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Sphingosine kinase 1 (SphK1) is an oncogenic lipid kinase, emerging as a novel and promising target for 

cancer and other diseases. Herein, a hierarchical structure-based virtual screening against the sphingosine 

kinase 1(SphK1) binding pocket was performed. Consequently, three compounds have been identified as 

dual inhibitors of SphK1 and SphK2. Among them, compound 25 exhibited comparable SphK1 and 

SphK2 inhibitory activity to the positive control N, N-dimethylsphingosine (DMS) 1, and exerted anti-10 

proliferative effects on U937 cells. Furthermore, a molecule dynamic (MD) simulation has been 

conducted to provide a more detailed insight into the binding model between SphK1 and 25 in a state 

close to physiological conditions. 25 may serve as a potential novel scaffold for further development of 

SphK1 inhibitors. 

Introduction  15 

Sphingosine kinase (SphK) is an important lipid kinase that 
catalyzes the phosphorylation of D-erythro-sphingosine to 
produce sphingosine 1-phosphate which regulates cell survival, 
proliferation, neovascularization, and migration through five G-
protein-coupled receptors (S1PR1-5).

1-6 There are two isoforms of 20 

sphingosine kinase, SphK1 and SphK2, which are encoded by 
different genes and exhibit distinct biochemical properties, 
subcellular distribution, substrates and inhibitor sensitivities.7 
Overexpression of SphK1 is observed in a myriad of cancer cell 
lines and tissues. It is found that there is a correlation between 25 

SphK1 expression, severity of disease, drug resistance and 
reduced patient survival.8 The inhibition or genetic ablation of 
SphK1 is observed to slow tumor growth as well as decrease the 
sensitivity of cancer cells to other chemotherapeutics.9 Therefore, 
SphK1 represents a potential target for developing novel 30 

therapeutics for cancer and other diseases.2, 10 The function of 
SphK2 appears to be less understood. In some instances, SphK2 
may suppress cell growth and enhance apoptosis.11 However, 
SphK2 plays an anti-apoptotic role in other cases.12 Recent 
studies suggested that the role of SphK2 is influenced by its 35 

subcellular location.13  
It is well acknowledged that SphK1 has been identified as a 

potential therapeutic target for broad cancer mitigation and 
chemotherapeutic sensitization due to its roles in regulating cell 
survival, growth, and migration of mammalian cells. However, 40 

the chemotypes of SphK1 inhibitors reported were limited. The 
first SphK inhibitors discovered were sphingosine analogues, 
such as N, N-Dimethylsphingosine (DMS 1), piperidine 
derivatives and water-soluble sphingosine analogue SK1-I 2 (Fig 
1.).14-17 French et al. reported a non-lipidic SphK dual inhibitor 45 

SK1-II 3.18 The amidine-based SphK1-selective inhibitor 4 was 

found to significantly lower endogenous S1P levels in human 
leukemia U937 cells.19 Additionally, compounds from natural 
sources also have been recognized as SphK1 inhibitors.20-23 It is 
desirable to identify inhibitors with novel chemical scaffolds for 50 

the study of the functions and roles of SphK1 in various diseases. 
Recently, high-resolution crystal structure of SphK1 has been 
reported, which offers an opportunity to discover novel 
chemotypes as SphK1 inhibitors.24 

 In this study, we presented the docking combined with 55 

pharmacophore based virtual screening of “lead-like” small 
molecules to discover new potential hits for SphK1 inhibitors. 
Three compounds with novel scaffolds were identified as dual 
inhibitors of SphK1 and SphK2. Among them, 25 showed 
comparable SphK1 and SphK2 inhibitory activity to DMS, and 60 

induced anti-proliferative effects toward U937 cells at a 
concentration dependent manner, which can be used as a starting 
point for the development of SphK1 inhibitors. 

Results and discussion 

Aiming at discovering the promising candidates inhibiting SphK1 65 

effectively, we performed structure-based hierarchical virtual  

 

 
Fig. 1 Structures of selective sphingosine kinase inhibitors.  
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Fig. 2 Schematic representation of the hit discovery strategy. 

 

screening of the ZINC database containing commercially 
available compounds (Fig. 2).25   Briefly, our hierarchical 5 

procedure mainly consists of three steps: (1) reducing library size 
using a fast docking algorithm; (2) filtering compounds using a 
more accurate docking algorithm; (3) filtering further compounds 
via structure-based pharmacophores. In the virtual screening 
procedures, docking was performed prior to pharmacophore-10 

based approach since it tends to select novel scaffolds.26 
However, the docking approach still faces some limitations, 
particularly, for example, lack of consideration of the receptor 
and/or ligand flexibilities and inaccurate scoring functions.27, 28 
Pharmacophore -based approach can be used to compensate for 15 

the limitation.29 Therefore, the structure-based hierarchical virtual 
screening was developed to compensate for different 
computational approach. 

