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Abstract

In the present work, the interactions of the novel kinase inhibitors BI-2536, Volasetib
(BI-6727) and Ro-3280 with the pharmacological target PLK1 have been studied by
fluorescence spectroscopy and molecular dynamics calculations. High Stern-Volmer
constants were found in fluorescence experiments suggesting the formation of stable

protein-ligand complexes. In addition, it was observed that the binding constant between



BI-2536 and PLK1 increases about 100-fold in presence of the phosphopeptide Cdc25C-
p that docks to the polo box domain of the protein and releases the kinase domain. All the
determined binding constants are higher for the kinase inhibitors than for their competitor
for the active center (ATP) being BI-2536 and Volasertib the inhibitors that showed more
affinity for PLK 1. Calculated binding free energies confirmed the higher affinity of PLK 1
for BI-2536 and Volasertib than for ATP. The higher affinity of the inhibitors to PLK1
compared to ATP was mainly attributed to stronger van der Waals interactions. Results
may help with the challenge of designing and developing new kinase inhibitors more

effective in clinical cancer therapy.
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1. Introduction

Polo-like kinases (PLKSs) are a conserved subfamily of serine/threonine kinase proteins
which are widespread in eukaryotic cells [1-3]. In humans, this subfamily of proteins
includes five members (PLK1-5) being PLK1 (also known as STPK13) the best-
characterized and most investigated [4—6]. This kinase plays a crucial role in diverse
mitotic events such as mitotic entry, spindle formation, chromosome segregation, DNA
replication and cytokinesis, among others [7-10]. PLK1 is therefore essential for
regulating the cell division and maintaining genome stability during mitosis, spindle
assembly and DNA damage response [5,11]. Diverse studies have shown that this protein
is overexpressed in many human cancers and is often associated to a poor prognosis [12—
15]. Inhibiting its activity reduces proliferation in a broad range of cancer cell lines,

highlighting PLK1 as an attractive drug target for cancer therapy [16—18].



Human PLK1 is formed by an N-terminal kinase domain (KD; residues 49-310)
and a C-terminal region containing the polo box domain (PBD; residues 345-603), both
connected by an inter-domain linker (IDL) [4,19]. KD is highly conserved and contains
an ATP-binding site, a T-loop (whose phosphorylation is directly related to the kinase
activity of PLK 1) and a hinge region [4,19]. Autoinhibited PLK1 can be activated through
phosphorylation of Thr210, at the T-loop [20-23], or of Ser137, at the end of the hinge
region [23-25]. Besides, the protein can also be activated by a phosphopeptide binding
to the regulatory domain, PBD [11,20,25-28]. Diverse phosphopeptides containing the
Ser-pThr motif can bind to the PBD [29]; for example, the target sequence peptide Leu-
Leu-Cys-Ser-pThr-Pro-Asn-Gly-Leu from Cdc25C phosphatase (Cdc25C-p), a natural
substrate of PLK1 [30,31]. Therefore, the conformational plasticity seems to be crucial to
the kinase activity of PLK1. The linker region L1 of the PBD docks into a concave surface
of the KD (formed by the B1 strand of the N lobe, the helix aD of the C lobe and the hinge
region) inhibiting its activity, while the binding of the PBD to the phosphorylated target
can disrupt the intramolecular interaction between both domains [4].

Both the ATP pocket at the catalytic domain of PLK1 and the phosphopeptide
binding pocket at PBD are being investigated as target sites for the development of new
antitumor drugs [32]. In the last years, several ATP-competitive inhibitors of PLK1 with
promising antitumoral activity have emerged, some of them reaching a clinical phase
[17,32], whereas only a few nonpeptidic inhibitors targeting PBD have been identified so
far [33-36]. The present work is focused on three ATP-competitive clinically tested
kinase inhibitors, i.e. BI-2536, Volasertib (BI-6727) and Ro-3280 (see Fig. 1). BI-2536
and Volasertib are two dihydropteridinone derivatives developed by Boehringer
Ingelheim Inc. which exhibit a potent activity against PLK1 in vitro (ICso = 0.83 and 0.87

nM for BI-2536 and Volasertib, respectively) [17,32]. Crystallization studies revealed



