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Salt-inducible kinases (SIK1, SIK2, and SIK3) regulate metabolism and immune responses, making 
them promising targets for inflammatory and autoimmune diseases. Understanding inhibitor 
selectivity among isoforms is crucial for therapeutic development. In this study, 44 compounds 
were investigated as SIK inhibitors using molecular modeling. A flexible treatment of the kinases 
via molecular dynamics (MD) simulations captured binding site conformational changes, followed 
by molecular docking to generate protein kinase (PK)-ligand complex models. Ligand orientations 
were validated against crystallographic data using LigRMSD and interaction fingerprints (IFPs). A 
genetic algorithm was applied to select conformations that maximize correlation between docking 
energies and biological activities, yielding R² values of 0.821, 0.646, and 0.620 for SIK1, SIK2, and 
SIK3, respectively. Our results highlight the importance of protein flexibility in achieving accurate 
correlations between docking energies and experimental pIC50 values, enhancing inhibitor selectivity 
predictions.
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Salt-inducible kinases (SIK1, SIK2, and SIK3) are a subfamily of serine/threonine kinases belonging to the AMPK 
(AMP-activated protein kinase) family, and they play an essential role in regulating critical cellular processes 
such as energy metabolism, gene transcription, and stress response1. At the cellular level, SIKs are involved in 
metabolic processes such as gluconeogenesis and steroidogenesis, regulating glucose and lipid homeostasis in 
response to hormonal and environmental signals2,3. They also regulate cellular immune responses, inflammation, 
and sleep/circadian rhythms4,5.

SIKs have prominent roles in several pathologies, including metabolic diseases, cancer, and inflammatory 
diseases6,7. Their involvement in pro-inflammatory pathways and immunoregulation, opening new opportunities 
for the development of therapeutic strategies aimed at modulating immune responses8,9. It has been demonstrated 
that SIK inhibition has effects on inflammatory pathways, as these protein kinases (PKs) regulate both innate 
and adaptive immune cells. The role of SIKs in inflammatory diseases has driven the development of inhibitors 
that can block their functions in the immune system10–12. In the context of immune responses, SIK inhibition 
has shown promise as a strategy to modulate both innate and adaptive immunity, as it regulates the activation 
of macrophages and other immune cells. Therefore, it has been proposed that SIK inhibitors could be useful in 
treating chronic inflammatory diseases such as rheumatoid arthritis, ulcerative colitis, and other autoimmune 
disorders8,13.

The design of selective inhibitors is crucial due to the differentiated function of SIKs in various tissues and 
immune system cells. There are many examples that demonstrate distinct biological roles for SIKs. For instance, 
evidence has been reported showing the complex roles of SIKs in various types of cancer. SIK1 exhibits tumor-
suppressing functions and also links the PK LKB1 (liver kinase B1) to p53-dependent anoikis suppressing 
metastasis14. SIK2 is overexpressed in ovarian cancer, serving as an indicator of poor prognosis, and appears in 
advanced stages of gastric cancer15,16. Additionally, it is associated with cell survival and tumor progression in 
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lymphomas17. SIK3 is linked to inflammation processes in breast cancer and regulates the subcellular localization 
and activity of HDAC4 in leukemia6,18. Designing selective SIK inhibitors can be used as chemical tools to clarify 
these distinct roles. Evidence suggests that selective pharmacology targeting SIK isoforms can offer benefits. It 
has been reported that SIK2 and SIK3 play a more significant role in immune cells. For example, both isoforms 
are required for Interleukin-33-dependent cytokine secretion19. Additionally, they have been observed as the 
primary isoforms in T cells4. On the other hand, SIK1 has a less prominent role in immune cells but is crucial 
in regulating blood pressure and vascular remodeling20. Therefore, selectively inhibiting SIK2 and SIK3 while 
sparing SIK1 could minimize cardiovascular impact while maintaining the desired immune activity, compared 
to pan-SIK inhibition.

In recent years, several SIK inhibitors have been reported. Highly potent compounds such as HG-9–91-01 
(Fig. 1A) and YKL-05–099 have provided valuable insights into the biological functions of SIKs21,22; however, 
though their limited selectivity across isoforms and other PKs restricts their utility. Additional classes of 
potent pan-SIK inhibitors have been developed to further explore SIK physiology5. Bosutinib (Fig.  1B) and 
dasatinib, both approved for clinical use as PK inhibitors, are capable of inhibiting SIK activity at nanomolar 
levels23. Although some series of SIK inhibitors have already been developed, there is still much work to be 
done to refine their selectivity and efficacy. For instance, very recently Peixoto, Desroy, and colleagues reported 
a series of SIK inhibitors in two articles. In the first article (whose compounds we will refer to as series A), 
they highlighted compound A_28 (GLPG3312), a potent nanomolar pan-SIK inhibitor12. In the second article 
(whose compounds we will refer to as series B), they highlighted compound B_32 (GLPG3970), a selective dual 
SIK2/SIK3 inhibitor with nanomolar activity against these isoforms11. In addition, authors co-crystallized the 
compound A_22 with SIK3 (PDB with code 8OKU; Fig. 1D, E), providing initial material to investigate the 
orientations in the other isoforms and explain which structural characteristics of the PK-inhibitor complexes 
contribute to selectivity. Compounds from series A and B are ATP-competitive PK inhibitors; it is well known 
that PKs share highly conserved ATP-binding pockets, so inhibitors targeting this site often have poor specificity. 
Therefore, understanding the characteristics that explain the differences in activity in such similar sites is not a 
trivial task.

The crystal structures of SIK3-inhibitor complexes have been instrumental in identifying which regions of the 
active site are occupied and could be targeted in the design of future selective compounds. Öster et al.24 resolved 
the structures of SIK3 in complex with HG-9–91-01 (PDB: 8R4 V), bosutinib (8R4Q), and MRIA9 (8R4U). 
Together with the previously reported structure of the A_22-SIK3 complex (8OKU), relevant information about 
these complexes is shown in Fig. 1. SIK3 features a typical ATP-binding site common to PKs, where residue A145 
in the hinge region forms one or two hydrogen bonds (HBs) with the ligands. The compounds also interact near 
the gatekeeper residue T142, the hinge residue Y144, the catalytic lysine K95, the conserved glutamate E113 in 

Fig. 1.  Structures of inhibitors crystallized in complex with SIK3. Panels A–D show the structures of HG-
9–91-01 (A), bosutinib (B), MRIA9 (C), and A_22 (D), highlighting their HBs with residue A145 in the hinge 
region of SIK3, the proximity to the catalytic lysine K95, and other observed HBs. The corresponding PDB 
codes for the complexes containing each compound are also indicated. Panel (E) shows the complex between 
A_22 (green sticks) and SIK3 (gray cartoon), depicting the different components of the binding site and the 
residues located in those regions (gray sticks).
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the αC-helix, the DFG motif residue D206 (observed in the DFG-in conformation), and residues in subdomain 
VIB. Most of these residues are conserved in SIK1 and SIK2, making the structures of SIK3-inhibitor complexes 
highly valuable for studying SIKs using molecular simulation methods and in silico drug design.

