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A B S T R A C T

We designed a series of pyrido[2,3-d]pyrimidine derivatives based on the structure of the NEK6 kinase inhibitor, compound 21 (2-amino-5-phenyl-5,11-dihydro-3H- 
indeno[2′,1’:5,6]pyrido[2,3-d]pyrimidine-4,6-dione), which share the same heterocyclic core. Chemical modifications, aimed at altering the molecular planarity of 
21 to enhance water solubility, were guided by receptor-based ligand design and further supported by molecular docking, molecular dynamics simulations, and free 
energy perturbation calculations. Our results indicate that disrupting the planarity of 21 increases aqueous solubility – nearly doubling it in two cases– while 
reducing lipophilicity. Among the compounds tested, three showed both improved solubility and NEK6 inhibitory activity exceeding 50 % in single-dose assay.

1. Introduction

NEK6 (Never In Mitosis A (NIMA) related kinase 6) is a serine/ 
threonine kinase involved in mitotic progression [1] whose over
expression has been associated with several cancers, including gastric 
and breast cancer [2–4]. De Donato et al. also discovered that NEK6 
overexpression causes a decrease in sensitivity to cisplatin in the human 
ovarian carcinoma cell line A2780 [5]. In recent years, the strong as
sociation between NEK6 and cancer [6] has driven the development of 
new therapeutic approaches focused on designing effective inhibitors 
that target the adenosine triphosphate (ATP) binding pocket of its cat
alytic domain. NEK6, with 313 residues, is one of the smallest members 
of the NEK family, consisting solely of the catalytic domain with a short 
N-terminal extension (residues 20–33). Few structure-based inhibitors, 
none of them tested for activity in cell lines, had been reported in the 
literature [7,8] when, in 2018, some of us discovered and patented 

compounds displaying micromolar efficacy against human ovarian and 
breast cancer cell lines [9,10]. Using a computer-aided drug design 
strategy based on the structure of NEK6 generated through homology 
modeling and knowledge of its known inhibitors, our research team 
revealed that the substituted 2-oxopyridine derivative 8 and pyrido[2, 
3-d]pyrimidine-4(3H)-one derivative 21 exhibited micromolar inhibi
tion in vitro of NEK6 (IC50 = 3.4 μM and 2.6 μM, respectively, Chart 1) 
[9].

However, compounds 8 and 21 showed limited aqueous solubility, in 
particular compound 21, which could hinder their success as drug 
candidates. A demanding challenge in drug development is to improve 
aqueous solubility without losing biological activity. To this end, various 
strategies have been reported, including chemical modification of the 
molecular structure of the drug candidate itself, exploitation of next- 
generation drug delivery nanosystems or nanonomatrices, or a combi
nation of both approaches [11,12]. In general, the solubility in water of 
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small molecules decreases as the lipophilicity (logP) increases. Lip
ophilicity, on the other hand, can play a positive role as a driving force 
for the partitioning equilibrium of the drug within the target protein 
binding site. Thus, finding the appropriate balance is a challenging task, 
which we tackle here by means of a structural modification of 21. The 
introduction of hydrophilic groups into the molecule, although often 
effective, sometimes interferes with the target protein-drug interaction. 
Therefore, we considered the alternative strategy to alter the molecular 
planarity of the condensed cyclic ring system of 21 [13]. We employed a 
targeted approach combining molecular dynamics (MD) simulations, 
free energy perturbation (FEP) calculations and logP predictive models 
to design a series of open-ring derivatives of compound 21, based on the 
pyrido[2,3-d]pyrimidinone scaffold, achieving improved solubility 
while preserving biochemical activity. A structure-activity relationship 
(SAR) study was also conducted on this series, which offers valuable 
insights to guide future optimization efforts.

2. Results

2.1. Structural modification of compound 21 for ligand design

Compound 21 was synthesized earlier through a three-component 
reaction, involving benzaldehyde, 2,6-diaminopyrimidine-4(3H)-one 
and indane-1,3-dione in water (Scheme 1) [14].

This synthetic approach was selected to modify the planarity of 
compound 21, by replacing the cyclic indane-1,3-dione with acyclic 1,3- 
diketones, as shown in Scheme 2. Additional molecular diversity can be 
introduced through the use of various aldehydes to install substituent R1 
on the heterocyclic core structure [15].

2.2. Design of open-ring ligands for NEK6 targeting

Compound 21 was identified through a combined structure- and 
ligand-based approach, relying on a NEK6 homology model that we 
developed in 2018. The recent availability of a NEK6 model structure in 
the AlphaFold database [16,17] prompted us to evaluate this updated 
structure prior to beginning the optimization of compound 21. A 
comparative analysis using protein structure validation tools revealed 
that our model and the structure generated by AlphaFold2 are of very 
similar quality (Supplementary Table 1). However, the small α-helix 

spanning Gly192 and Thr202, which has been observed in the 
NIMA-related, EGFR, and Src/Hck kinases [18–20] and predicted in 
NEK6 [21], is only partially formed in the AlphaFold model 
(Supplementary Fig. 1). As a result, open-ring derivatives of compound 
21 were also developed based on our homology model of NEK6, which 
we specifically selected because it exhibited the α-helical conformation 
of the T-loop [9]. Structure-based design of 21 open-ring derivatives was 
carried out using Ligand Designer which after analyzing the structure of 
the complex formed by NEK6 and 21, suggested a series of solutions for 
modifying the structure of the molecule according to Scheme 2.

Fourteen virtual ligands were generated using a bioisosteric 
replacement protocol and the MPO (multi-parameter optimization) 
score as the value to be optimized (Supplementary Table 2). Compounds 
1–6, whose Ligand Design score was within 2.5 kcal/mol of that of 21, 
were selected (Chart 2).