Docking–based virtual screening   

The crystal structure of SphK1 in a complex with its inhibitor 5 20 

(PDB code: 4L02) was used for docking studies.30 To prepare the 
enzyme, hydrogen atoms were added, and the protonation states 
were assigned, while the energy was minimized using the 
CHARMm force field. It was noted that crystallographic waters 
should be remained for the function of mediating the formation of 25 

hydrogen bond.24 Two different docking programs, LibDock and 
LigandFit (Discovery Studio, version 4.0), were employed and 
validated by comparing the best docking pose obtained from the 
crystallized inhibitor 5 with its bound conformation (Fig.3).31, 32 
As a result, the root mean square deviations (RMSD) of 0.52 Å 30 

(LibDock) and 0.25 Å (Ligndfit) were calculated, indicating that 
the docking procedure was reliable. Subsequently, various 
scoring functions (LigScore1, LigScore2, Jain, -PLP1, -PLP2 and 
-PMF) 

 35 

 
Fig. 3 The structrue of inhibitor 5 (A) and Overlays of crystallized 
inhibitor 5 with the docked poses from (B) LibDock (RMSD 0.52 Å) and 
(C) LigandFit (RMSD 0.25 Å); X-ray structure: Blue purple; docked 

structure: yellow. 40 

were evaluated by docking a set of well-known SphK1 inhibitors 
into the active site using the LigandFit software, suggesting that 
LigScore2 was optimal for ranking molecules since it retrieved 
the most active compounds in the top 10% of screened ligands 
and thus performed better than the other scoring functions. 45 

After filtering compounds from ZINC database by Lipinski 
Rule of Five, the rest compounds were docked into the active site 
of SphK1 by a fast and feature-based LibDock program which is 
based on matching polar and apolar binding site features of the 
protein ligand complex. Later, the 20 000 molecules with highest 50 

libdock score were redocked with LigandFit, which provides a 
rapid accurate protocol for docking ligands into protein active 
sites by considering shape complimentarity between the ligand 
and the protein active site. LigScore2 was used to rank molecules. 
The 5000 top-ranked molecules were selected for further 55 

screening via structure-based pharmacophores. 

Pharmacophore-based virtual screening  

In this study, structure-based pharmacophore modeling had also 
been applied to screen the database due to its less biased towards 
existing ligand chemotypes than ligand-based pharmacophore 60 

modeling.33 The receptor-ligand complex based pharmacophore 
model for SphK1 complex (PDB code: 4L02) was generated by 
using the Receptor−Ligand Pharmacophore Generation (RLPG) 
protocol, which contained one positive ionizable group (PI) 
pointed towards Asp178, two hydrogen bond donors (HD) 65 

pointed towards Asp81 (HD1) and Thr196 (HD2), and threee 
Hydrophobic groups (H) (Fig. 4A). A set of well-known 
inhibitors was prepared to validate the generated pharmacophore 
mode. From Fig 4B, it can been seen that 2 mapped well with 
four features except one H and one HD features, which suggested 70 

that a reliable pharmacophore model has been developed. Next, 
the pharmacophore model was used as 3D query to screen the 
5000 top-ranked molecules, leading to 500 molecules with 
highest-fitvalue for visual inspection with following criteria: (a) 
chemotype diversity; (b) At least one polar interaction was 75 

formed between the small molecule and the key residues (Asp81 
and Asp178), which were critical in the active site; 15 (c) limited 
rigidity; (d) commercial availability. Finally, 25 small molecules 
were selected and purchased for biological evaluation. 

SphK Assay 80 

The 25 small molecules were tested for inhibition of the SphK1 
and SphK2 activity at 500 and 50 µM, while DMS was used as a 
positive control.34 Six compounds (7, 8, 12, 21, 25 and 29) 

 

 85 

Fig. 4 The structure based pharmacophore model of SphK1. (A) Features 
of the pharmacophore model; (B) Mapping of selected compound 2 to the 
model. 
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Fig. 5 A quantitative ADP based assay to evaluate the inhibition of in vitro SphKs activity by virtual screening hits. Both SphK1 and SphK2 activity were 
measured using 5µM Sph and 1µM ATP. (A) Effect of the 25 small molecules for inhibition of SphK1 activity at 500 and 50µM; (B) Effect of the 25 small 
molecules for inhibition of SphK2 activity at 500 and 50µM. 