The use of computational tools to study PK inhibitors has been essential in recent decades for understanding 
activity differences among congeneric compounds25–33 and exploring the interactions of known molecules to 
support the design of new inhibitors34–39. Recent studies have employed molecular modeling approaches to 
investigate the binding of various SIK inhibitors. For instance, computational analysis of the interaction between 
dasatinib and SIK2 revealed strong binding affinity, with molecular docking and molecular dynamics (MD) 
simulations suggesting structural regions suitable for optimization in future inhibitor design40. In a separate 
study, MD simulations were used to investigate the multiple conformational states of the bosutinib–SIK2 
complex, highlighting the conformational plasticity of the active site and the key role of hydrophobic interactions 
in ligand recognition41. Additionally, curcumin was recently modeled in complex with SIK3, where MD 
simulations indicated that its binding was stabilized by several key residues within the PK active site42. Together, 
these works underscore the relevance of molecular modeling techniques in elucidating the structural basis of 
SIK inhibition. In this work, we addressed the study of inhibitors from series A and B using molecular modeling 
tools. In total, series A and B contain 44 compounds11,12. A protocol that uses computational methods, such as 
molecular docking and molecular dynamics (MD) simulations, was applied to find models containing the poses 
of all compounds, with docking energy values correlated with inhibitory activities, considering conformational 
changes in the binding sites of the three SIK isoforms. Through the analysis of our results, we identified subtle 
differences in the structures of the complexes between SIKs and the inhibitors that could be considered in the 
future design of selective SIK inhibitors.

Materials and methods
Preparation of the SIK inhibitors
The compounds were labeled with the letters A and B to differentiate their sources, followed by the compound’s 
identifier in the respective article (compounds from reference12 are labeled as A_x, while those from reference11 
are labeled as B_x). The chemical structures for all the 44 SIK inhibitors are listed in Table 1. Visualization was 
carried out using the Maestro Molecular Editor (version 12.8.117, Schrödinger LLC, New York, NY, USA, 2021), 
while structural processing was performed with Maestro’s LigPrep module. To determine the protonation states 
of the compounds, Epik43 was employed under physiological conditions at a pH of 7.

Preparation of SIK structures
The atomistic coordinates of SIK3 in complex with the inhibitor A_22 were extracted from Protein Data Bank 
(PDB) with the code 8OKU. The structures of SIK1 and SIK2 were obtained by using AlphaFold344, with this 
SIK3 structure as the template. For docking calculations, the PDB structures were prepared using the Protein 
Preparation Wizard module (Schrödinger LLC, New York, NY, USA, 2021). This process included removing 
crystallographic water molecules, assigning neutrality or charges to protonatable groups as appropriate, and 
performing restrained minimizations of the SIK protein models. Minimizations were carried out using the 
OPLS3 force field45, applying a harmonic restraint of 25 kcal mol−1Å−2 to heavy atoms, while hydrogen atoms 
remained unrestrained. The heavy atoms were minimized until reaching a root-mean-square deviation (RMSD) 
of 0.3 Å.

Docking calculations
Docking calculations were performed using Glide46 to model ligand binding to the ATP-binding pockets of 
SIK1, SIK2, and SIK3. For each target protein, a cubic docking grid of 20 × 20 × 20 Å³ was defined, centered on 
the centroid of the co-crystallized ligand A_22 in SIK3 (8OKU). The selected box size was found to be sufficient 
to accommodate the diverse ligand sizes in our dataset, ensuring full coverage of the binding pocket.

Docking was carried out using both the standard precision (SP) and extra precision (XP) modes, with XP 
results primarily used for downstream analysis due to their higher accuracy in pose prediction47 Each ligand was 
docked flexibly, while the receptor was kept rigid. For each compound, the top ten poses were retained based 
on GlideScore, and RMSD values were computed relative to the binding orientation observed in the reference 
structure. The optimal binding pose was selected by balancing the lowest docking energy with a reasonable 
RMSD to known or expected binding orientations.

LigRMSD
Docking similar inhibitors should result in binding modes that align closely with those observed in co-crystallized 
structures of SIK proteins. Accordingly, the studied ligands are expected to adopt comparable orientations when 
evaluated relative to one another. To validate the alignment of the docked orientations, we utilized the LigRMSD 
method48. This approach identifies the maximum common substructure shared between a target compound 
and a reference molecule, then calculates the RMSD for the matching atoms. The relevance of the RMSD value 
depends on high values for both ‘%RefM’ and ‘%MolM’, which indicate the structural similarity between the 
compounds being compared. Specifically, ‘%RefM’ represents the proportion of the reference molecule’s atoms 
included in the overlap, while ‘%MolM’ reflects the proportion of the docked molecule’s atoms included in the 
overlap. Together, these percentages provide a comprehensive measure of similarity. With LigRMSD, we assessed 
how well the docking poses of the studied compounds aligned with the pose of the reference structure, PDB 
8OKU. Additionally, we compared the docking poses of all compounds against the docking pose of A_22, using 
it as a standard for orientation analysis.
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A_8 – A_28, B_10

-pIC50 (M)

Compound R R1 R2 SIK1 SIK2 SIK3

A_8 Br ‒CONH2 H −6.37 −6.52 −6.73

A_9 Br ‒CONH2 OMe −6.85 −7.01 −7.27

A_10 1-ethyl-1H-pyrazol-4-yl) ‒CONH2 OMe −8.70 −9.05 −9.00

A_11 1-ethyl-1H-pyrazol-4-yl) ‒CO2Me OMe −7.36 −7.84 −7.99

A_12 1-ethyl-1H-pyrazol-4-yl) ‒CH2OH OMe −8.39 −8.62 −8.43

A_13 1-ethyl-1H-pyrazol-4-yl) ‒COOH OMe −7.58 −7.69 −7.91

A_14 1-ethyl-1H-pyrazol-4-yl) ‒CONHMe OMe −7.60 −7.98 −8.30

A_15 1-ethyl-1H-pyrazol-4-yl) ‒CONHEt OMe −7.69 −8.10 −8.54

A_16 1-ethyl-1H-pyrazol-4-yl) ‒CONHCH2CF3 OMe −7.97 −8.48 −8.85

A_17 1-ethyl-1H-pyrazol-4-yl) ‒CONH(cPr) OMe −8.09 −8.60 −8.89

A_18 1-ethyl-1H-pyrazol-4-yl) ‒CONH(tBu) OMe −5.40 −5.41 −5.40

A_19 1-ethyl-1H-pyrazol-4-yl) ‒CON(cPr)Me OMe −6.12 −6.22 −6.79

A_20 1-ethyl-1H-pyrazol-4-yl) ‒CONHEt OCHF2 −8.24 −8.64 −9.00

A_21 1-methyl-1H-pyrazol-4-yl) ‒CONHEt OMe −7.49 −7.95 −8.36

A_22 1-(2-hydroxyethyl)−1H-pyrazol-4-yl ‒CONHEt OMe −7.67 −7.84 −8.38

A_23 1-(2-amino-2-oxoethyl)−1H-pyrazol-4-yl ‒CONHEt OMe −7.70 −7.70 −8.18

A_24 1-(cyanomethyl)−1H-pyrazol-4-yl ‒CONHEt OMe −7.84 −8.41 −8.66

A_25 1-(2-methoxyethyl)−1H-pyrazol-4-yl ‒CONHEt OMe −7.50 −7.84 −8.17

A_26 1-(tetrahydro-2H-pyran-4-yl)−1H-pyrazol-4-yl ‒CONHEt OMe −7.46 −8.04 −8.38

A_27 1-methyl-1H-pyrazol-4-yl) ‒CONHEt OCHF2 −8.16 −8.48 −8.96

A_28 (GLPG3312) 1-methyl-1H-pyrazol-4-yl) ‒CONH(cPr) OCHF2 −8.70 −9.16 −9.22

B_10 morpholino ‒CONHCH2CF3 OMe −6.31 −6.93 −7.46

B_11 – B_27

-pIC50 (M)