2.3. Evaluation of the proposed binding modes and affinity predictions

The binding pose and affinity of compounds 21 and 1–6 to NEK6 was 
estimated via molecular docking simulations. Two different docking 
programs were used, Glide and CDOCKER, which showed similar pat
terns in binding pose prediction. The RMSD values between predicted 
Glide and CDOCKER poses, for each docked compound, calculated based 
on the heavy atom positions, ranged from 0.27 to 1.09 Å (Supplemen
tary Table 2). Compounds 21 and 1–6, optimized at the NEK6 ATP 
binding site, shared the same orientation of the pyrido[2,3-d]pyr
imidinone core structure (Fig. 1). The heavy atoms root mean square 
deviation (RMSD) between the core moiety of 21 and that of 1–6 was 
0.4 Å, 0.4 Å, 0.8 Å, 0.4 Å, 0.5 Å and 0.5 Å, respectively. All compounds 
are anchored to the NEK6 hinge region through a conserved hydrogen 
bond network and hydrophobic interactions. Glu123 is hydrogen 
bonded to nitrogen from NH2 and NH of the pyrimidine-4-one ring, 
whose carbonyl oxygen interacts with the NH backbone atom of Ala125. 
The pyrimidinone ring establishes, for all compounds, π-alkyl in
teractions with the methyl group of Ala125 and Ala72. Dihydropyridine 
NH and Asp190 form an additional hydrogen bond that further stabilizes 
the structure of 21 and 1–6 at the ATP binding site (Fig. 1). The aromatic 
substituent at position 5 of the pyrido[2,3-d]pyrimidinone system forms 
π-anion interactions with Asp126 in all compounds. In compound 3, the 
dihydropyridine ring in this position also forms an additional π-alkyl 
interaction with Ile51, similarly to compound 5, which has a furyl 
moiety (Fig. 1). Replacement of the benzoyl group of 1 and 2 with a 
methyl ketone in derivatives 3–6 probably releases steric congestion, 
allowing interactions with Ile51 (Fig. 2).

The stability of compounds 1–6 bound to NEK6 protein was evalu
ated by MD simulations. The time evolution of NEK6 Cα-RMSD and the 
variation of ligand-RMSD over time are shown in the Supplementary 
Fig. 2. The docked poses were relaxed through 10-ns molecular dy
namics simulations with the Desmond tool. The RMSD values of NEK6 
backbone atoms were identified to be very low (from 0.17 to 0.25 nm) 
across all the simulations (Supplementary Fig. 2a). Stable RMSD values 
were also exhibited by the compounds during the simulations, with 
averages of 0.12 nm, 0.27 nm, 0.34 nm, 0.17 nm, 0.16 nm, 0.08 and 

Chart 1. Molecular structures of NEK6 inhibitors 8 and 21. The numbers are 
taken from Ref. [9].

Scheme 1. Synthesis of 2-amino-5-phenyl-5,11-dihydro-3H-indeno[2′,1’:5,6]pyrido[2,3-d]pyrimidine-4,6-dione 21 [14].
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0.16 nm for compound 21, and derivatives 1–6, respectively 
(Supplementary Fig. 2b) which reflects the stability exhibited by the 
poses along the 10 ns simulated time. 2D interaction diagrams from the 
MD simulations, showing the frequency of interactions between the li
gands and NEK6, are also provided (Supplementary Fig. 3). Free Energy 
Perturbation (FEP) calculations enable high-confidence predictions of 
the interaction strength between a ligand and its protein target. FEP uses 
a series of molecular dynamics simulations in solution to replace one 
ligand with another and calculate their relative binding free energy 
difference when bound to NEK6 [22,23]. An increase in binding free 
energy is indicated by a negative ΔΔG value. Fig. 3 shows the chemical 
transformations evaluated through FEP calculations for the ligands.

The FEP analysis (Table 1) shows that derivative 3 displays more 
favorable interactions than compound 21 with the NEK6 ATP binding 
site (ΔΔG = − 1.324 ± 0.418 kcal/mol). For derivatives 2 and 4, 
negligible differences in relative ΔG were observed, while more pro
nounced differences were noted for compounds 5 and 6. Computed 
relative free energies indicate that the chemical modifications intro
duced in compound 3 may improve its binding affinity with NEK6. FEP 
results further suggest that additional interactions in the open-ring de
rivatives contribute to enhance binding (Table 1).

2.4. ADME analysis

The evaluation of the pharmacokinetic profile of a molecule is a 
pivotal aspect in drug discovery and development. The capacity of a 
small molecule drug to permeate membranes and circulate within the 
body is strongly associated with its physicochemical properties [24]. 

ADME predictions for the compounds synthesized and tested in this 
study were carried out using SwissADME [25]. The main ADME prop
erties provided by this web tool are reported in Table 2. All compounds 
exhibited lipophilicity values that fell within the range associated to 
good oral bioavailability (0 < logP <3) [22,26,27] and that are indic
ative of good permeability, solubility, and low in vivo toxicity [23,28].

Compounds 21 and 1–6 are predicted to have high gastrointestinal 
(GI) absorption but not blood-brain barrier (BBB) permeability. Inter
estingly, unlike compounds 21 and 1–2, compounds 3–6 are not a P- 
glycoprotein (P-gp) substrate. This suggests that compounds 3–6 could 
be less susceptible to resistance by this efflux protein and therefore could 
have better bioavailability and greater ability to reach target sites within 
the organism [29,30]. All compounds satisfied Lipinski’s rule of five 
[26] and the Abbot bioavailability score (ABS), which predicts the 
probability of a compound to have >10 % oral bioavailability in a rat 
model, was 0.55, indicating good absorption after oral administration 
[31,32]. To exclude the tendency to unspecific biomolecular in
teractions of the compounds studied, the PAINS (Pan Assay Interference 
Compounds) score was calculated [33] and did not identify alerts 
(Table 2).

2.5. Synthesis

The reaction of 2,6-diaminopyrimid-4(3H)-one with the proper 
aldehyde and acyclic 1,3-diketone in water at 100 ◦C overnight gives, in 
a single step, the derivatives 1–6 considered in this work, where the 
ring-fused indeno moiety of 21 is replaced by two different substituents 
(Chart 2). After filtration of the crude precipitate from the reaction 

Scheme 2. General procedure for the synthesis of open-ring derivatives of compound 21.