that the pteridinone moiety of both derivatives is placed in the adenine portion of the ATP
pocket, with the N-methyl-piperidine group (BI-2536) or
N-(Cyclopropylmethyl)piperazine group (Volasertib) pointing to the solvent [32,37,38].
BI-2536 causes perturbation of the spindle assembly, leading to mitotic arrest and
subsequent apoptosis, but it also inhibits other Polo-like kinases such as PLK2 (ICso = 3.5
nM) and PLK3 (ICso = 9 nM) [32,39,40]. Three phase II studies with patients with non-
small cell lung cancer, advanced pancreatic cancer, or hormone-refractory prostate
cancer, have also been completed with this kinase inhibitor [41-43]. Recently, a high
affinity of BI-2536 for human serum albumin (HSA) has been observed [44], which could
lead to a reduced concentration of free drug in the blood plasma. On the other hand, this
arises as an excellent opportunity to develop new HSA-based delivery systems to target
BI-2536 to solid tumors that use HSA as an energy source and accumulate this protein
within the tumor interstitium [45—47]. The other selected dihydropteridinone derivative,
Volasertib, induces the formation of monopolar spindles and a distinct prometaphase
arrest phenotype (polo-arrest) and subsequent apoptosis [17,32]. This compound also
inhibits PLK2 (ICso =5 nM) and PLK3 (ICso = 56 nM) and is active against a broad range
of in vitro tumor cells [17,32,48]. Volasertib shows favorable pharmacology, is well
tolerated [17] and has reached the clinical phase III (in combination with subcutaneous
low-dose cytarabine) for the treatment of acute myeloid leukaemia [49]. Both BI-2536
and Volasertib are also BET (bromodomain and extra terminal) inhibitors [50-52] and
have shown promising results in HIV “shock and kill” therapy because they significantly
reactivate silenced HIV-1 provirus at both the mRNA and protein level [53]. The third
selected kinase inhibitor, Ro-3280, is a pyrimidodiazepine derivative developed by
Hoffmann-La Roche Inc. [54]. This compound is also a potent ATP-competitive inhibitor

of PLK1 although its enzymatic ICso (3 nM) is somewhat higher than the ICso values



measured for BI-2536 and Volasertib but, on the contrary, Ro-3280 has nearly no effect
on PLK2 and PLK3 [54,55]. This pyrimidodiazepine derivative induces apoptosis and
cell cycle disorder in leukemia cells, and has been proposed as a suitable drug candidate
for the treatment of pediatric acute myeloid leukemia [55]. Unfortunately, no
crystallographic data have been reported to date for the complex of PLK1 with Ro-3280.

Thus, it is assumed that the efficient interaction of BI-2536, Volasertib and Ro-
3280 with PLK1 is directly related to their pharmacological activity, and there is a lack
of knowledge about the mechanism and magnitude of such association process. In this
sense, the overall aim of this work is to shed light on these issues by fluorescence
spectroscopy experiments and molecular dynamics (MD) calculations. Protein-ligand
interaction experiments were carried out in solution and their results are a valuable
complement to the information extracted from crystallographic data. The intrinsic
fluorescence of proteins, mainly due to tryptophan or tyrosine, is highly sensible to its
local environment. Changes in the emission spectra of the fluorophores often occur in
response to conformational transitions, subunit associations, substrate binding or
denaturalization [56]. Here, fluorescence spectroscopy was employed to delve into the
binding processes between PLK1 and the kinase inhibitors as well as to analyze the effect
of Cdc25C-p on the affinity of these compounds to PLK1. MD has allowed to rationalize
some experimental observations such as the higher affinity of PLK1 to BI-2536 and
Volasertib than to its natural substrate. Finally, the main intermolecular interactions
involved in the binding process between these kinase inhibitors and the proteins are

discussed.
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Fig. 1. Chemical formulae of the selected kinase inhibitors, i.e. Volasertib, BI-2536 and Ro-3280. Different
protonation states of BI-2536 are shown. Fluorescence emission maximum wavelengths (Aem™*) of BI-

2536 in neutral form are also collected (Aem™* of BI-2536 is similar in monocationic form and in neutral
state) [44].

2. Material and methods
2.1. Chemicals and solutions
BI-2536 (purity > 99.5%), BI-6727 (Volasertib) (purity > 99.5%) and Ro-3280 (purity >
99.5%) were supplied by MedChem Express. PLK1 (Human Myc-DDK-tagged ORF
Clone) (purity > 80%) were supplied by Origene Technologies. The phosphopeptide
Cdc25C-p (purity 96.5%), with sequence Leu-Leu-Cys-Ser-pThr-Pro-Asn-Gly-Leu was
synthetized by Destina Genomics.

For binding experiments, working solutions of PLK1 were daily prepared in 0.02
M Tris-HCI buffer solutions at pH 7.4 containing 0.1 M NaCl. Bis-Tris (Sigma) and NaCl

(Panreac) had a purity of > 99.0%. Water was purified in a Mili-Q System (Millipore).