Compound R R1 R2 SIK1 SIK2 SIK3

B_11 Morpholino ‒CH2CF3 Me −6.50 −7.25 −8.33

B_12 Morpholino cPr CHF2 −7.20 −7.80 −8.22

B_13 3,3-difluoroazetidin-1-yl ‒CH2CF3 Me −6.77 −7.64 −8.50

B_14 3,3-difluoroazetidin-1-yl cPr CHF2 −7.57 −8.24 −8.77

B_15 4-methylpiperazin-1-yl ‒CH2CF3 Me −6.16 −7.45 −7.96

B_16 4-methylpiperazin-1-yl cPr CHF2 −7.08 −8.27 −8.51

B_17 4-acetylpiperazin-1-yl cPr CHF2 −7.35 −8.23 −8.85

B_18 4-(2-hydroxyethyl)piperazin-1-yl cPr CHF2 −7.21 −8.28 −8.72

B_19 4-(dimethylamino)piperidin-1-yl cPr CHF2 −7.77 −8.59 −8.77

Continued
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Interaction fingerprint (IFP)
Interaction fingerprints (IFPs) are a computational method used to describe the interactions between a protein 
and a ligand in a concise, binary format. These fingerprints translate the complex three-dimensional (3D) 
structure of a protein-ligand complex into a simplified, one-dimensional representation, indicating whether 
specific interactions occur between the ligand and amino acids in the protein’s binding site49. By doing so, IFPs 
provide a quick overview of the interaction patterns present in the complex.

In this work, IFPs were calculated for the docked ligand poses and the amino acid residues in the SIK1, 
SIK2, and SIK3 active sites. To generate these fingerprints, we used the Interaction Fingerprint panel available in 
Maestro. This tool builds an interaction matrix by detecting various types of non-covalent interactions, including 
hydrophobic (H), polar (P), aromatic (Ar), HB acceptors (A) and donors (D), and charged (Ch) groups. An 
interaction was defined as present when a residue in the PK binding pocket was located within 4.0 Å of the heavy 
atoms of the ligand. The definitions of the IFPs for HBs are as follows: The maximum H…A distance was 2.5 Å; 
the minimum donor angle (D–H…A) was 120°; and the minimum acceptor angle (H…A–X) was 90°.

Gaussian accelerated molecular dynamics (GaMD) and correlation analysis
To thoroughly explore the conformational landscape of the SIK1, SIK2, and SIK3 binding sites, MD simulations 
were employed. These simulations were conducted with A_22 bound to the active site to ensure its openness and 
flexibility for subsequent cross-docking studies. The structures of the complexes including A_22 obtained with 
docking served as the starting points.

Protein structures were prepared using the Protein Preparation Wizard in Schrödinger LLC, ensuring 
proper protonation states. Each system was then solvated in a truncated octahedral box filled with TIP3P water 
molecules, neutralized, and adjusted to a 0.15 M NaCl concentration, ensuring a minimum buffer distance of 
12 Å between the protein and the box boundary. NAMD v2.1450 and CHARMM3651 were used as the force 
field and simulation engine; the parameters for A_22 were generated using the CHARMM General Force Field 

B_11 – B_27

-pIC50 (M)

Compound R R1 R2 SIK1 SIK2 SIK3

B_20 3-(dimethylamino)azetidin-1-yl cPr CHF2 −6.95 −8.00 −8.36

B_21 (3-morpholinophenyl)amino cPr CHF2 −8.00 −7.58 −7.94

B_22 (1-methyl-1H-imidazol-4-yl)amino cPr CHF2 −7.41 −7.49 −7.61

B_23 tetrahydro-2H-pyran-4-carboxamido cPr CHF2 −6.62 −7.32 −8.44

B_24 3-methoxypropanamido cPr CHF2 −6.74 −7.26 −7.85

B_25 (2-morpholinoethyl)amino cPr CHF2 −7.10 −7.85 −8.38

B_26 2-morpholinoethoxy cPr CHF2 −7.29 −8.32 −8.77

B_27 2-(tetrahydro-2H-pyran-4-yl)ethoxy cPr CHF2 −8.21 −8.80 −9.22

B_28 – B_32

-pIC50 (M)

Compound R1 SIK1 SIK2 SIK3

B_28 6-(cyclopropylcarbamoyl)−5-methoxypyridin-3-yl −5.58 −6.81 −7.24

B_29 6-(cyclopropylcarbamoyl)−5-(difluoromethoxy)pyridin-3-yl −6.06 −6.94 −7.25

B_30 5-methoxy-6-((2,2,2-trifluoroethyl)carbamoyl)pyridin-3-yl −5.42 −6.62 −6.93

B_31 2-cyclopropyl-8-methoxy-1-oxo-1,2,3,4-tetrahydroisoquinolin-6-yl −5.79 −7.28 −7.93

B_32 (GLPG3970) 8-methoxy-1-oxo-2-(2,2,2-trifluoroethyl)−1,2,3,4-tetrahydroisoquinolin-6-yl −6.55 −8.11 −8.42

Table 1.  Structures and activities of SIK1, SIK2, and SIK3 inhibitors.
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(CGenFF)52. Energy minimizations were performed for 30,000 steps to relax steric clashes and optimize the 
systems. 10 ns equilibration was carried out under isothermal-isobaric (NPT) conditions at 310 K and 1 atm.

Gaussian accelerated MD (GaMD) simulations were performed to enhance conformational sampling53. In 
the GaMD protocol for each system, the threshold energy added to bias the potential was set to the maximum 
potential (E = Vmax)54. A total of 10 ns of conventional MD, 50 ns of equilibration, and 300 ns of production 
simulations were conducted. These simulations were sufficient to capture conformational variability in the 
binding site due to the enhanced sampling provided by GaMD. Trajectories were analyzed using VMD55, 
extracting key descriptors of structural flexibility in the active site.

To identify distinct conformations within the binding sites, clustering of the MD trajectories was performed 
using the hierarchical agglomerative (HierAgglo) algorithm in CPPTRAJ56, with RMSD-based distance metrics. 
A cutoff of 5 was applied, and the clustering process was configured to produce ten clusters using the average 
linkage method. This number ensured a manageable and representative sampling of distinct conformational 
states across the trajectory, providing structural diversity while minimizing redundancy. The representative 
frame for each cluster was chosen as the one with the smallest cumulative distance to all other frames within 
the cluster.