Chart 2. Pyrido[2,3-d]pyrimidine-4(3H)-one derivatives 1–6 considered in this work.
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mixture, derivative 1 was purified by flash column chromatography 
(SiO2), giving a pale-yellow solid in an isolated yield of 18 %. The very 
low solubility in common organic solvents and high polarity of 1 made 
its chromatographic purification quite challenging and this is probably 
the reason for the low yield observed. Derivatives 2–6 were instead 
purified by washing the crude filtrate with hot acetone and isolated, as 
pale-yellow solids, in 66 %, 74 %, 49 %, 59 % and 84 % yields, 
respectively. The six products were characterized by 1H NMR, 13C NMR, 
IR, UV-is, and high-resolution mass spectrometry. The determination of 
the melting point for all six compounds gave unsatisfactory results 
because they undergo decomposition, before melting, at T > 250 ◦C. The 
1H NMR in DMSO‑d6 of 1–6 (Supplementary Fig. 4-9) shows, for ni
trogen protons, a broad singlet at around 6.3 ppm (-NH2) and two sin
glets at around 9.2 ppm and 10.4 ppm (–NH–), respectively. The proton 
at position 5 of the dihydropyridine ring is a singlet in the range 4.9–5.2 
ppm. The characteristic four protons of the 4-pyridyl ring in 2 and 3 
appear as two doublets at around 7.2 ppm and 8.4 ppm, respectively. 
The four protons of the 3-pyridyl ring in 4 resonate at around 7.2, 7.5, 

8.3 and 8.45 ppm, whereas the three protons of the 2-furanyl and 2-thi
ophenyl rings in 5 and 6 resonate at around 5.8, 6.2 and 7.4 ppm and 
6.7, 6.8 and 7.1 ppm, respectively. The use of nonsymmetric benzoy
lacetone (Scheme 2) can give, in principle, two regioisomers, 1/1r and 
2/2r (Chart 3). However, only regioisomers 1 and 2 were isolated. Their 
structure was uniquely assigned by 1H–13C HMBC NMR spectroscopy, 
where a clear correlation was observed between the 13C resonance of 
ketone carbonyl and those due to the ortho protons of the benzene ring in 
the 1H NMR spectrum. This indicates that 1 and 2 contain a benzoyl 
moiety (Supplementary Fig. 10-11).

The observed selectivity comes from the ring closure step, illustrated 
graphically in Chart 3b, which involves the nucleophilic attack of a 
primary amino group of the 2,6-diaminopyrimidinone moiety in one of 
the two carbonyl groups [14,34]. The reduced reactivity of aryl ketones 
to nucleophilic attack, compared to alkyl ketones [35–37], explains the 
selectivity for the structure of derivatives 1 and 2. The solubility of 
compounds 1–6 was determined in a H2O/DMSO 99:1 mixture using the 
calibrated additions method (see materials and methods). This solvent 

Fig. 1. Molecular interactions of compounds 21 and 1–6 with NEK6. Top: Solid surface of NEK6 showing protein ligand complexes with zoom view on the key 
interacting residues. Compounds 21 and 1–6 are displayed in sticks without hydrogen atoms. Bottom: 2D protein-ligand interaction diagrams of compounds 21 and 
1–6, showing the interacting amino acid residues within the NEK6 binding pocket. The 2D diagrams were generated with BIOVIA Discovery Studio 2022 showing 
only hydrogen atoms involved in non-bonding interactions.
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mixture was chosen because it is used for the biochemical NEK6 inhi
bition test (vide infra). At 25 ◦C the measured solubility for 1 is 150 
μg/ml, for 2 is 340 μg/ml for 3 is 500 μg/ml, for 4 is 640 μg/ml, for 5 is 
500 μg/ml and for 6 is 134 μg/ml. For comparison, the solubility of 21 is 
280 μg/ml, measured by us under the same conditions. Derivatives 1 and 
6 are less soluble than 21. It is interesting to note that derivative 1 shows 
a distinctive high resolution mass spectrum. Unlike compounds 2–6 and 
21, the ESI + spectrum of 1, recorded in water or methanol, shows, in 
addition to its expected monoisotopic mass shown in Supplementary 
Fig. 12, a series of seven more clusters at m/z values that correspond to 

supramolecular oligomeric species in which up to 11 units of compound 
1 aggregate (Fig. 4). NMR, HRMS, IR and UV–vis spectra of derivatives 
1–6 are reported in Supplementary Figs. 12–24.

The structure of 1 (Fig. 4) can be considered amphiphilic, where the 
two hydrophobic aromatic rings are almost orthogonal to the more 
hydrophilic pyrido[2,3-d]pyrimidinone core. Therefore, it is reasonable 
to assume that 1 can self-associate in a polar solvent to form a variety of 
morphologies that high resolution mass spectrometry detects at different 
m/z values [38]. Although this finding refers to supramolecular dy
namics that take place inside a mass spectrometer, it reflects the low 

Fig. 2. Three-dimensional representation of the predicted binding mode of compounds 3–6. (a) Overlapped predicted poses of compounds 3–6 within the NEK6 
binding pocket. The N-lobe domain of NEK6 is colored blue, the C-lobe khaki, and the hinge region red salmon. (b–e) Zoomed-in views of the complexes with 
compounds 3–6, respectively, showing the key interacting residues in stick representation, color-coded by atom type. Interactions between the compounds and the 
binding site are depicted as follows: Interactions between the compounds and the binding site are depicted as follows: hydrogen bonds in green, π-anion interactions 
in orange, and π-alkyl interactions in purple. The binding modes were generated using the Glide docking tool, whereas the protein-ligand interactions were evaluated 
using BIOVIA Discovery Studio 2022. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Modifications of substituents in free energy perturbation calculations. Highlighted with green, blue and orange spheres appear the regions where modifi
cations are introduced. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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solubility of 1 and its potential tendency to aggregate in polar envi
ronments, that was further evidenced by TEM analysis (Supplementary 
Fig. 25). The amphiphilic characteristics of compound 1 are mitigated 
by the heteroaromatic ring, which replaces the benzene ring in com
pounds 2–6, and by a methyl ketone, which replaces the benzoyl moiety 
in compounds 3–6. However, derivative 6 turned out to be even less 
soluble than compound 1. This is possibly due to the sulfur atom in 
thiophene, which is less electronegative than oxygen or nitrogen, mak
ing thiophene more hydrophobic compared to other heterocycles like 
furan or pyridine. This hydrophobicity is most likely the reason why 
derivative 6 is the least soluble in the H2O/DMSO 99:1 solvent mixture.