The solvents employed for the stock solutions of the kinase inhibitors were ethanol (for

BI-2536 and Volasertib) and dimethyl-sulfoxide (for Ro-3280).

2.2. Spectroscopy measurements

4x10 mm quartz cuvettes were employed for the spectroscopic experiments. The UV—vis
absorption spectra were recorded using a Cary 100 (Varian) spectrophotometer with a
step of 1 nm and at room temperature. Steady-state fluorescence spectra of the samples
were recorded employing a FLS920 (Edinburgh Instruments) spectrofluorometer
equipped with a Xe lamp of 450 W as light source and a MCP-PMT (microchannel plate-
photomultiplier tube) detector (R3809 model). The temperature of the sample was kept
constant using a TLC 50 temperature-controlled cuvette holder (Quantum Northwest).
FLS920 spectrofluorometer is also equipped with two polarizers placed in the excitation
and emission light pathways which were employed for fluorescence anisotropy
measurements. Polarized emission spectra were recorded at four polarizer directions, i.e.
both horizontal (HH), both vertical (VV), horizontal on excitation and vertical on

emission (HV) and vice versa (VH). The anisotropy spectra were calculated as

F —_
r= v Fynu (1)
Fyy + 2Fyy

where Fj is the fluorescence intensity at the corresponding configuration of the polarizers.

2.3. Binding experiment conditions
800 uL of a working solution of PLK1 (0.1 pM) was titrated by successive additions of a
stock solution of kinase inhibitor (60 uM). The final concentration of kinase inhibitor in

the titration was 2.0 uM (the [ligand]:[protein] ratios were 0, 1, 3, 5, 10, 15, and 20). The



added volume of kinase inhibitor solution to the working solution of protein was 27.6 pL.
The temperature of the sample was kept constant at 310 K.

The chosen excitation wavelength was 275 nm (8 nm slit) and the emission
fluorescence intensity was collected at 296 nm (3 nm slit). In such conditions, the
fluorescence signal comes from tyrosine residues without a significative contribution of
tryptophan residues. On the contrary, the fluorescence emission spectra upon excitation
at wavelength > 285 nm has a certain contribution from tryptophan residues (see Fig. S1b)
but the signal intensity drops significantly (see Fig. S1a). Here, it should be considered
the scarcity of tryptophan residues in the protein (for instance, the kinase domain has a
single tryptophan and nine tyrosine residues; see Fig. 2a) and the high dilution of the
sample (the working concentration of 0.1 uM is low in comparison with the concentration
of 1-15 uM typically used in other fluorescence quenching studies reported for lower-cost
proteins such as albumin, hemoglobin, trypsin, lysozyme, catalase, among others) [44,57—

62] [ (a) Rahman 2021 https://doi.org/10.1016/].molliq.2021.117144 ; (b) Rahman 2021

https://doi.org/10.1016/].saa.2020.118803 ; (c) Ojha 2012

http://dx.doi.org/10.1016/j.tca.2012.08.016 ]

The emission fluorescence from PLK1 was corrected for the inner filter effect

through

Feorr = Fobs 10@extAem) (2)
where Feorr and Fobs are the corrected and observed fluorescence intensities, and Acx and

Aem are the absorbance of the system at excitation and emission wavelengths (275 and

296 nm, respectively) [56].
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Fig. 2. (a) Kinase domain of PLK1 showing the tyrosine residues (green), the single tryptophan residue
(blue) and the ligand (BI-2536) placed in the ATP-site (cyan). (b) H-bonds established between BI-2536
and PLK1 (the H-bond between the group =Np— of BI-2536 and Cys133 is highlighted in red). Source
Protein Data Bank (PDB): 2RKU [37].

2.4. Computational details

To the best of our knowledge, no full-length human PLK1 crystal structure is available
in the Protein Data Bank, although the separate structures of the KD [63] and PBD
[19,26,29] have already been deposited. Thus, we used as initial structures for our
computational analysis those available structures of the KDs with each ligand bound.
Unfortunately, no structure of Ro-3280 bound to PLK1 KD is available up to date, so we
decided to set aside that ligand from the theoretical study. Besides, some additional
modeling was needed (see below) to obtain an initial structure for the PLK1/ATP system,
as the experimental structure available was that for a zebrafish PLK1 bound with ADP.
The calculations herein reported were accomplished with the CUDA version of the
pmemd module of Amber v18 suite [64], using the Amber ff14SB force field [65].