Docking simulations were conducted for each ligand using the parameters specified in Sect. 2.3. The resulting 
poses were evaluated based on their docking scores, and an in-house genetic algorithm (GA) was used to select 
the pose ensemble best correlated with experimental activity data (expressed as pIC50 values). This Python-
based algorithm57 optimized the correlation by applying genetic operations, including one-point crossover and 
single-point mutation, with probabilities of 0.6 and 0.1, respectively. Elitism ensured retention of the top 30% of 
combinations in each generation to preserve high-quality solutions.

This workflow enabled the generation of models for the 44 inhibitors forming complexes with SIK1, SIK2, 
and SIK3, where the calculated docking energies correlated with the experimentally reported activities. These 
models exhibit conformational diversity in the binding sites of SIK1, SIK2, and SIK3, as derived from the GaMD 
simulations and clustering protocol.

Results and discussion
Docking results
The SIK3 structure was used as a template to model the structures of SIK1 and SIK2. SIK1 shares 77.7% sequence 
identity and 58.0% sequence similarity with SIK3, while SIK2 shares 75.3% sequence identity and 58.4% 
sequence similarity with SIK3. These values demonstrate a high degree of similarity among the studied PKs, 
which is expected to correspond to significant structural resemblance. The quality of the models was evaluated 
using PROCHECK58 (Ramachandran plots are provided in the supplementary material, Figure S1).

Docking simulations were conducted to explore how the 44 inhibitors interact with SIK1, SIK2, and SIK3. 
Supplementary Table S1 provides the docking score energies obtained from these calculations. The findings 
indicate that the ligands in the series adopt a consistent binding mode (Fig.  2). Following the criteria for 
obtaining acceptable poses, suitable poses were found for the vast majority of the compounds. However, it was 
not possible to find poses for the weakly active compound A_18 in any of the three PKs. In SIK1, no poses were 
found for B_10, B_21, and B_27 either. In SIK2, additional poses could not be found for B_17. Finally, in SIK3, 
no poses were identified for A_19, B_27, B_29, and B_30. The poor results for compound A_18, considering 
its tert-butyl substituent, were expected. Moreover, A_18 is the least effective compound in the series, with 
activities above a threshold for all three SIKs. The lack of solutions for other compounds could be attributed to 
the rigidity of the binding sites.

It can be observed that all the compounds exhibited interactions with the hinge region, characteristic of ATP-
competitive PK inhibitors. In all cases, the HB between the N3 of the 1H-benzo[d]imidazole (series A) or the 
N1 of the imidazo[1,2-a]pyridine (series B) and the NH of alanine h3 in the hinge region (A106, A99, and A145 
in SIK1, SIK2, and SIK3, respectively) was conserved. Additionally, an HB between the polar groups positioned 
at the para position of the phenyl substituent at the main scaffold and the NH3

+ of the catalytic lysine (K56, 
K49, and K95 in SIK1, SIK2, and SIK3, respectively) was also preserved. The R substituents (Table 1) on the 
six-membered rings of the ligand scaffolds were oriented toward the outer part of the SIK binding sites, near the 
loops of subdomain V after the hinge region. The orientations obtained are similar to that of compound A_22 in 
SIK3 in the PDB with code 8OKU12.

The poses obtained for A_22 were compared with its pose in the crystal structure 8OKU. The RMSD values 
obtained were 1.00, 2.73, and 0.55 Å for SIK1, SIK2, and SIK3, respectively (Figure S2 in the supplementary 
material). Although the RMSD value for SIK2 exceeds 2.5 Å, it can be observed that the main scaffold is correctly 
oriented (Figure S2B), indicating that the obtained pose is appropriate. The RMSD value increases due to 
differences in the orientations of the side groups. Specifically, the ethylcarbamoyl group changes its orientation 
without losing the HB with the catalytic lysine, while the 1-(2-hydroxyethyl)−1H-pyrazol-4-yl group changes its 
orientation in a region exposed to the solvent. Based on these observations, the docking result for A_22 in SIK2 
serves as an example of a correct orientation obtained through docking, despite not meeting the typical rule of 
requiring an RMSD value below 2 Å.

The similarity in the orientations of the 44 inhibitors within the three PKs was evaluated using the LigRMSD 
server48. The pose of the ligand A_22 in SIK3 from the 8OKU crystal structure was used as a reference. The 
results of this evaluation are presented in Table S2 of the supplementary material. Similar orientations between 
poses are characterized by low RMSD values. Since non-identical ligands were compared, it is necessary to check 
the %RefM and %MolM values (previously defined) to estimate the proportion of molecules being compared. 
The strict or flexible mode was used depending on whether the graphs being compared were identical or not. As 
the compounds in series A share the same scaffold as the reference A_22, the strict mode was more frequently 
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applied to them. On the other hand, since the compounds in series B (except for B_10) have a different 
distribution of N atoms in the heterocycle compared to A_22, the flexible mode was used for them.

All compounds in series A exhibited %RefM or %MolM values above 87%, demonstrating their similarity 
to the reference compound A_22. The RMSD values for these compounds were below 2 Å in SIK1 and SIK3. 
However, several compounds showed RMSD values above 2 Å in SIK2 (including compound A_22 itself, as 

Fig. 2.  Docked structures within the SIK1 (A), SIK2 (B), and SIK3 (C) binding sites. Docked ligands are 
represented by green sticks. Relevant residues at protein subsites are represented by gray sticks. Hydrogens are 
omitted for clarity.
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mentioned earlier). As with the docking of A_22 in SIK2, these other compounds correctly oriented their main 
scaffold, forming an HB with the NH of alanine A99 (h3 in the hinge region). The ethylcarbamoyl groups in 
compounds A_15, A_20, and A_21 changed their orientations without losing the HB with the catalytic lysine. 
Compound A_16 exhibited behavior similar to that observed for the docking pose of A_22 in SIK2, with both 
side groups oriented differently but maintaining the scaffold correctly aligned.

Regarding the series B compounds, their %RefM or %MolM values ranged from 56.25 to 78.12 using the 
flexible mode, reflecting lower similarity to the reference compound A_22 but sufficient graph concordance to 
establish a valid comparison. Compounds B_31 and B_32 showed the lowest %RefM and %MolM values (56.25) 
because both contain substituents derived from the 8-methoxy-1-oxo-1,2,3,4-tetrahydroisoquinolin-6-yl group. 
LigRMSD identified the common graph between these substituents and the 4-carbamoyl-3-methoxyphenyl 
group present in A_22, also including the heterocycle as the main scaffold. The remaining compounds in series 
B shared with A_22 the graph comprising the heterocycle and the 4-carbamoyl-3-methoxyphenyl substituent, 
with differences in the orientations of the more external substituents. As with series A, the RMSD values for 
all series B compounds were below 2 Å in SIK1 and SIK3 (in fact, below 1 Å). In SIK2, RMSD values were also 
low, except for three compounds (B_10, B_11, and B_15). These compounds also correctly oriented their main 
scaffold, forming the HB in the hinge region, but the (2,2,2-trifluoroethyl)carbamoyl group (analogous to the 
ethylcarbamoyl group in A_22) also changed its orientation without losing the HB with the catalytic lysine.