2.6. Biochemical kinase assay

The NEK6 inhibitory activity of derivatives 1–6 was tested at a single 
dose of 30 μM to assess their relative inhibitory potency compared to 
compound 21. Fig. 5 shows the percent of NEK6 activity retained after 
treatment with 21 and derivatives 1–6. All compounds, except com
pound 2, exhibited more than 50 % inhibition of NEK6 kinase activity. 
Notably, compounds 3–6 showed potency comparable to or greater than 
that of the reference compound 21, indicating that the opening of the 
indenone ring system, along with the modifications depicted in Fig. 3, is 
well-tolerated. The NEK6 inhibitory potency observed in the compound 
series 1–6 aligns with the FEP calculations, highlighting the effective
ness of the receptor-based design approach employed in this study.

2.7. SAR/QSAR analysis

SAR and QSAR are widely used computational tools in medicinal 
chemistry, analyzing features like solubility, acidity, and polarity as 
molecular descriptors to identify key determinants for tasks such as 
toxicity, drug-likeness, or enzyme binding [39]. These insights guide the 
improvement of properties or activities in drug development projects 
[40–42]. In this study, a SAR analysis was performed using experi
mentally measured activity and properties (e.g., NEK6 % inhibition and 
solubility, Supplementary Table 3). A set of 94 interpretable molecular 
descriptors (MoDs) was selected, filtered, and used to explore 
structure-activity and structure-property relationships. Supplementary 
Table 4 contains the 37 filtered MoDs along with their individual 
squared Pearson correlation coefficient (R2) in relation to both 
measured properties: NEK6 % inhibition and compounds’ solubility. An 
analysis of these statistics reveals that certain descriptors, such as 
spherosity (SPH)—an anisometry measure quantifying the sphericity of 
a compound’s shape [43]—and total surface area (SAtot), show a strong 

Table 1 
FEP calculations on derivatives 1–6 in the NEK6 ATP binding 
site, relative to inhibitor 21.

FEP transformation ΔΔG (kcal/mol)

21 → 1 0.05 ± 0.94
21 → 2 − 0.23 ± 0.23
21 → 3 − 1.32 ± 0.42
21 → 4 − 0.16 ± 0.95
21 → 5 − 0.82 ± 0.34
21 → 6 − 0.74 ± 0.50

Table 2 
Selected drug-likeness and pharmacokinetic properties of compounds 21 and 1–6.

Cpd Lipophilicity Pharmacokinetics Drug-likeness MedChem

logP BBB permeant GI abs P-gp substrate Lipinski Veber Bio availability score PAINS

21 2.01 No High Yes Yes no violation Yes 0.55 no alert
1 2.47 No High Yes Yes no violation Yes 0.55 no alert
2 1.74 No High Yes Yes no violation Yes 0.55 no alert
3 0.67 No High No Yes no violation Yes 0.55 no alert
4 1.08 No High No Yes no violation Yes 0.55 no alert
5 1.34 No High No Yes no violation Yes 0.55 no alert
6 1.38 No High No Yes no violation Yes 0.55 no alert

Chart 3. a) Representation of the two possible regioisomers that may form when benzoylacetone is used as 1,3-diketone. b) Proposed reaction intermediate showing 
the ring closure selectivity.

Fig. 4. HRMS (ESI+) of pyrido[2,3-d]pyrimidine-4(3H)-one derivative 1 
(C21H18N4O2) in water. Calc. [9 M+2H]2+ 1613.6537; calc. [11 
M+2H]2+ 1971.7966.
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correlation (R2 > 0.8) with NEK6 inhibitory activity. The coefficient 
signs of descriptors SPH (positive) and SAtot (negative) in correlation 
with NEK6 inhibition activity (see footnotes in Supplementary Table 4) 
indicate that compounds with a more spherical shape and simulta
neously a smaller surface area will tend to enhance NEK6 inhibition. 
Including these two MoDs in a predictive model would be impractical 
due to their strong correlation (− 0.95), which could result in overfitting 
and unstable coefficients. In contrast, the best-correlated MoDs (N% and 
ALOGP) showed much lower individual correlations with the solubility 
endpoint (0.62 and 0.57, respectively, Supplementary Table 4). The 
positive correlation of N% (Supplementary Table 4) suggests that the 
addition of more nitrogen atoms in proper positions could favour the 
solubility of these compounds. ALOGP, the calculated Ghose-Crippen 
octanol-water partition coefficient, exhibits a negative correlation 
with solubility as expected. Additionally, a strong negative correlation 
(− 0.92) between N% and ALOGP prevents their combined use in a QSAR 
predictive model, particularly given the limitations of our dataset. No 
single MoD shows strong correlations with both endpoints, likely 
because solubility and binding to biological macromolecules often rely 
on opposing physical properties due to the hydrophobic nature of 
macromolecular interacting surfaces. This underscores the difficulty of 
optimizing multiple drug-like properties simultaneously. No 
multi-descriptor models outperformed the single-MoD model incorpo
rating SPH for the NEK6 inhibition endpoint (Supplementary Table 4). 
Instead, a better multi-descriptor model was identified for the solubility 
endpoint (see Eq. (1) and Table 3), providing valuable insights in order 
to enhance this property within the derivative series. 

Solubility=46.51(±31.65)*SPH + 146.15(±26.29)*N%

+ 113.20(±28.65)*AROM + 363.43(±49.02) Eq. 1 

3. Conclusions

In this study, we designed, synthesized, and evaluated a series of 
pyrido[2,3-d]pyrimidine derivatives based on the previously identified 