Trajectory post-processing and clustering was performed with the cpptraj module, while



the binding free energy was estimated with the MMPBSA .py [66] program, both included
in the Amber v18 suite. An alternative binding free energy was obtained by means of the
Kpeep [67] web application. Figures were rendered with UCSF Chimera [68]. Hydrogen
bonds were assigned with cpptraj or Chimera using their default options, with no

relaxation of constraints.

2.4.1. Preparation of PLKI-ligand complexes
The three-dimensional structures of the human PLK1 KD complexed with BI-2536 and
Volasertib, together with that of the zebrafish KD PLKI1 complexed with ADP were
retrieved from the Protein Data Bank (www.rcsb.org/pdb), with codes 2RKU [37], 3FC2
[38] and 3D5W, respectively [69]. The protonation states for all the residues were
predicted with the ProteinPrepare web application [70]. The parameters for ligands were
obtained using the general amber force field [71]. Charges were generated with the
restrained electrostatic potential [72] at the HF/6-31G* level for BI-2536 and Volasertib,
while, taking into account its high negative charge, HF/6-311+G(d,p) was used for ATP.
The initial model for the human PLK1/ATP complex was obtained by superimposing the
3D5W structure on the 2RKU one to place the ADP ligand. Then, the ATP from a
structure of the kinase Aurora A in complex with ATP [73] (PDB code 5DN3) was
superimposed to the ADP of the 2RKU/ADP complex to replace ADP with ATP.

All the initial structures were processed with the LeAP program of the Amber v18
suite, where the systems were soaked in a cubic box, using TIP3P [74] explicit water

molecules with periodic boundary conditions.

2.4.2. Molecular dynamics
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Minimization and equilibration were done as described elsewhere [75], with two
differences: first, the number of cycles of each of the steps of minimization was doubled
in the case of the PLK1/ATP complex; and second, the cut-off used for the non-bonded
interactions was increased to 10 A. Then, ParmEd [64] was used to modify each topology
in order to use hydrogen mass repartitioning [73], and thus an additional equilibration
step of 100 ns (200 ns for the PLK1/ATP complex) in the NVT ensemble, with an
integration step of 4 fs, was conducted to use the last snapshot of this trajectory as starting

point to perform 5 runs of 100 ns of MD [76].

2.4.3. Clustering

In order to identify different possible conformations explored during the MD runs, two
different families of clusters were obtained using the dbscan algorithm [77]. This
clustering algorithm needs two parameters, namely mindist and epsilon, which have been
obtained plotting a so-called K-dist plot for kdist values ranging from 1 to 10. Once the
best parameters are found, two distance metrics were used, the first one used the best-fit
coordinate RMSd using as mask all C, atoms, whilst the second one used the coordinates
of all the atoms in each binding pocket (each binding pocket was defined, using each
initial structure, with those residues of PLK1 being at a distance of 3.6 A or less from any
atom of each ligand). Only those clusters with a number of members equal or higher than
20% of the most populated clusters were further analyzed. The structures of the
representatives of each cluster found (clustering of structures) can be downloaded as “data

in brief”.

2.4.4. OM-MMGBSA calculations
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A total of 1000 frames for each of the 5 MD trajectories obtained were used for QM-
MMGBSA binding free energy calculations. The following equation was used to obtain
the binding free energy for each frame, which was later averaged over all the frames
analyzed:

AGping = AEyy + AEscr + AGsopy — TAS 3)
where the molecular mechanics term, AE,,,,, includes contributions from bonded (bond,
angle, dihedral) and nonbonded (electrostatic, AEgg;, and van der Waals, AE, 4y ).
Besides, AGg,;,, 1s composed by a polar (AG;p) and a nonpolar (AGgyrr) terms. For the
polar term, we have chosen to use the generalized Born (GB) method [78], concretely the
Hawkins, Cramer and Truhlar [79] generalized Born method (igb = 1). The nonpolar term
was calculated using the following equation:

AGsyrr = YSASA+ [ 4)
where SASA stands for the solvent-accessible surface area, calculated using the linear
combinations of pairwise overlaps (LCPO) method [80], whilst the values used for y and
£ were 0.0072 kcal mol! A2 and 0 kcal mol™, respectively [81]. Finally, AEscr
encompasses the energy of the atoms in the Quantum Mechanics (QM) zone (defined as
the atoms of each ligand), which in this case is calculated using the PM6 [82]
semiempirical Hamiltonian. Thus, AEgg; has to be zero in this case, while the AEgqr term
would account for the difference in electrostatic interactions between the ligand bound to
the protein and the free ligand, under the one-trajectory approximation used here. Due to
the high computational cost and our aim of using the calculated data with comparative

purposes, the entropic term was not taken into consideration.