We examined the structures to investigate why the described differences in poses were observed only in 
SIK2. It was found that in SIK2, the M71 residue, conserved in the αC-helix of all three SIKs (M78 in SIK1 and 
M117 in SIK3), oriented its side chain differently in the developed SIK2 model, creating a space that allows for 
the potential placement of ligand groups. Thus, we confirmed that the differences were not due to the presence 
of different residues.

The IFPs revealed the recurrence of interactions between the docked ligands and the three PKs. Figure 3A 
and B show the IFPs corresponding to the studied compounds docked in the SIK1 model. The fundamental 
interactions extensively documented for ATP-competitive PK inhibitors59 can be detected in the IFPs. The IFPs 
for SIK1 display contacts with the gatekeeper residue T103 and the hinge region residues h1, h2, and h3 (E104, 
F105, and A106, respectively) with occurrences close to 100%. These contacts include the formation of aromatic 
interactions with F105 (h2) and an HB with A106 (h3). High occurrence percentages also highlight interactions 
with the catalytic lysine K56 (forming an HB at 100%), the conserved glutamate E74 from the αC-helix (85%), 
and the aspartate D167 from the DFG motif (100%). Hydrophobic interactions with residues L33, V41, and 
A54 at the N-lobe hydrophobic wall appear in the IFPs with occurrence percentages of 90%, 45%, and 100%, 
respectively. Meanwhile, interactions with residues I87, L156, and A166 at the C-lobe hydrophobic wall occur 
with 10%, 100%, and 100% frequency, respectively. The last two residues of the HRDLKXXN consensus motif 
in subdomain VIB, E153 and N154, contribute with 67.5% and 27.5% occurrence, respectively. Additionally, 
significant contributions to the interactions come from the side chain of R31 (67.5%) in subdomain I and 
residues K107 (85%) and G109 (95%) in the loop of subdomain V, located after the hinge region.

The IFPs for the studied compounds docked in the SIK2 model are presented in Fig. 3E and F. Contacts 
with the gatekeeper residue T96, the hinge region residues (E97, Y98, and A99), the catalytic lysine (K49), the 
conserved glutamate from the αC-helix (E67), and the DFG aspartate (D160) make significant contributions, 
very similar to what was observed for SIK1. Hydrophobic interactions with residues L26, V34, and A47 
at the N-lobe hydrophobic wall appear in the IFPs with occurrence percentages of 100%, 90.5%, and 100%, 
respectively. Meanwhile, interactions with residues I80, L149, and A159 at the C-lobe hydrophobic wall occur 
with frequencies of 19%, 100%, and 100%, respectively. The residues from subdomain VIB, E146 and N147, 
contribute with 42.9% and 69.0% occurrence, respectively. Additionally, residues K100 and G102 in the loop of 
subdomain V, located after the hinge region, contribute with 71.4% and 100%, respectively.

Finally, the IFPs for the studied compounds docked in the SIK3 structure 8OKU are shown in Fig. 3I and 
J. Contacts were observed between all compounds and the gatekeeper residue T142, the hinge region residues 
(E143, Y144, and A145), the catalytic lysine (K95), and the DFG aspartate (D206), very similar to what was 
observed for SIK1 and SIK2. As a difference, the IFPs do not show contacts with the conserved glutamate 
from the αC-helix (E113). All the compounds exhibit hydrophobic interactions with residues I72, V80, and 
A93 at the N-lobe hydrophobic wall. Meanwhile, interactions with residues I126, L195, and A205 at the C-lobe 
hydrophobic wall occur with frequencies of 12.8%, 100%, and 53.8%, respectively. The residues from subdomain 
VIB, E192 and N193, contribute with 84.6% and 89.7% occurrence, respectively. Additionally, residues S146 and 
G148 in the loop of subdomain V, located after the hinge region, contribute with 74.4% and 100%, respectively. 
The residue R70 in subdomain I plays a significant role (76.9%), similar to the analogous residue R31 in SIK1.

Overall, the IFP results for the three SIKs in rigid models show very subtle differences, primarily in 
hydrophobic interactions. Very few residues change in the binding sites, which suggests that exploring differences 
further would benefit from using different receptor conformations in the cross-docking experiments.

Cross-docking results
According to what is observed in the PDB structure with code 8OKU, A_22 fits a Type I pharmacophore within 
a DFG-in conformation of the PK. The studied compounds, which are congeneric with A_22, adopt similar 
orientations in the binding sites of SIK1, SIK2, and SIK3 in previous docking experiments. Therefore, they are 
also classified as Type I inhibitors. An analysis of the substituent positions within the binding sites shows that 
the studied compounds lack the functional groups required to induce a conformational change of the PKs to 
the DFG-out state59, and thus, during a flexibility exploration, it is expected that the PKs remain in the DFG-in 
conformation. The exploration of SIK flexibility aims to detect orientation changes in binding site residues to 
identify new solutions in docking calculations. It is not necessary to explore large-scale conformational changes 
in the PKs for this purpose.
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The rigid structures of the PKs initially used in the docking experiments may represent limited depictions of 
reality, as they do not account for the intrinsic flexibility of the receptors. As a more realistic alternative, various 
conformations of SIK1, SIK2, and SIK3 were obtained through GaMD simulations, following the previously 
described protocol. These protein model variants allowed for the exploration of a broader range of inhibitor 
conformations within the binding sites. Simulations were performed on solvated structures of SIK1, SIK2, and 
SIK3 in complex with A_22 to maintain the binding sites open. The trajectories displayed stable behavior during 

Fig. 3.  IFPs illustrating the docking outcomes between the compounds and SIK1, SIK2, and SIK3. (A, B) 
Interactions between the compounds and residues in the SIK1 model. (C, D) Interactions in the SIK1–ligand 
complexes obtained through cross-docking, which maximize the correlation with biological activities. (E, F) 
Interactions between the compounds and residues in the SIK2 model. (G, H) Interactions in the SIK2–ligand 
complexes obtained through cross-docking, which maximize the correlation with biological activities. (I, 
J) Interactions between the compounds and residues in the SIK3 crystal structure (PDB ID: 8OKU). (K, L) 
Interactions in the SIK3–ligand complexes obtained through cross-docking, which maximize the correlation 
with biological activities. The top panels in each box (A, C, E, G, I, K) display the percentage of occurrences for 
contacts [C], side-chain interactions [S], and backbone interactions [B]. The bottom panels in each box (B, D, 
F, H, J, L) show the occurrence percentages of various interaction types, including contacts [C], HB acceptors 
[A], aromatic interactions [Ar], charged group interactions [Ch], HB donors [D], hydrophobic interactions 
[H], and polar interactions [P].
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the production stages (RMSD plots of the backbone atoms over time are shown in the supplementary material, 
Figure S3).