compound 21. The primary objective was to enhance solubility while 
maintaining or potentially improving NEK6 kinase inhibitory activity. 
To achieve this, we incorporated an acyclic ketone during the synthesis 
to disrupt the planarity of compound 21 and applied structure-based 
molecular design strategies, ultimately leading to the development of 
derivatives 1–6. Among these, compounds 2–5 demonstrated improved 
solubility in the 99:1H2O/DMSO mixture used for the biochemical ki
nase assay. The reduced solubility of compound 1 was likely due to its 
tendency to aggregate in polar environments, whereas the thiophene 
ring in compound 6 contributed to a stronger hydrophobic character 
compared to furan or pyridine substitutions. The calculated lipophilicity 
values (logP) revealed that, with the exception of compound 1, all de
rivatives were less lipophilic than 21. This finding underscores the 
importance of heterocyclic substitutions in designing soluble inhibitors. 
The planarity-disruption strategy clearly aligns with the gain in a more 
spherical shape (SPH) of the compounds, identified as a key feature 
through the SAR/QSAR analysis to enhance the druggability properties 
of this compound series. The analysis also revealed that chemical 
modifications leading to combined increases in SPH, aromaticity index 
(AROM), and nitrogen atom content (%) contributed to enhancing the 
compounds’ solubility. FEP simulations indicated that the reduced lip
ophilicity of these derivatives did not compromise their binding affinity. 
Molecular modeling and FEP calculations further revealed that the ar
omatic heterocyclic substituent at position 5 of the dihydropyridine ring 
interacts effectively with the NEK6 active site, supporting the rationale 
for the observed activity. Additionally, the calculated pharmacokinetic 
profiles of all compounds were favorable. Notably, compounds 3–6 
exhibited moderate NEK6 inhibitory activity, with inhibition percent
ages comparable to compound 21 and, in the case of compound 6, even 
superior activity. FEP simulations suggest that compound 3 could be a 
more potent inhibitor than compound 21. However, its modest activity 
is likely attributed to unmodeled limiting factors. Overall, the experi
mental data indicate that the ring-opening strategy enhances the solu
bility of the derivatives while preserving their NEK6 activity. Further 
modifications to the pyrido[2,3-d]pyrimidinone core are currently in 
progress to explore and validate the therapeutic potential of these 
compounds.

4. Materials and methods

4.1. Receptor-based modeling

Molecular modelling was carried out using the Maestro software 
package of the Schrödinger suite of programs (Schrödinger Release 

Fig. 5. Bar graph showing the percentage of NEK6 activity retained (mean ±
SEM, n = 3) after the addition of each compound at a single dose of 30 μM, 
using the LANCE Ultra TR-FRET kinase assay.

Table 3 
Statistics of the multi-descriptor QSAR model obtained 
for compounds’ solubility.

Model parameter Value

R2 0.94
p-value (model)a 0.02
p-value (SPH)b 0.02
p-value (N%)b 0.01
p-value (AROM)b 0.03
p-value (constant)b 0.00
Cond. Numberc 1.78
Max residuald − 77.79

a From a Fisher’s statistical test.
b From a t statistical test.
c The condition number [44] is a crucial metric that 

assesses the sensitivity of the regression coefficients to 
perturbations in the data. Generally, a condition 
number less than 10 indicates a well-conditioned 
model, suggesting stable and reliable coefficient esti
mates with minimal numerical errors.

d Maximum difference between predicted and 
measured solubility across all compounds.
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2022–1, Schrödinger, LLC, New York, NY, 2022). Comparative assess
ment of the NEK6 homology modeling previously generated [9] and the 
structure of NEK6 in AlphaFold database [16] was carried out. The 
analysis involved the following protein structure validation servers: 
ERRAT [45], PROCHECK [46], ProSA [47] and MolProbity [48]. A 
summary of the results is provided in Supplementary Table 1. The 
comparison led to the selection of the NEK6 homology modeling [9] (see 
the Results section). Accordingly, the pose predicted by molecular 
docking for compound 21 in complex with NEK6 [9] was used as the 
starting point to optimize its druggability profile. Using compound 21 in 
complex with NEK6 in the pose predicted by molecular docking as 
starting point [9] we used the Ligand Designer tool to manually modi
fying the structure of the ligand and build the molecular structures of 
compounds 1–6 while maintaining the main interactions of 21 with the 
ATP site of NEK6. The protein was prepared using the protein prepa
ration wizard, which checks the structure for errors or missing atoms 
and fix them, assigns hydrogens and charge states of ionizable groups at 
pH 7.4, assigns the force field parameters to the system’s atoms and 
optimizes the structure by energy minimization. OPLS4 force field [49] 
was used to represent all compounds and protein. In Ligand Designer, 
after each modification, an evaluation of the parameters used to assess 
drug-likeness (LogP, molecular weight, polar surface area, and the 
number of hydrogen bond donors/acceptors) was performed for every 
derivative. Additionally, in-situ minimization was carried out to better 
accommodate the new ligand within the ATP site. Molecular docking 
was performed to position ligands 21 and 1–6 into NEK6 binding site. 
The docking studies were carried out with two programs, Glide with XP 
precision (Schrodinger) and CDOCKER (BIOVIA) which use different 
searching methods and scoring functions and are therefore appropriate 
for comparison purposes.

4.2. Molecular dynamics simulations

All-atom molecular dynamics simulations of predicted complexes 
were performed using the Desmond software package (Schrödinger 
Release 2024–1: Desmond Molecular Dynamics System, D. E. Shaw 
Research, New York, NY, 2024) as implemented in Maestro. Each 
complex between NEK6 and the docked ligand was embedded in a cubic 
box, with its faces placed at a minimum distance of 10 Å from the 
complex’s atoms and solvated with SPCE water models. The solvated 
systems were then neutralized using Cl− ions, and a concentration of 
0.15 M NaCl was simulated by adding additional Na+and Cl− ions. The 
Particle-Mesh Ewald method was employed to represent the long-range 
electrostatic interactions [50]. A cut-off radius of 9.0 Å was applied for 
short-range van der Waals and Coulomb interactions. Each solvated 
system was first minimized and then equilibrated using the default 
relaxation protocol of Desmond. All equilibrated systems were then 
submitted to a production run at constant pressure and temperature 
(NPT) for 10 ns. The temperature of 300 K and the pressure of 1 atm 
were maintained by the Nosé-Hoover chain thermostat and 
Martyna-Tobias-Klein barostat methods, respectively [51]. Trajectories 
from the MD simulations were analyzed using the “Simulation Interac
tion Diagram” tool as implemented in Maestro.

