Engagement of PLK Inhibitors 
	In-Cell Target Selectivity of Adavosertib 

	Discussion 
	Materials and Methods 
	Chemistry 
	General Methods 
	Synthesis of Florescence Energy Transfer Probes 10 and 11 

	Biology 
	Cell Culture 
	NanoBRET assays 


	References