3. Results and discussion

3.1. Effect of Cdc25C-p on the affinity of PLK1 to BI-2536

12



The addition of increasing quantities of BI-2536 to a PLK1 solution quenched the
fluorescence emission of the protein (see Fig. S2). Similar behavior was observed when
the phosphopeptide Cdc25C-p is present in the reaction medium at 1:1 stoichiometric
PLK1 ratio (see Fig. 3a). In both experiments, a weak emission band with an isosbestic
point at ~370 nm emerges upon BI-2536 titration indicating the formation of a new
fluorescent species. In a previous work, it was reported that the drug has a maximum
fluorescence emission between 363 and 428 nm in different organic solvents but the
fluorescence signal disappears in aqueous solution at physiological pH [44]. Under these
conditions, BI-2536 is present mainly in dicationic form and only when
dihydropteridinone moiety losses a proton (from =NgH"— group, see Fig. 1) at higher pH
values the fluorescence is restored [44]. Interestingly, the fluorescence of BI-2536 was
also observed in presence of HSA what suggests that the drug binds to the site I of the
protein in monocationic form [44]. For complex PLK1/BI-2536, the reported crystal
structure (see Fig. 2b) [37] along with theoretical calculations (vide infra) showed that
the dihydropteridinone moiety stay in neutral form where the lone pair of electrons on
=Np— group are able to form a hydrogen bond with Cys133. Consequently, the
fluorescence of BI-2536 is observed in presence of the protein.

Negative deviations of the Stern-Volmer plots were found for the BI-2536 titration
experiments, both in presence and absence of Cdc25C-p (see Fig. 3b). In proteins, this
behavior is typically associated to the presence of inaccessible fluorophores [83]. A linear
trend was observed employing a modified Stern-Volmer equation which takes account

the fraction of fluorophores that is accessible to the quencher, f:

_h _1 1 (L
(Fo—F) f + f Ksv ([Q]) ®)

where Fo and F are the fluorescence intensity of the protein in the absence of ligand

(quencher) and at a given concentration of ligand, respectively; and [Q] is the quencher
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concentration (see Fig. 3c). The value of /= 0.27 obtained in the titration experiments
indicates that not all tyrosine residues are accessible to BI-2536 (see Table 1).
Interestingly, the fraction of accessible fluorophores to the drug slightly increases in
presence of Cdc25C-p. The large values obtained for Ks (in the order of 10 M s7)
cannot be totally associated to a dynamic quenching mechanism and suggest the
formation of stable protein-ligand complexes (static quenching) [84]. This is more clearly
revealed when the bimolecular quenching rate constant, &y, is calculated by equation 4
kg =Ksv /10 (6)

where 19 is the fluorescence lifetime of the protein. Fluorescence lifetimes between 4.0
and 5.5 ns have been reported for different proteins when excited within 275 — 280 nm
(Aem = 318 — 320 nm; in that conditions, the monitored fluorescence signal comes mainly
from tyrosine residues) [85,86]. Thus, k, values in the order of 10"* M s™! were estimated
for the fluorescence quenching experiments of PLK1 considering a tentative fluorescence
lifetime of 5.0 ns. The diffusion-limited rate constant in water (~10'° M! s') is notably
lower than the estimated value for &k, showing the large contribution of the formation of

protein-ligand complexes to the fluorescence quenching mechanism [56].
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Fig. 3. a) Effect of BI-2536 on the fluorescence emission spectrum of PLK1, along with Cdc25C-p in 1:1
stoichiometric proportion (T =310 K, Aex =275 nm). [PLK1] = [Cdc25C-p] = 0.1 uM; [BI-2536] =0.1-2.0
pM. b) Stern-Volmer plot in presence and absence of Cdc25C-p. ¢) Modified Stern-Volmer plot according
to equation 5 in presence and absence of Cdc25C-p. d) Plot of log [(Fo — F) / F] vs. log [Q] according to
equation 7 in presence and absence of Cdc25C-p.

Once established that protein-ligand complexes are formed, the binding constant,

Ka, was obtained by using the following equation:

log (FOF—_F) =logK, +nlog[Q] (7
where n is the number of binding sites [87-89] [ (a) Rahman 2021

https://doi.org/10.1016/j.molliq.2021.117144 ;. (b) Rahman 2021

https://doi.org/10.1016/j.saa.2020.118803 ; (©) Ojha 2012

http://dx.doi.org/10.1016/j.tca.2012.08.016 |. Good linearity was observed in all the

titration experiments as is shown in Fig. 3d, (results of the fit according to equation 7 are
listed in Table 1). The binding constant between BI-2536 and PLK1 increases two orders
of magnitude in presence of Cdc25C-p, with the number of binding sites close to unity.