4.3. FEP calculations

All steps of free energy perturbation (FEP) calculations were carried 
out using Discovery Studio 2022 (BIOVIA, Dassault Systèmes, Discovery 
Studio, Discovery Studio 2022, San Diego: Dassault Systèmes, 2022). 
The predicted binding mode of 21 [9] was used as template and 1–6 
ligands, were aligned in the binding site. Each solvated ligand and 
complex system was prepared for FEP calculation using the “Generate 
Ligand Pairs protocol” and simulated for 3 ns using 14 λ windows (0.0, 
0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 0.99, 1.0) and 
default settings. The “CHARMm Relative FEP Calculations (GPU)” 
module as implemented in Discovery Studio 2022 was used to calculate 

the relative free energy of binding between 21 and each new compound.

4.4. ADME prediction

To evaluate the druglikeness features of the synthesized compounds, 
absorption, distribution, metabolism, and excretion (ADME) predictions 
were performed and compared with those of compound 21 using 
SwissADME webserver (http://www.swissadme.ch/) [52]. Default pa
rameters were used for ADME screening using simplified molecular 
input line entry system (SMILES) to import the molecular structures of 
the analyzed compounds. The results from SwissADME were provided 
through panels, each for every molecule, displaying the pharmacoki
netics, physicochemical and medicinal properties of the compounds.

4.5. Synthesis

Chemicals were purchased from Sigma-Aldrich and used without 
further purification. Solvents were analytical grade products. Thin layer 
chromatography (TLC) was performed on Merck silica gel 60 F524, 
detected by UV-light (254 nm). Plug chromatography and column 
chromatography were performed on Supelco silica gel 60 Å (230− 400 
mesh, 40–63 μm). NMR spectra were recorded on a Bruker Avance 200 
(1H: 200 MHz, 13C: 50 MHz) and on a Bruker Avance NEO 400 MHz (1H: 
400 MHz, 13C: 100 MHz). DMSO‑d6 was purchased from Sigma-Aldrich, 
and used as received. Chemical shifts are given in ppm at room tem
perature and are referenced to residual protic impurities in the solvent 
(1H: DMSO: 2.50 ppm), or to the deuterated solvent itself (13C{1H}: 
DMSO‑d6: 39.52 ppm). The resonance multiplicities are indicated as “s” 
(singlet), “bs” (broad singlet), “d” (doublet), and “m” (multiplet). High 
resolution mass spectra (HRMS) were recorded on a Xevo G2-S QTof 
(Waters) spectrometer, coupled with a UPLC Acquity H Class (Waters) 
chromatograph and on a Q Exactive Hybrid Quadrupole-Orbitrap 
(Thermo Fisher) spectrometer. The spectra were recorded under fast 
flow injection in ESI + mode, using water or methanol as eluents. 
Melting points were measured visually using a Stuart SMP10 melting 
point meter. UV–vis spectroscopy was carried out on a Varian Cary 50 
Bio spectrophotometer in a quartz cuvette (edge length = 1 cm) ther
mostatted at 25 ◦C. IR spectra were taken on a Nicolet Nexus 670 
spectrophotometer (resolution: 2 cm− 1, 20 scans). The solubility deter
mination of compounds 21 and 1–6 was carried out in a H2O/DMSO 
99:1 mixture by the calibrated additions method. A saturated suspension 
of each compound was obtained by adding approximately 5 mg (excess) 
of each compound to 5 ml of H2O/DMSO 99:1. Then the three suspen
sions were centrifuged and 1 ml of each supernatant was diluted to 100 
ml with the above solvent mixture. To three aliquots (2 ml) of the so
lution, taken from each of the 100 ml flasks, 0.5 ml, 1.0 ml and 1.5 ml of 
a solution of 1–6 (1: 1.4 x 10− 5 M; 2: 2.1 x 10− 4 M; 3: 2.0 x 10− 4 M; 4: 2.3 
x 10− 4 M; 5: 2.4 x 10− 4 M; 6: 2.3 x10− 4 M in H2O/DMSO 99:1) were 
added and the solutions were brought to a 5 ml volume with H2O/DMSO 
99:1, respectively. The solubility of each pyrido[2,3-d]pyrimidine de
rivative in H2O/DMSO 99:1 was determined by plotting the intensity of 
the stronger absorption peak in the UV–vis spectrum (at 365 nm for 1, at 
362 nm for 2, at 363 nm for 3, at 361 nm for 4, at 351 nm for 5 and at 
353 nm for 6, y-axis) against concentration (in g/ml, x-axis). The solu
bility is the value defined by the intercept with the x-axis of the line that 
passes by the three points that correspond to each sample at known 
concentration.

The synthesis of 21 was carried out following a previously reported 
literature procedure [14], and it exhibited identical spectroscopical 
properties to those reported. Characterizations of compounds 1–6 
(NMR, HRMS, IR and UV–vis spectra) are reported in Supplementary 
Fig. 4-24.

Pyrido[2,3-d]pyrimidine-4(3H)-one derivative 1. Benzoylace
tone (0.38 g, 2.4 mmol) and benzaldehyde (0.16 ml, 1.6 mmol) were 
dissolved in water (10 ml) and heated to 100 ◦C for 1 h. Then 2,4-dia
mino-6-hydroxypyrimidine (0.20 g, 1.6 mmol) was added and the 
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mixture was kept at 100 ◦C overnight. The precipitate was filtered, 
washed with methanol (10 ml) and purified by flash column chroma
tography (SiO2, AcOEt/MeOH 95:5) to give a pale yellow powder (100 
mg, 18 %). 1H NMR (200 MHz, DMSO‑d6) δ (ppm): 10.32 (s, 1H, NH), 
9.02 (s, 1H, NH), 7.44 (m, 5H), 7.05 (m, 5H), 6.27 (bs, 2H, NH2), 4.91 (s, 
1H, CH), 1.81 (s, 3H, CH3). 13C NMR (50 MHz, DMSO‑d6) δ (ppm): 
196.68, 161.37, 154.32, 154.04, 147.26, 142.98, 141.00, 131.14, 
128.41, 127.88, 127.71, 126.95, 125.67, 111.25, 90.41, 18.40. HRMS 
(ESI + TOF) for C21H18N4O2: m/z 359.1508 [M+H]+, found: 359.1520. 
UV–vis (H2O/DMSO 99:1) λmax 365, 238 nm. IR (KBr pellet) ṽ = 3283, 
3188, 1601, 1512, 1453, 1269 cm− 1. Melting point: >250 ◦C (dec.). 
Solubility (H2O/DMSO 99:1, 25 ◦C): 150 μg/ml.