Using clustering, as described previously, ten conformations were obtained for each SIK, representing 
different orientations of the residues within the binding sites that were sampled during the GaMD simulation 
trajectories. These conformations of SIK1, SIK2, and SIK3 are referred to as Sik1_c0-c9, Sik2_c0-c9, and Sik3_
c0-c9, respectively, throughout this manuscript. Cross-docking calculations were performed, where the 44 
compounds were docked into all conformations. This process yielded up to ten different poses for each ligand 
in SIK1, SIK2, and SIK3, along with their respective scoring energy values. It was essential to ensure that the 
poses obtained were not entirely different from the pose of A_22 in 8OKU, as this served as our reference for 
selecting high-quality poses. It is well-documented in the literature that ATP-competitive PK inhibitors follow 
a set of interactions that mimic those originally formed by ATP, and this knowledge was considered during 
docking calculations59,60. Pose evaluation was carried out using LigRMSD48 and visual inspection. Subsequently, 
a representative complex for each SIK-ligand pair was selected using a custom Python script developed in-
house57. This script employs a GA to identify the set of poses that optimally correlates the calculated scoring 
values with the experimental activities. As a result, the script provided the sets of cross-docking complexes for 
SIK1, SIK2, and SIK3 with the 44 studied compounds that best describe the differences in activity within the 
datasets. The calculated energies associated with these complexes are provided in the final columns of Table S1 
in the supplementary material.

To analyze the obtained correlations, Fig.  4 presents plots of docking energy values against logarithmic 
experimental activities (-pIC50) when using a single structure and when using the structures resulting from the 
GA-based selection. When using a single structure, the correlations were low for SIK1, SIK2, and SIK3, with R² 
values of 0.378, 0.054, and 0.040, respectively (Figs. 4A-C). In these cases, the docking calculated scoring energy 
values do not show a direct correlation with the observed biological activities. This discrepancy is a known 
limitation of docking algorithms, as scoring methods often simplify the complex interactions between ligands 
and receptors, omitting key factors such as receptor flexibility, solvent effects, and thermodynamic contributions 
associated with entropy61–63. Additionally, these methods are generally designed to prioritize the geometric fit 
of the ligand within the binding site rather than accurately predicting binding affinity. To address limitations 
related to protein flexibility, strategies have been developed to consider receptor adaptability during binding64. 
These approaches better capture the complexity of biological systems and can provide results more consistent 
with experimental observations.

When the structures selected from the GaMD simulation were used for cross-docking experiments, the 
correlations improved considerably, as shown in Figs. 4D–F. For SIK1, a correlation of R² = 0.821 was achieved 
when including all ligands, while for SIK2 and SIK3, correlations with R² values of 0.646 and 0.620, respectively, 
were obtained after excluding the least active compound, A_18. As mentioned previously, no docking solutions 
were found for this compound when using a single rigid structure; A_18 has a tert-butyl substituent that could 
not fit within the rigid active sites of the three SIKs. When additional conformations were incorporated, solutions 
for A_18 were obtained for SIK1, SIK2, and SIK3, but only in SIK1 did the conformation contribute positively 
to the correlation. In contrast, the complexes formed by A_18 with SIK2 and SIK3 behaved as outliers in the 
correlations established for these two enzymes. Experimentally, the activities of A_18 against the three SIKs did 
not yield precise results, making its behavior in our models unsurprising.

The flexibility in the binding sites allowed solutions to be found for all compounds (except A_18) across the 
three SIKs in cross-docking experiments, which was not achieved when docking calculations were performed 
on rigid structures. The improved correlations for the studied compounds as inhibitors of SIK1, SIK2, and 
SIK3 suggest that considering the flexibility of the SIKs is essential to describe the differential activities of the 
compounds accurately. From the ten conformations obtained for each SIK, our script identified six conformations 
of SIK1 (Sik1_c1, Sik1_c5, Sik1_c6, Sik1_c7, Sik1_c8, and Sik1_c9), five conformations of SIK2 (Sik2_c1, Sik2_
c3, Sik2_c6, Sik2_c8, and Sik2_c9), and four conformations of SIK3 (Sik3_c5, Sik3_c6, Sik3_c8, and Sik3_c9) 
as contributors to the models that described the optimal correlations between energies and activities. These 
conformations, along with the associated compounds for each of the three models, are reported in Table  2. 
Additionally, the 3D structures of the inhibitors in MOL2 format, in the conformations of SIK1, SIK2, and SIK3 
in PDB format, are available as supplementary material in the file Structures.zip.

The fact that selecting multiple conformations of the SIKs allowed to find models where docking energies 
correlated with inhibitory activities is due to the presence of different orientations of residues in the binding 
sites. These orientations, captured during the GaMD simulations, generated new shapes and distributions of 
chemical groups, enabling the identification of new poses in the cross-docking calculations. Next, we analyze 
which residues underwent the most significant conformational changes in SIK1, SIK2, and SIK3.

In the first instance, we checked the residues of SIK1, SIK2, and SIK3 that appear in the IFPs derived from 
these cross-docking calculations in different conformations (Fig. 3, panels C, D, G, H, K, L). As expected, the 
IFPs are similar to those we previously analyzed for the three PKs. This supports the fact that the obtained poses 
maintain the expected interactions for ATP-competitive PK inhibitors59. The main differences between the IFPs 
for the three SIKs were due to certain residues, which, despite having contacts with only a few ligands, showed 
different interaction patterns. For example, the conserved methionine in the αC-helix of all three SIKs showed 
fewer ligand contacts when site flexibility was considered, compared to those observed in the rigid models. 
Although flexibility allows for the presence of multiple conformations, this methionine M117 in SIK3 interacted 
with only 20% of the ligands (Figs. 3K, L), while M78 in SIK1 showed no contacts (Figs. 3C, D), and M71 in 
SIK2 interacted with only 8% of the compounds (Figs. 3G, H). Given these low interaction percentages, although 
some differences are observed, it would be difficult to attribute a role in SIK selectivity to this methionine, as it 
directly interacts with only a few compounds.
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We reviewed the root mean square fluctuations (RMSF) for all residues with an occurrence percentage above 
20% in the IFPs to identify those with significant conformational differences among the SIK1, SIK2, and SIK3 
structures used in the cross-docking calculations (Figure S4 in the Supplementary Material). It can be observed 
that the residues showing the greatest differences among the structures are not those typically identified as key 
features of PKs—such as the catalytic lysine, the gatekeeper, or the hinge region residues. Some differences are 

Fig. 4.  Regression plots of docking scores versus experimental activities (-pIC50) for docking calculations in 
a single PDB structure (left panels) and cross-docking performed on selected protein conformations (right 
panels). (A, D) SIK1; (B, E) SIK2; (C, F) SIK3.
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observed in the residues exhibiting the most variable orientations in SIK1, SIK2, and SIK3, which we further 
analyze by constructing RMSD matrices.