This finding agrees with the reported mechanism in which the activating phosphopeptide
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binds to PBD releasing the KD domain and, therefore, the ATP-site should be more
accessible to the drug [16,30,31]. Nevertheless, the rotational diffusion of the protein is
not very sensitive to the presence of the activating phosphopeptide and the drug (see Table
2), and no major structural modifications are expected for PLK 1 when it binds to Cdc25C-
p and BI-2536 since the fluorescence anisotropy of the protein showed weak dependence

upon addition of those compounds (see Table 2).

Table 1

Stern—Volmer quenching constant, Ksy, and accessibility factor, f, obtained from equation 5, along with
protein-ligand binding parameters obtained from equation 7. Cdc25C-p column indicates the absence (No)
or presence (Yes) of the phosphopeptide in the reaction medium (in a 1:1 stoichiometric ratio with with
PLK1). The temperature of the experiments was 310 K.

Ligand  Cdc25Cp Kgy =20 (10°M1) f+2c n+2c LogK.,+26 K,(10%
BI-2536 No 449+2.45 0.27+0.11 0.46=+0.03 2.20+0.07 0.158
BI-2536 Yes 1.38 £1.89 0.34+0.20 0.80+0.02 4.19+£0.10 15.5

Volasertib Yes 2.84 +4.82 0.29+0.15 0.80+£0.07 4.18+0.42 15.2

Ro-3280 Yes 2.18+1.59 0.28+0.04 0.71+0.04 3.63+0.24 4.30

ATP Yes 3.25+433 0.33+0.14 0.65+0.02 3.38+0.04 2.40
Table 2

Fluorescence excitation anisotropy, r, recorded at 275 nm for PLK1 in presence of different concentrations
of BI-2536. [BI-2536]:[PLK1] indicates the concentration ratio between the ligand and the protein. The
experiments | and 2 were carried out in absence and presence of Cdc25C-p, respectively.
r
[BI-2536]:[PLK1] Experiment 1 Experiment 2

(Cdc25C-p)
0:1 0.123 0.133
1:1 0.137 0.140
3:1 0.143 0.138
5:1 0.154 0.150
10:1 0.152 0.145

3.2. Binding experiments of PLK1 to the selected kinase inhibitors

Once established the crucial role of Cdc25C-p in the binding of BI-2536 to PLKI1,
the interactions of the rest of the kinase inhibitors (Volasertib and Ro-3280) with the
protein were investigated in presence of the phosphopeptide. For comparative purposes,

the interaction between PLK1 and its substate, ATP, was also studied in the same

16



experimental conditions. As shown in Fig. 4 and S2, the titration of PLK 1 with the kinase
inhibitors and ATP quenches the fluorescence emission of the protein. As in the case of
BI-2536, a weak emission with an isosbestic point at ~360 nm emerges upon Volasertib
and Ro-3280 titration. Negative deviations in the Stern-Volmer plots were observed for
both the inhibitors and the protein substrate, indicating the presence of inaccessible
tyrosine residues in PLK 1. The accessibility factors obtained according to equation 3 (f'=
0.3) are comparable to the value previously determined for BI-2536 (see Table 1). The
value of n calculated by using the equation 7 was within the range 0.65 - 0.80 according
the single binding site reported for the substrate and the studied inhibitors [6,17,90].
Remarkably, the three kinase inhibitors showed higher affinity to PLK1 than the protein
substrate. The binding constant determined for Ro-3280 is twofold higher than ATP and
the constants found for BI-2536 and Volasertib are even larger. Besides, these results are
also in agreement with the reported enzymatic ICso values of the studied inhibitors. Thus,
the binding constants determined for BI-2536 and Volasertib are comparable and in
agreement with their ICso values (0.83 and 0.87 nM, respectively) [17,32]. This finding
is reasonable considering the high structural similarity of both compounds, particularly
in the moiety that enters in the ATP pocket (vide infra); while the lowest binding constant
was determined for Ro-3280 in consonance with its higher ICso value (3 nm) [54,55].
Therefore, the studied compounds inhibit the enzymatic activity of PLK1 by binding to
the active center with higher affinity than its native substrate. MD calculations allowed
us to deepen into the intramolecular interactions involved in the binding of BI-2536 and
Volasertib to PLK1. These results are compared to those obtained for the binding of ATP

to the protein in the next section.
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Fig. 4. a) Effect of Ro-3280 on the fluorescence emission spectrum of PLK1, along with Cdc25C-p in 1:1
stoichiometric proportion (T = 310 K, Aex = 275 nm). [PLK1] = [Cdc25C-p] = 0.1 uM; [Ro-3280] = 0.1—
2.0 uM. b) Stern-Volmer plots obtained for Volasertib, Ro-3280 and ATP. ¢) Modified Stern-Volmer plots
according equation 5 obtained for Volasertib, Ro-3280 and ATP. d) Plot of log [(Fo — F) / F] vs. log [Q] at
according equation 7 obtained for Volasertib, Ro-3280 and ATP.