Pyrido[2,3-d]pyrimidine-4(3H)-one derivative 2. Benzoylace
tone (0.26 g, 1.6 mmol) and 4-pyridinecarboxaldehyde (0.16 ml, 1.7 
mmol) were dissolved in water (10 mL) and heated to 100 ◦C for 1 h. 
Then, 2,4-diamino-6-hydroxypyrimidine (0.20 g, 1.6 mmol) was added 
and the mixture was kept at 100 ◦C overnight. The precipitate was 
filtered, washed with 3 mL of methanol, and the filtrate was boiled in 10 
mL of hot acetone. It was then filtered again to yield a yellowish powder, 
which was dried under vacuum. (380 mg, 66 %). 1H NMR (200 MHz, 
DMSO‑d6) δ (ppm): 10.42 (s, 1H, NH), 9.19 (s, 1H, NH), 8.35 (d, J = 5.2 
Hz, 2H), 7.43 (m, 5H), 7.05 (d, J = 5.2 Hz, 2H), 6.36 (bs, 2H, NH2), 4.91 
(s, 1H, CH), 1.80 (s, 3H, CH3). 13C NMR (50 MHz, DMSO‑d6) δ (ppm): 
196.06, 162.35, 155.12, 154.44, 154.29, 149.31, 145.01, 141.10, 
131.21, 128.50, 127.68, 122.30, 109.53, 89.26, 38.11, 18.79. HRMS 
(ESI + TOF) for C20H17N5O2: m/z 360.1460 [M+H]+, found: 360.1522. 
UV–vis (H2O/DMSO 99:1) λmax 362, 281 nm. IR (KBr pellet) ṽ = 3298, 
3194, 1595, 1514, 1459, 1266 cm− 1. Melting point: >250 ◦C (dec.). 
Solubility (H2O/DMSO 99:1, 25 ◦C): 340 μg/ml.

Pyrido[2,3-d]pyrimidine-4(3H)-one derivative 3. Acetylacetone 
(0.30 ml, 2.9 mmol) and 4-pyridinecarboxaldehyde (0.23 ml, 2.4 mmol) 
were dissolved in water (10 mL) and heated to 100 ◦C for 1 h. Then, 2,4- 
diamino-6-hydroxypyrimidine (0.30 g, 2.4 mmol) was added and the 
mixture was reacted at 100 ◦C overnight. The precipitate was filtered, 
washed with 10 mL of water, and the filtrate was boiled in 10 mL of hot 
acetone. It was then filtered again to yield a yellowish powder, which 
was dried under vacuum. (530 mg, 74 %). 1H NMR (200 MHz, 
DMSO‑d6) δ (ppm): 10.43 (s, 1H, NH), 9.19 (s, 1H, NH), 8.38 (d, J = 5.2 
Hz, 2H), 7.20 (d, J = 5.2 Hz, 2H), 6.33 (b s, 2H, NH2), 4.93 (s, 1H, CH), 
2.35 (s, 3H, CH3), 2.08 (s, 3H, CH3). 13C NMR (50 MHz, DMSO‑d6) δ 
(ppm): 195.74, 16.33, 155.26, 154.22, 153.77, 149.37, 147.91, 122.42, 
109.41, 90.26, 36.54, 30.21, 19.39. HRMS (ESI + TOF) for C15H15N5O2: 
m/z 298.1304 [M+H]+, found: 298.1294. UV–vis (H2O/DMSO 99:1) 
λmax 361, 280 nm. IR (KBr pellet) ṽ = 3286, 3156, 1622, 1508, 1377, 
1272 cm− 1. Melting point: >250 ◦C (dec.). Solubility (H2O/DMSO 99:1, 
25 ◦C): 500 μg/ml.

Pyrido[2,3-d]pyrimidine-4(3H)-one derivative 4. Acetylacetone 
(0.60 ml, 5.9 mmol) and 3-pyridinecarboxaldehyde (0.46 ml, 4.9 mmol) 
were dissolved in water (20 ml) and heated to 100 ◦C for 1 h. Then, 2,4- 
diamino-6-hydroxypyrimidine (0.61 g, 4.9 mmol) was added and the 
mixture was reacted at 100 ◦C for 6 h. The precipitate was filtered, 
washed with 20 ml of water, and the filtrate was boiled in 10 ml of hot 
acetone. It was then filtered again to yield a yellowish powder, which 
was dried under vacuum (707 mg, 49 %). 1H NMR (400 MHz, DMSO‑d6) 
δ (ppm): 10.39 (s, NH, 1H), 9.18 (s, NH, 1H), 8.45 (d, J = 1.8 Hz, 1H), 
8.30 (dd, J = 4.7, 1.7 Hz, 1H), 7.53 (dt, J = 7.9, 2.0 Hz, 1H), 7.24 (ddd, J 
= 7.9, 4.8, 0.9 Hz, 1H), 6.31 (s, 2H, NH2), 4.92 (s, 1H, CH), 2.34 (s, 3H, 
CH3), 2.07 (s, 3H, CH3). 13C NMR (100 MHz, DMSO‑d6) δ (ppm): 195.87, 
161.30, 154.20, 153.54, 148.63, 147.63, 146.97, 142.53, 134.56, 
123.42, 109.94, 90.92, 34.91, 30.24, 19.42. HRMS (ESI + TOF) for 
C15H16N5O2: m/z 298.1299 [M+H]+, found: 298.1292. UV–vis (H2O/ 
DMSO 99:1) λmax 361, 287 nm. IR (KBr pellet) ṽ = 3338, 3169, 1607, 
1518, 1453, 1274 cm− 1. Melting point: >250 ◦C (dec.). Solubility (H2O/ 
DMSO 99:1, 25 ◦C): 640 μg/ml.