As mentioned earlier, six SIK1 structures were included in the model that showed the highest correlation 
with the experimental pIC50 values. The RMSD value matrices, comparing the residues in the ATP-binding site, 
are provided in the supplementary material (Figure S5), identifying the distinctive features of PK binding sites. 
The residues with the highest RMSD values are highlighted in Fig. 5, along with a schematic representation of 
the SIK1 binding site. Below, we discuss some of the residues that exhibited the most significant conformational 
differences in the SIK1 site. The most notable conformational changes are observed in residues L33 and V41 of 
the N-lobe hydrophobic wall, in residues K107, N108, G109, and E110 of subdomain V after the hinge region, 
in residue E153 of the HRDLKXXN consensus motif in subdomain VIB, and in R31 of subdomain I, before 
the glycine-rich loop. The changes in charged polar residues, such as the catalytic lysine K56, the conserved 
glutamate in the αC-helix E74, and the DFG aspartate D167, are less pronounced but highly relevant, as the 
relocation of these charged groups influences the docking solutions obtained. Overall, Fig. 5 illustrates a set of 
residues that shift their positions to varying degrees in SIK1, altering the shape and charge distribution of the 
active sites. This allowed us to account for the flexibility of the binding site in our approach.

In the case of SIK2, five structures were included in the model that showed the highest correlation with 
the experimental pIC50 values. The RMSD value matrices, comparing the residues in the ATP-binding site, are 
provided in Figure S6 of the supplementary material, highlighting the distinctive features of PK binding sites. 
The residues with the highest RMSD values are represented in Fig. 6, along with a schematic representation of 
the SIK2 binding site. Residue E146 of the HRDLKXXN consensus motif in subdomain VIB, as well as residues 
G29, F31, and A32 of the glycine-rich loop, exhibited the most significant conformational changes in the SIK2 
site. In contrast, the charged groups in the catalytic lysine K49, the conserved glutamate in the αC-helix E67, and 
the DFG aspartate D160 showed less conformational variation in SIK2 compared to SIK1.

Finally, in the case of SIK3, four structures were included in the model that showed the highest correlation 
with the experimental pIC50 values. The RMSD value matrices, comparing the residues in the ATP-binding site, 
are provided in Figure S7 of the supplementary material, highlighting the distinctive features of PK binding sites. 
The residues with the highest RMSD values are represented in Fig. 7, along with a schematic representation of 
the SIK3 binding site. The most significant conformational changes are observed in residue D152, located in 
the small helix of subdomain V after the hinge region, as well as in residues K74 and G75 of the glycine-rich 
loop. Minor changes are detected in the catalytic lysine K95 and the conserved glutamate in the αC-helix E113, 
whereas greater conformational variations are observed in the DFG aspartate D206.

In general, the differences in the orientation of residues in the binding sites of SIK1, SIK2, and SIK3, whether 
more pronounced or subtle, contributed to the generation of distinct binding site conformations. This allowed 
for the identification of different inhibitor poses, each assigned different interaction energy values through 
docking. Therefore, these differences were crucial in developing the correlated models presented in this study. 
When comparing the three analyzed PKs, it is evident that SIK1 exhibited the most pronounced conformational 
changes, which may have contributed to achieving a higher correlation for its inhibitors. Nevertheless, the 
correlations obtained for SIK2 and SIK3 were also satisfactory.

A useful analysis is to examine whether certain conformations of SIK1, SIK2, and SIK3 are more prone to 
binding active compounds, while others show a higher affinity for inactive compounds. If planning to conduct 
a virtual screening, it would be preferable to select those PK conformations that exhibit affinity for active 
compounds over those that do not. This evaluation can be performed using Table  2. For SIK1, the Sik1_c1 
conformation bound to five of the most active inhibitors, whereas Sik1_c9 consistently associated with less 
active inhibitors. In the case of SIK2, the Sik2_c9 conformation bound to ten of the most active inhibitors 
(including the three most active overall), while Sik2_c8 was associated with least active inhibitors. Finally, for 
SIK3, we observed that the most active compounds only bound to Sik3_c5 and Sik3_c8, whereas Sik3_c9 bound 

SIK1 
Conformation Ligands

SIK2 
Conformation Ligands

SIK3 
Conformation Ligands

Sik1_c1 A_16, A_17, A_20, B_21, B_27, B_32 Sik2_c1 A_17, A_20, B_23, B_28, B_29, B_30 Sik3_c5 A_10, A_16, A_17, A_19, A_20, 
A_24, A_27, A_28, B_29, B_30

Sik1_c5 A_12, A_27, B_11, B_13, B_23 Sik2_c3 A_12, A_16, A_24, A_27, B_11, B_15, 
B_24, B_25, B_31 Sik3_c6 A_12, A_15, A_23, A_26, B_22

Sik1_c6 A_11, A_22, A_23, A_24, A_26, B_15, 
B_31 Sik2_c6 A_11, A_15, A_21, A_26, B_10 Sik3_c8

B_11, B_12, B_13, B_14, B_15, 
B_16, B_17, B_18, B_19, B_20, 
B_21, B_23, B_24, B_25, B_26, 
B_27, B_28, B_31, B_32

Sik1_c7
A_10, A_28, B_12, B_14, B_16, B_17, 
B_18, B_19, B_20, B_22, B_24, B_25, 
B_26

Sik2_c8 A_08, A_09, A_13, A_14, A_19, A_22, 
A_23, A_25 Sik3_c9 A_08, A_09, A_11, A_13, A_14, 

A_21, A_22, A_25, B_10

Sik1_c8 A_13, A_14, A_15, A_21, A_25, B_29 Sik2_c9
A_10, A_28, B_12, B_13, B_14, B_16, 
B_17, B_18, B_19, B_20, B_21, B_22, 
B_26, B_27, B_32

Sik1_c9 A_08, A_09, A_18, A_19, B_10, B_28, 
B_30

Table 2.  Definition of protein-ligand pairs obtained through cross-docking for SIK1, SIK2, and SIK3 forming 
complexes with the studied inhibitors.
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to low-activity compounds. No other notable trends were observed, so we can only suggest that the Sik2_c9, 
Sik3_c5, and Sik3_c8 conformations appear particularly suitable for identifying active inhibitors of the studied 
PKs. In contrast, Sik1_c9, Sik2_c8, and Sik3_c9 seem less suitable for identifying new active inhibitors. Since 
the remaining conformations do not exhibit a clear negative trend, they could also be used to identify new 
active compounds, introducing a conformational flexibility that should be useful for this type of theoretical-
experimental approach.