 5 

Table 1 IC50 Values of DMS and Hit Compounds on Human SphK1 and 
SphK2a 

N
H

N H
N

O
CH3
11

HO

N
H

N

O

O

O

CH3

O

HN N
HO

HO

HO

O

 
           12                                     21                                   25 

Entry 
SphK1  

IC50 (µM) 

SphK2  

IC50 (µM) 

DMS 35.79 ± 5.88 16.30 ± 6.03 

12 40.52 ± 5.08 31.30 ± 9.62 

21 61.60 ± 16.85 62.60  ± 8.37 

25 23.07 ± 4.59 17.10 ± 5.13 
 

aA range of concentrations of the indicated compounds was tested in the 10 

SphK1, SphK2 enzyme assay measuring sphingosine-dependent 
formation of ADP (Adapta™ Universal Kinase Assay). Compounds were 
tested at 0.2-500 µΜ. IC50 = Means ± SD (n = 3). For details see the 
Materials and Methods section.  

inhibited at least 60% of SphK1 activity at the concentration of 15 

500 µM. Among them, 12, 21 and 25 inhibit more than 60% of 
the SphK1activity at a lower concentration of 50 µM (Fig. 5A). It 
was also found that 12, 21 and 25 exerted inhibitory activity 
toward SphK2 at both 500 and 50µM (Fig. 5B). Further IC50 
determination identified these three compounds as dual inhibitors 20 

of SphK1 and SphK2 at micromolar levels (Table 1). In 
particular, 25 exhibited comparable SphK1 and SphK2 activities 
to DMS. Among these three compounds, 12, 21 and 25 possessed 
benzimidazole, 3-(phenylamino) pyrrolidine-2,5-dione and [4-
(benzyloxy)benzylidene]-trihydroxybenzohydrazide scaffolds 25 

respectively, which represented interesting chemical classes for 
further exploration.  

MTS Assays 

Compound 25 was also screened in the MTS {3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfoph- 30 

enyl) -2H- tetrazolium/PMS (phenazine methosulfate)} assay  

 
Fig. 6 MTS assay result at 72h using U937 cell line. Compounds were 
added at 0.1; 1; 10; 100 µM concentration. 

 35 

using U937 cells, a human leukemia cell line, in order to 
determine their cytotoxicity to cancer cells.35 After incubation at 
0.1, 1, 10, 100 µM for 72 h, 25 showed comparable anti-
proliferative activities against U937 cells to DMS with a 
concentration dependent manner (Fig.6). 40 

MD simulation   

In an attempt to obtain more precise ligand-receptor model and 
reveal key residues for inhibitory potency in the state close to 
natural conditions, MD simulation of compound 25 at the active 
site of the SphK1 was performed. The result showed that the 45 

hydrogen bond interaction presented by LigandFit between the 
carbonyl oxygen of Asp81 and hydroxyl hydrogen of the 1,2,3-
trihydroxybenzene moiety was disappeared and was compensated 
by a new hydrogen bond between the carbonyl oxygen of Glu189 
and hydroxyl hydrogen of the 1,2,3-trihydroxybenzene moiety 50 

(Fig. 7). The other hydrogen bond was observed between the 
carbonyl oxygen of 25 and residue -OH of Thr196. In addition, 
the MD simulation suggested that the hydrophobic and aromatic 
interactions were formed between the receptor and the compound 
25. The benzyloxy substituted benzene moiety was tracked 55 

tightly into the hydrophobic pocket formed by Met306; Phe288; 
Phe303; IIe174; Leu200; Leu259. Although the binding mode 
analysis revealed that the orientation and conformation of 25 
were different from the docking pose of LigandFit, it was 
reasonable that the interactions between SphK1 and 25 would be  60 
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Fig. 7 (A) Binding mode of compound 25 and SphK1 obtained from 
LigandFit; (B) Binding mode of compound 25 and SphK1 obtained from 
MD simulation; the hydrogen bonds are illustrated as red lines; 

 5 

altered during MD simulation by adding water molecules and salt 
ions in a physiologically setting. 

Conclusions 

In summary, a structure-based virtual screening of 300 000 
compounds from the ZINC database against SphK1 was 10 

performed. After a hierarchical virtual screening protocol 
including docking-based and pharmacophore-based virtual 
screening, 25 molecules were selected and tested in vitro against 
SphK1 and SphK2, which led to the identification of three 
micromolar sphingosine kinase inhibitors with new chemotypes. 15 

Importantly, compound 12, 21 and 25 were identified as dual 
SphK1 and SphK2 inhibitors. Furthermore, a cell bases MTS 
assay indicated that 25 showed comparable anti-proliferative 
activities to DMS against U937 cells in a concentration 
dependent manner. In addition, MD simulation studies of the 20 

binding mode of 25 suggested that the compound 25 was 
hydrogen-bonded to Glu189 and Thr196 and exhibited 
hydrophobic and aromatic interactions with Met306; Phe288; 
Phe303; IIe174; Leu200; Leu259. The hits discovered in this 
work will provide novel scaffolds for further optimization and lay 25 

the foundation for further development of potent SphK1 
inhibitors. 
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A hierarchical structure-based virtual screening against sphingosine kinase 1(SphK1) binding 

pocket was performed. 25 compounds from ZINC database were selected for biological evaluation. 

Compound 25 exhibited comparable SphK1 and SphK2 inhibitory activity and anti-proliferative 

effects on U937 cells to the positive control N, N-Dimethylsphingosine (DMS) 1. Further 

molecule dynamic (MD) simulation revealed the binding mode between SphK1 and 25.  
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