3.3. MD analysis on the binding of PLK1 to the kinase inhibitors and its substrate

The MD trajectories have been used both to analyze the stability of the interactions
established between each of the ligands and PLK1, and to obtain information using QM-
MMGBSA [66] and Kpgep [67] calculations on their relative binding free energies
(AAGyinqg)- 1t is widely accepted that binding energies calculated by MMGB(PB)SA are
not always in agreement with the values obtained experimentally, although its ability to
rank the ligands on the basis of AAG;,4 1S often quite good [91,92]. On the other hand,
Kpeep, has been designed to predict absolute binding free energies (AGpinq), although it
only uses one structure and therefore does not take into account protein and ligand
flexibility. Thus, clustering the trajectories in order to obtain representatives to be used

as input for Kpgep is expected to, at least in part, take also into account flexibility.
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Table 3 shows the QM-MMGBSA calculated AG);,,4 values, which reproduce the
experimental trend, i.e. the binding of BI-2536 to PLK1 is slightly more favored than the
binding of Volasertib and significantly more favored than that of the native substrate.
This result supports the values of the energy components shown in Table 4 that are
summed to obtain each calculated AG;,4. The sum of the values obtained for the polar
solvation term (AE;p) and the PM6 term (AE.r) is positive in all cases, being the lowest
value that computed for ATP. This is a reasonable result, considering the charge of the
protein and the ligands (+12 for the protein; +1, +2 and -4 for BI-2536, Volasertib and
ATP, respectively), and allows us to conclude that the lower binding affinity of ATP can
be mainly explained through its worse van der Waals interactions as compared to those
of BI-2536 and Volasertib. In addition, the van der Waals interactions are slightly better
predicted for BI-2536, with respect to Volasertib, as a consequence of the change of a
cyclopentyl ring with an isopropyl moiety, whose lower volume is directly related to

lower hydrophobic interactions.

Table 3
QM-MMGBSA predicted binding free energies (AGp;,q), in kcal mol”!, for each of the MD runs obtained
for the ligands studied. The average energy and its standard deviation are included.

Ligand Runl Run2 Run3 Run4 Run35 Average +2c
BI-2536 -45.67 -45.61 -45.50 -43.10 -42.03 -44.38 0.67
Volasertib -35.41 -34.76 -35.36 -35.37 -34.22 -35.02 0.37

ATP -11.08 -12.35 -13.96 -10.45 -8.14 -11.20 0.76
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Table 4
Energy components of AGp;nq (see eq. 3), in kcal mol™!, averaged over five independent MD runs (standard
deviation is included).

BI-2536 Volasertib ATP
Average 26 Average +2c Average 20
AE,qw -58.70 0.56 -57.58 0.29 -18.16 0.68
AEgg;,  0.00 000 0.00 0.00 0.00 0.00
AEgg -19039 0.96 -457.88 1.14 913.49 2.02
AEsypr  -6.57 0.18 -6.70 0.05 -6.21 0.20
AEger 21127 093 487.13 1.08 -900.31 2.07

The observed experimental trend can also be reproduced, with much less
computational demand, using Kpgep calculations, as shown in Table 5. It is worth
emphasizing that the number of clusters found, even using two different approaches, is
quite low, which correlates with the low RMSd obtained for the different trajectories (see
Fig. S3). As will be described below, the ATP moiety moves inside the binding pocket
establishing interactions which are somehow different from those previously described
for BI-2536 [37], Volasertib [38] or ADP [69]. However, as can be seen when comparing
the binding energies calculated for the experimental zebrafish PLK1/ADP system and for
the modeled human PLK1/ATP system (in which ATP is located in the same place as
ADP), the binding free energies are very similar. This result allows to hypothesize that
the lower binding affinity of ATP, with respect to the kinase inhibitors, is mainly due to
its weaker van der Waals interactions, which are not capable of compensating the
electrostatic (hydrogen bond, charge) effects (AEscr). Actually, a t-n interaction, already
described as important for binding and selectivity [37], established between Phel83 and
the dihydropteridinone moiety of BI-2536 and Volasertib, does not have an equivalent in
the experimental zebrafish PLK1/ADP nor modeled human PLK1/ATP. These kinds of
interactions, whose contributions are proposed to be implicitly included in the van der