In a classical docking protocol applied to the modeling of congeneric series of enzyme inhibitors, a rigid 
protein model is typically used. This approach often leads to good predictions of ligand orientations but fails to 

Fig. 5.  Schematic representation of the ATP-binding site for SIK1. Residues with IFP contributions above 
20% are colored as indicated, and their structures are represented as sticks in panels (A–I). Black, ochre, and 
red trapezoids represent the catalytic lysine (K56), conserved glutamate (E74), and DFG aspartate (D167), 
respectively; their structures are shown in panels C, D, and F. The gatekeeper residue (T103) is represented 
with a white rhombus, while hinge region residues (E104, F105, A106) are represented with blue shapes; their 
structures are in panel E. Residues following the hinge region (K107, N108, G109, E110) are represented with 
cyan rhombuses; their structures are shown in panel G. The penultimate residue in subdomain VIB (E153) 
is represented with an orange rhombus; its structure is shown in panel I. Green and brown circles denote the 
N-lobe and C-lobe hydrophobic wall residues (L33/V41/A54 and I87/L156/A166), respectively; their structures 
are shown in panels A, B, and H. Other relevant residues (R31, I55, I101) are enclosed in dashed-line boxes; 
the structures of R31 are displayed in panel A. The structures in panels (A–I) correspond to the conformations 
of the residues in the schematic representation in SIK1 structures Sik1_c1 (gray), Sik1_c5 (yellow), Sik1_c6 
(orange), Sik1_c7 (cyan), Sik1_c8 (green), and Sik1_c9 (violet). Panel borders match the colors of the 
schematic representation. The compound A_22 is shown as purple sticks for reference in all panels.
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accurately describe differences in binding affinities. In our protocol, different conformations of the SIKs were 
selected to perform cross-docking calculations. By considering the experimental activity values, we selected 
the protein-ligand complexes whose docking energy scores correlated best with the inhibitory activities against 
SIK1, SIK2, and SIK3. The poses obtained are as reasonable as those generated in rigid docking experiments 
(as demonstrated through the IFP analyses and LigRMSD calculations), allowing us to state that our protocol 
provides a more realistic description by accounting for protein flexibility.

Classical docking cannot capture important rearrangements in the binding site that may occur when 
different ligands bind. Our protocol identifies the residues involved in such conformational changes; however, 
it is important to acknowledge certain limitations of our models. Since our protocol is still based on docking 

Fig. 6.  Schematic representation of the ATP-binding site for SIK2. Residues with IFP contributions above 
20% are colored as indicated, and their structures are represented as sticks in panels (A–G). Black, ochre, and 
red trapezoids represent the catalytic lysine (K49), conserved glutamate (E67), and DFG aspartate (D160), 
respectively; their structures are shown in panels B, C, and E. The gatekeeper residue (T96) is represented 
with a white rhombus, while hinge region residues (E97, Y98, A99) are represented with blue shapes; their 
structures are in panel D. Residues following the hinge region (K100, N101, G102, D106) are represented with 
cyan rhombuses; their structures are shown in panel F. The penultimate residue in subdomain VIB (E146) is 
represented with an orange rhombus; its structure is shown in panel G. Green and brown circles denote the 
N-lobe and C-lobe hydrophobic wall residues (L26/V34/A47 and I80/L149/A159), respectively; the structures 
of V34 are shown in panel A. Other relevant residues (G29, F31, A32) are enclosed in dashed-line boxes; their 
structures are in panel A. The structures in panels (A–G) correspond to the conformations of the residues in 
the schematic representation in SIK2 structures Sik2_c1 (gray), Sik2_c3 (yellow), Sik2_c6 (orange), Sik2_c8 
(cyan), and Sik2_c9 (green). Panel borders match the colors of the schematic representation. The compound 
A_22 is shown as purple sticks for reference in all panels.
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Fig. 7.  Schematic representation of the ATP-binding site for SIK3. Residues with IFP contributions above 
20% are colored as indicated, and their structures are represented as sticks in panels (A–I). Black, ochre, and 
red trapezoids represent the catalytic lysine (K95), conserved glutamate (E113), and DFG aspartate (D206), 
respectively; their structures are shown in panels C, E, and F. The gatekeeper residue (T142) is represented 
with a white rhombus, while hinge region residues (E143, Y144, A145) are represented with blue shapes; 
their structures are in panel D. Residues following the hinge region (S146, G148, D152) are represented with 
cyan rhombuses; their structures are shown in panel G. The penultimate residue in subdomain VIB (E192) 
is represented with an orange rhombus; its structure is shown in panel I. Green and brown circles denote 
the N-lobe and C-lobe hydrophobic wall residues (I72/V80/A93 and I126/L195/A205), respectively; their 
structures are shown in panels A, B, and H. Other relevant residues (K74, G75, M117, and L140) are enclosed 
in dashed-line boxes; the structures of K74 and G75 are displayed in panel A. The structures in panels (A–I) 
correspond to the conformations of the residues in the schematic representation in SIK3 structures Sik3_c5 
(gray), Sik3_c6 (yellow), Sik3_c8 (orange), and Sik3_c9 (cyan). Panel borders match the colors of the schematic 
representation. The compound A_22 is shown as purple sticks for reference in all panels.
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calculations, the limitations of scoring functions are maintained (binding energies are estimated in a highly 
simplified manner, and real entropic contributions are not considered). Moreover, our approach relies on the 
existence of a single experimental protein-ligand complex as a reference (PDB ID: 8OKU). The models for SIK1 
and SIK2 were constructed based on the conformation of SIK3 in that reference structure, and suitable poses were 
selected by comparison to the binding mode of A_22. Therefore, the entire modeling set remains conditioned by 
this initial choice. These limitations are also inherent to a rigid docking protocol, with the difference that, in rigid 
docking, the protein conformation is completely fixed and cannot accommodate ligand-induced adjustments.

Conclusion
Recent experimental studies have reported a set of 44 compounds that selectively inhibit the PKs SIK1, SIK2, and 
SIK3. At the computational level, we aimed to describe these results through molecular models of the complexes, 
while respecting the available information in the PDB and the knowledge generated on ATP-competitive PK 
inhibitors. This knowledge is well-established regarding the role of key residues such as those in the hinge region, 
the catalytic lysine, the DFG motif, the gatekeeper residue, among others. Differences in these residues help 
guide the design of selective PK inhibitors; however, in SIK1, SIK2, and SIK3, these differences are minimal, 
as these PKs are structurally closely related. Their ATP-binding sites are nearly identical, making it particularly 
challenging to develop models that explain selectivity.

Since selectivity information is inherently contained in the IC50 values reported for SIK1, SIK2, and SIK3, the 
construction of structural PK-inhibitor models that also describe activity differences against each PK provides 
valuable structural insights into this phenomenon. Our objective was to achieve appropriate correlations between 
the energy values obtained through docking and the pIC50 values (derived from the reported IC50 values), which 
we accomplished by considering the flexibility of the three PK structures.

From a structural perspective, the correlated models group PK-ligand complexes in which flexibility was 
introduced into SIK1, SIK2, and SIK3. The ligand orientations were appropriate, as the main scaffolds maintained 
orientations very similar to that of the reference compound A_22 in the crystal structure of SIK3 (PDB code 
8OKU). The inclusion of flexibility in all three PKs was essential for achieving correlations between docking 
energies and pIC50 values, outperforming the approach that used a single conformation of the PKs. This result is 
not unexpected, but in this study, it is validated using a relatively simple computational protocol.

The correlations obtained suggest that our models can differentiate between active and inactive inhibitors 
of SIK1, SIK2, and SIK3. Moreover, our computational protocol enabled the identification of subtle structural 
differences among the SIKs, which could be leveraged to design inhibitors that specifically target the active 
regions of one PK without affecting the others. Therefore, the results of this study could help accelerate the drug 
discovery process by guiding virtual screening experiments to optimize candidate molecules before synthesis 
and experimental evaluation.

Data availability
The most important data generated or analyzed during this study are included in this published article and its 
supplementary information files. Data related to intermediate calculations is available from the corresponding 
author upon reasonable request.
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