Pyrido[2,3-d]pyrimidine-4(3H)-one derivative 5. Acetylacetone 
(0.60 ml, 5.9 mmol) and furfural (0.40 ml, 4.9 mmol) were dissolved in 

water (20 ml) and heated to 100 ◦C for 1 h. Then, 2,4-diamino-6-hydrox
ypyrimidine (0.61 g, 4.9 mmol) was added and the mixture was reacted 
at 100 ◦C for 6 h. The precipitate was filtered, washed with 20 ml of 
water, and the filtrate was boiled in 10 ml of hot acetone. It was then 
filtered again to yield a yellowish powder, which was dried under vac
uum (819 mg, 59 %). 1H NMR (600 MHz, DMSO‑d6) δ (ppm): 10.43 (s, 
1H, NH), 9.13 (s, 1H, NH), 7.39 (dd, J = 1.8, 0.9 Hz, 1H), 6.32 (s, 2H, 
NH2), 6.25 (dd, J = 3.2, 1.8 Hz, 1H), 5.87 (d, J = 3.1 Hz, 1H), 5.02 (s, 
1H, CH), 2.25 (s, 3H, CH3), 2.18 (s, 3H, CH3). 13C NMR (100 MHz, 
DMSO‑d6) δ (ppm): 196.13, 161.31, 158.57, 154.24, 154.20, 147.11, 
141.04, 110.16, 107.84, 104.19, 88.25, 31.03, 29.68, 19.34. HRMS (ESI 
+ TOF) for C14H15N4O3: m/z 287.1139 [M+H]+, found: 287.1131. 
UV–vis (H2O/DMSO 99:1) λmax 351, 283 nm. IR (KBr pellet) ṽ = 3339, 
3168, 1610, 1519, 1453, 1276 cm− 1. Melting point: >250 ◦C (dec.). 
Solubility (H2O/DMSO 99:1, 25 ◦C): 500 μg/ml.

Pyrido[2,3-d]pyrimidine-4(3H)-one derivative 6. Acetylacetone 
(0.60 ml, 5.9 mmol) and 2-thiophenecarboxaldehyde (0.45 ml, 4.9 
mmol) were dissolved in water (20 ml) and heated to 100 ◦C for 1 h. 
Then, 2,4-diamino-6-hydroxypyrimidine (0.61 g, 4.9 mmol) was added 
and the mixture was reacted at 100 ◦C for 6 h. The precipitate was 
filtered, washed with 20 ml of water, and the filtrate was boiled in 10 ml 
of hot acetone. It was then filtered again to yield a yellow powder, which 
was dried under vacuum (1.23 g, 84 %). 1H NMR (400 MHz, DMSO‑d6) δ 
(ppm): 11.03 (br, 1H, NH), 9.18 (s, 1H, NH), 7.17 (dd, J = 5.1, 1.3 Hz, 
1H), 6.83 (dd, J = 5.1, 3.5 Hz, 1H), 6.75 (d, J = 3.2 Hz, 1H), 5.19 (s, 1H, 
CH), 2.31 (s, 3H, CH3), 2.12 (s, 3H, CH3). 13C NMR (100 MHz, DMSO‑d6) 
δ (ppm): 195.92, 154.70, 153.37, 152.31, 147.34, 126.45, 123.39, 
122.5, 110.17, 91.37, 32.08, 29.73, 19.39. HRMS (ESI + TOF) for 
C15H15N5O2: m/z 303.0910 [M+H]+, found: 303.0903. UV–vis (H2O/ 
DMSO 99:1) λmax 353, 283 nm. IR (KBr pellet) ṽ = 3339, 3164, 1610, 
1518, 1452, 1277 cm− 1. Melting point: >250 ◦C (dec.). Solubility (H2O/ 
DMSO 99:1, 25 ◦C): 134 μg/ml.

4.6. NEK6 kinase assays

Compounds 1–6 and 21 were dissolved in DMSO as a 10 mM stock 
solution and stored at − 20 ◦C. LANCE Ultra NEK6 Kinase Assay was used 
to measure inhibition activity. Briefly, the compounds were tested at 30 
μM by incubation with 4 nM NEK6 (Carna, Chuo-ku, Kobe, Japan, # 
05–130), 50 nM ULight-p70 S6K Peptide (PerkinElmer # TRF0126) and 
100 μM ATP (Sigma-Aldrich, Saint Louis, U.S.A, #A2383) at room 
temperature, as previously reported [9]. We note that the inhibition 
activity studies were carried out on compounds 1–6 as racemic mixtures, 
in line with what was done earlier for compound 21 [9]. After 90 min, 
the kinase reaction was stopped by adding 40 mM EDTA and then the 
detection mix, composed of 2 nM Eu-anti-phospho-p70 S6K antibody, 
was added. The read signal has been detected with the Enspire multi
mode plate reader (PerkinElmer) in TR-FRET mode (excitation at 320 
nm and emission at 665 nm) after 60 min. Inhibition of NEK6 activity 
was calculated as a percentage of the control sample (100 % of activity).

4.7. SAR/QSAR analysis

A set of 94 easily interpretable molecular descriptors (MoDs) were 
initially calculated by the Dragon software (v.6.0) [44] for compounds 
21 and 1–6, which included descriptors of the following typology: 
constitutional indices, ring features, geometrical descriptors, functional 
group counts, charge descriptors, molecular properties and drug-like 
indices. MoDs were filtered to exclude those with two or fewer unique 
values and those with a range equal to or below 10 % of their maximum 
value. The retained 37 MoDs were taken for our SAR study and an 
autocorrelation analysis was first carried out to discard multicollinearity 
(CSV files with the filtered MoDs dataset and the autocorrelation matrix 
are provided as Supplementary files). Supplementary Fig. 27 depicts a 
heatmap based on the obtained autocorrelation matrix. MoDs were 
scaled to avoid scaling issues. Ordinary Least Squares (OLS) multiple 
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linear regression method (MLR) was employed to evaluate the potential 
SARs in our dataset in relation to the endpoint measurements obtained 
along this work: NEK6 % inhibition (Fig. 5) and compounds’ solubility 
(Supplementary Table 3). The statistical parameter squared Pearson 
correlation coefficient (R2) was used to assess the SAR’s relevance. In
dividual SARs were obtained for each MoD (see Supplementary Table 4). 
Ad-hoc Python scripts were prepared to perform all regression and 
autocorrelation analyses. The leave-one-out cross-validation coefficient 
(loo-q2) –typically used to assess the internal predictability of regression 
models– was not considered here due to the small dataset available for 
this study. Likewise, no test or external sets were established for vali
dation due to the same reason.
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