Waals parameters of the Amber force field (among others) [93], exhibit an average ring
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to ring distance of 3.7 A / 4.4 A during the MD trajectory for BI-2536 / Volasertib (3.9 A
for the experimental structures). The different structures obtained with the two essayed
clustering options are shown in Fig. 5 and S4, while the hydrogen bond occupancy

analysis is presented in Table S1.

Table 5

Binding free energies (AGpina), in kcal mol™!, as determined with Kpggp for each cluster found. The binding
free energies determined for the initial modeled ATP structure and the experimental zebrafish PLK1/ADP
systems is also shown for comparison purposes.

Members® AGping

Clustering 1°

BI-2536 Cluster 1 12642  -10.45
Volasertib Cluster 1 3154 -9.50
Cluster 2 886 -8.35

Cluster 3 762 -8.33

Cluster 4 690 -8.33

Cluster 5 638 -8.74

ATP Cluster 1 11068 -6.36
Initial modeled structure -6.46
Experimental ADP structure -6.57

Clustering 2°

BI-2536 Cluster 1 3388 -11.43
Volasertib Cluster 1 24400 -8.26
ATP Cluster 1 5119 -7.53
Cluster 2 1507 -6.90

2 Clustering using all protein C, atoms
® Clustering using all atoms within the binding pocket
¢ Number of snapshots composing each cluster

Thus, although with a low occupancy during the MD run, the canonical hydrogen
bonds already described for BI-2536 between Cys133 and the =Np— group of the ligand
and between Leu59 and the secondary amide group of the ligand, are found both with
cpptraj and UCSF Chimera (see Fig. 5 and Table S1). The low occupancy for the
Cys133/Np H-bond is associated with small displacements of the ligand within the
binding pocket, while for the Lue59/NH H-bond with the high rotational flexibility of that

part of the molecule, which is mainly exposed to the solvent (see Fig. 5). As explained
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above, the displacement followed by the ATP ligand within the binding pocket causes the
equivalent Cys133 H-bond to break, while two strong H-bonds, with occupancies of
72.3% and 71.6% are predicted with Glu140 and Gly63, respectively. Another two newly

H-bonds with lower occupancy are found with Arg136 (30.8%) and Lys178 (19.6%).
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Fig. 5. Structures of the representatives of each cluster found showing the H-bonds and n-r interactions.
Hydrogens apart from those implied in an H-bond are omitted for clarity. a) BI-2536, pink experimental
structure, blue first cluster of clustering 1, brown first cluster of clustering 2. b) Volasertib, pink
experimental structure, blue first cluster of clustering 1, brown first cluster of clustering 2. The remaining
structures are shown in Fig. S4. ¢) ATP, pink experimental structure, green first cluster of clustering 1,
brown first cluster of clustering 2, and blue second cluster of clustering 2.

Conclusions

The interactions of three kinase inhibitors (BI-2536, Volasertib and Ro-3280) with their
pharmacological target PLK1 were studied by means of fluorescence spectroscopy and
MD calculations. Results show kinase inhibitors form stable complexes with PLK1, and
the presence of the phosphopeptide Cdc25C-p markedly increases their affinity by the
protein. A single binding site was revealed and all the binding constants determined for
the inhibitors are higher than those obtained for the protein substrate. The highest binding
constants were found for BI-2536 and Volasertib in agreement with the reported
enzymatic ICso values. In addition, PLK1 exhibits a higher affinity for BI-2536 and
Volasertib than for ATP based on the relative binding free energies calculated with both
QM-MMGBSA and Kpegp. Although ATP establishes more hydrogen bonds, the AGy;nq
values calculated for the substrate are smaller than for the studied inhibitors due to the
weaker van der Waals interactions established with the protein. The discovery of new
kinase inhibitor drugs with greater activity and specificity presents challenges associated
with the development of new strategies and technologies that allow the efficient
generation of highly optimized kinase inhibitors. This requires an understanding of the
biology of kinases, the structural basis of kinase inhibitor selectivity, the direct
relationship between the structure of the drug and the affinity for the active site and its
consequent pharmacological activity. In this sense, we believe that results presented

herein may be crucial to the ultimate goal of developing selective kinase inhibitors.
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